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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
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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
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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

19




o

Bidad Al kit Latiae

T e T Ty T T T

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 pre-
drying, and furthermore, it improves the technological utilization
of fuel which 1s uniform in shape and weight.

Crushing of fuel - this 1s the grinding to a dustlike state
of coal fines and run-of-the mine fuel. Powered fuel finds greatest
use in GTD. The latter 1is explained by the fact, that, as D. I.
Mendeleyev pointed out, in this case, the conditions of combustion
of solid fuel approximate the conditions of combustion of a gas fuel.
With crushing, the surface of the fuel réactiﬁé with an oxidizer is
increased, which faciiitates intensification of the process of
combustion. Therefore, the grinding of the coal must be as fine as
possible. As 2 :iule, in grinding a fuel 1s obtalned with particle
sizes from O to 300 uym, but particles with a size of from 30 to 70 um
predominate. Crushlng 1s carrled out 1n ¢{wo stages: preliminary,
after pre-drying; it is produced 1in roller or bammer crushers and
produces pieces 10-30 mm, and final - in a ball drum mill, where
they produce a powdered fuel. The fineness of grinding 1s determined
by consecutive sifting of the dust through a serlies of sieves. The
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part of the sample remaining after sifting on a sieve 1s called
residue R. This value in percent of the welght of the basic sample
is grinding characteristic. Sieves are graded by numbers: 30, 50,
70, 80, 100. The number of a sleve lndicates how many apertures
there must be per 1 cm. A residue value, ‘Hr example, R70 = 30
indicates that 30% of the sample does not pass through the apertures

of a No. 70 sieve, i.e., these particles have a size greater than
86 um.

Most frequently, for example, from the brown coa}s there 1is
obtained dust R70 = 30-60%; from coal rich in volatile substances,

Reo = 10-30%; from anthracites and leanm coails R,y = 5~15%.

Physico-Chenical Methods of Processing
So0lid Fuel

The pasis of all methods of physico-chemical processing of
solid fuel is the process of distillation (dry distillation) which
is carried out by heating the fuel without air access.

Charcoal burning - the process of dry distillation of wood,
which is used to produce charcoal.

Coking of coals 1s based on the fact that coal in heating
suffers substantial changes. Certain grades of coal undergo coklng;
it 1s performed according to the following scheme. After heating
through and a little dryling, a number of complex carbon compounds
begin to break down. At a temperature of more than 200°C primary
tars and gas are liberated. Passing through a bed of glowing coke,
the tar vapors are fufther ga-ified. At a temperature of 400-500°C,
the coal vasses over into a plastic state which 1s caused by the
melting _i bitumens and the dissolution in them of the remaining
solids. With a fur.her increase in the temperature to 1000-1200°C,
the plastic mass of coal agaln passes over into a solid state, and
coke ls obtalned, wiiich during the repeated heating couid not be
converted to a plastic state. Metallurgy i1s the basic user of ccke.
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Semicoking 1> used most frequehtly_to produce liquid fuel from
coals. Semicoking 1s performed at temperatures of 500-550°C; in
so doing, semicoke, tar, gas, and tar water are produced, i.e., the
so-calied primary products. which do not undergo to the profound
processes of thermal decomposition which accompany the coking
process. The solld residue - semicoke, being a mechanically fraglle
product, has up to 10-20% volatile substances. ronslderably more tar
is obtained in semiccking than in coking (Table 9). The gas which
is obtained in semicoking has a high heat of combustion (up to
8000-9000 kcal/m3 or 33,500-37,700 kJ/m3), but its yield is less than
In ccking. :

Table 9. Approximate composition of the products
of ccking and semicoking of coals.

Bo1id Gas in Anhydrous

Process - residue | 3 tar in %
n
coking at 1000-1100%C........ | 78—80 300340 1 2.5-3.0

Semicoking at 450-5569C...... 5-17

6070 7.0-10¢

Solld fuels giving a large yleld of primary tar and gas undergo
semicoking, peat, shales, brown coals, and bituminous coal. Semicoke
can be used as a power, industriezl, and everyday fuel.

In comparison with other types, solid fuel is more dirficult
to use in GTD.

In principle this can be done by the following means:

1) burning directly, for example, coal in the combustion : 1ambers
of open cycle GTD;

2) burning solid fuel in GTD with a2n air boiler or in a
closed cycie GTD;

3) preilminarily gasifying the .olid fuel.
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The last two methods are less wldely used because of the
difficulty in controlling the working process and also because of
the bulkiness and response time of the installations.

Most of the research was carried out in th2 area of direct
combustion of solid fuel in GTD combustion chambers in the form of
powdered coal. Powder of bituminous coal, rich in volatile substances,
and possessing rather hlgh heat of combustion nhave been burned.

In direct combustion of solid fuel, 1t 1is necessary to cleanse
the gas on outlet from the chamber from solid particle of ash and
slag in order to avold damage and wear of the blading of the gas
turbine.

Tests have shown, that to ensure reliable operation of GTD
operating on solld fuel, the gas befcre the turbine should .ot
contain solld particles larger than 15-25 um.




CHAPTER III
E FUEL COMBUSTION

§ 7. Conditions Necesaary for Fuel Combustion

Products of Combustilon

To successfuily conduct the process of combustion it is necessary

T e

to create specific conditions. In practice, the process of combustion
is usually carried out in atmospheric air, the oxygen of which at a
sufficlently high temperature combines with the carbon, hydrogen, and
3 sulfur of the fuel, forming products of combustion (carbon dioxide,

] water vapor and SO2). It is customary to assume that air contains by
] volume 21% 02 and 79% N, (including argon and a number of other insig-
nificant impurities) or by weight 23.2% 02 and 76.8% N, respectively.
It is natural that in the products of combustion nitrogen is present.
If combustion takes place in an excess of air, then the products of
combustion contain a defined quantity of oxygen.

it

In this way, the fuel and the oxidizer (air) comprise a mixture
capable of entering into chemical reaction, while the temperature
conditions, together with a number of other factors (the conditions
of mixirg. the tapping of the products of the reaction and heat,
etc.) datermine the possibility of ignition and the character of
combustion of the mixture. The change in the composition of the
mixture or, for example, the temperature conditions changes the
rage of combustion, the composition of the products of combustion,
and it can even lead to stopping the process.
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Of the alr components, only oxygen takes part in the process
of combustion. It 1is natural that by changing the concentration
of 02

In pure oxygen greater rates of combustion are observed, than in

in the air it 1s possible to change the rate of a process.

air, and with a decrease 1n the content of oxygen 1in the alr below
12-15%, combustion can entirely cease.

It 1is possible to theoretically determine the quantity of air
necessary for complete oxidation of all combustible elements of a
unit of weight (mass) of fuel in the following manner. If the
fuel contains such combustlible elements as Cp, Hp, Sp, then the
reactions of complete oxlidation of these elements with indication of
the welght quantitles of substances belng consumed can be written
thus:

C+03 =C0’. 2H’ +0. ng‘o 5 +0. SO;.
12 + 32 = 44; 4 + 32 = 36; 32 + 32 = 64,

i.e., to oxidize 12 kg of C and to convert 1t into CO2 requires 32 kg
of 02, and that means that for combustion of 0.01 kg of C (one weight
percent) of oxygen, 0.01° 32/12 kg will be required. Simllarly for
combustion of one percent of H (by weight) it 1is necessary to have
0.01-32/4 kg of 02. For sulfur, 0.01-32/32 kg of 0, will be required.
It is natural that 1if oxygen 1s contained in the fuel itself, then
for combustion there 1s that much less oxygen of the alr consumed
which there is in the fuel itself. Therefore for combustion of 1 kg
of fuel, the oxygen required will be:

Lo, =232c -8.0.01H” + 0,015 — 0,010° ke/ke.

Since there is nitrogen in the air, as well as oxygen, then
the weight quantity of air necessary for oxidation of 1 kg of fuel,
the so-called stoichlometric quantity of air,

L~(1+57) (3% +8. oom'+oons'—omo’) &/ kg
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or

L, = 0,1149C” + 0,3448H” + 0,0431S” — 0,04310” xz/xs. (5)

If this quantity of alr must be expressed 1n volume units of
Vps then it must be divided by the weight (mass) of 1 m3 alr. At a
temperature of 0°C and a pressure of 760 mm Hg, the density of air
equals 1.293 kg/m3. Then

Vo=0265(L v v + F — ) e,

Usually for the combustion of 1 kg of fuel supply a greater
quantity of air L is suppllied than 1s theoretically required. A
ratic of L/Lo = a 1s called the excess alr ratio. If ccmplete
oxidation of all combustible elements of the fuel takes place during
combustion in the theoretically necessary quantity of air a = 1.0
and heat losses are absent, then there will be obtained the maximum
temperature of products of combustion possible in burning the given
fuel. The temperature of combustion, generally speaking, can be
changed due to a number of other conditions. For example, the
temperature of combustion at constant pressure is distingulished
from the temperature of a combustion with constant volume. However,
the basic effect on temperature proves to be the conditions of heat

emission, the ratio of oxidizer to fuel, and the degree of completeness
of burning.

In determining the theoretical temperature of combustion, it is
considered that all the heat being liberated Q@ is imparted to the
products of combustion. The flnal temperature tK of the products
of combustion will depend, naturally, upon the quantity of heat
imparted to them, theilr guantity and thelr heat capacity. If
combustion proceeds at ccnstant pressure, then the value of tK can
be determined from the equation

Q = Jey (fe — £
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where j - quantity of products of combustion which are formed during
combustion of 1 kg of fuel; cp - heat capacity of the products of a
combustion with p = const; tH - initial temperature of the system
(of the combustible mixture).

If calculations are produced for 1 kg of fuel, then we obtain
the lower heat of combustion of fuel Qﬁ. If t, = 0°C, then the
equation takes the form @ = jcptH.

Inamuch as the products of combustion are a mixture of various

gases, the heat capacities of which vary, then

e

Q = jicnte + Iorle ++ oo utptest

where jn and ¢ - respectively, quantity and heat capacity of a

given component in the products of combustion.

Table 10 glves some values of the theoretical temperatures
of combustion of a number of combustible substances. C

Table i.. Theoretical temperatures of combustion
of some combust;b;e substances.

I e = - . T?nox-'eti.cal
Combtustible Heat of a combustion temperature
substaice - P ti cox;bus-
n in i qtion in
ki/kg | kealke ! kJ};ﬁ Lcal/np oc
co?.l.oaoo\oooo-o.'ooo 305'0 ! 13‘” — — mlo
Kerospneecesesssscces *3” ! |05m E 20 —J |95
Carteu monoxide. coeee = -- 12 700 3035 | 2030
!ﬁ:sze."l‘ scacove.s00 S — 30 750 2570 |970

The actual temperature of combustion of the fuel 1s usually
lower than tle theoretlcai since combustion, as a rule, proceeds
with an excess of alr (x > 1.J) with some incompleteness of burning,
and part of the heat 1s lost intc the =zurroundings, and furthermore,
the part of the heat it not llberated hbecause of dissoclation (see

below).

¥[Translator's Note: In several instances the character "n " appears to have been used in
the original as a Cyrillic "n." The f£inal typed copy will reflect this in mary sections of the
document] ,
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The process of a combustion can begin nct at N°C, but at a
considerably higher temperature. Thus, air after compression in a
compressor can have on inlet to the combustion chamber of a GTD,

a temperature several hundred degrees. In this case, the final
temperature of combustion will be higher than the theoretical
obtained under a condition of tH = 0°C. '

§ 8. Heat of Combustion with Various Conditions
of the Process of Combustion

Heat of chemical reaction @ is the name given to that quantity
of heat which 1is liberated (or absorbed) in any reaction between
substances, calculated on 1 mole of the basic substance. If the
fuel is burned in a vessel of constant volume, then we obtain the

b et it e

thermal effect of the chemical reaction Qv or heat of combustion of
fuel Qg with constant volume. Combustion of fuel with p = const
makes it possible to determine the heat of combustion at constant
pressure Qg.

The heat of combustion of one and the same fuel, obtalned with
p =-const or with Vv = const, 1s identical only when with equal
initial and final temperatures the quantity of the products of
combustion remains equal to the quantity of the mixture prior to
combustion. Otherwise, with the change in the volume of the products

of combustion by the value AV the external pressure performs work
p-AV, which is converted into an equivalent quantity of heat. The
difference in the value of Qg and Qs in most cases 1s small, therefore
it is usually disregarded.

For example, during combustion of 1 m3 of CO under usual
atmospheric air conditions, the difference in the values of Qg and QS
amounts to approximately 0.4%, despite the fact that the reduction
in volume of 1 m3 of CO is equal to 0.5 m3.

An expression for computing Qp - Qv can be obtalined by using the

] equatlion of the first law of thermodynamics, in reference to the
3 chemical processes being considered. Since the change 1n external
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kinetic energy dga and external potentlal <=nergy dh 1is usally small

in comparison with the change in interior energy of a body dU, then,
disregarding these changes, we determine

Q= AU + AL.

The equation 1s written for 1 kg-mole of a gas.

Let us consider that if in the expression of evolved heat @
rates a plus sign, this corresponds to an exothermal reaction (it
proceeds with evolution of heat), and a minus sign -- of an
endothermic reaction (1t proceeds with absorption of heat). Further-
more, the quantity +L mean that the work 1is completed, and +AU
indicates that inner energy 1is reduced. Finally, we wlill express the
work being accomplished 1n the presence of a chemical reaction, in
thermal units and designate as letter A. Then AU = @ + A. When the
work attains minimum (Amin)’ then the greatest quantity of heat Qmax
will be evolved, which 1s called the thermal effect of reaction,
i1.e., where

V=consl Ay =0 and Qs = A,

where

p = const AU = (Q)os + P (Ve — V)

or

(Qr)_,"‘ == U‘ o U’ + PV| - Pvg or (Ql)ml = A"
where I - enthalpy (heat content) of the gas.

Volume durling chemical reactions changes as a result of changes
in the number of molecules (moles) of a substance. Using, just as
for ideal gases, the characteristic equation, for the process
p = const we obtain

p(Vy— V) = (n, —n,) RT = 8nRT,

where ny and ny, = the number of moles of gaseous substances prior
to after the reaction.

39




| itk i

Concidering the universal gas constant R = 1.985 = 2 kcal/mole
or 8.38 kJ/mole, after conversion we obtain

A(Qu)mn "‘.(Qp)mu = 2Anf keal R

or

(@aax — (Qoar = 8,38A0T k3.

In this way, if the reactlion proceeding with p = const 1s
accompanied by expansion (by an increass in the number of moles),
then An - a positive quantity and (@mu > (@dme- .

Consequantly, for the accomplishment of the action of expansion
heat is spent, which decreases the amount of heat of the ¢! .ical
reaction.

If in the reaction, the volume 1s r duced, then (@), > (Q)y..
In this instance to the heat of the reaction there 1is added heat
equivalent to the work of compression.

Example 1. Combustion of CO with V = const, ¢t = 20°C gives

(Qv)max = 68,000 kcal/mole or 285,000 ki/mole. We determine (Qp)max'

With the reaction CO + % O, = CO, bn = ny - ny =1 - 1.5 = -0.5.
Consequently, (Qp) = 68,000 + 2:0.5+293 = 68,293 kcal/mole

(288,100 kJ/mole).

max

In this way, for 1 kg of basic fuel, the difference comprises
a value of g%% ~ 10.5 kecal/kg (43.7 kJ/kg).

max
Here An = 0, since the

Example 2. With the reaction C + 0, = CO, and ¢t = 15°C (Qp)
= 94,020 kcal/mole. We determine (Qv)max'
volume of solid carbon can be disregarded. Then:

(Qedaas ™= (Golimaz = 94000 FEaTRTEEI 000 7/mote).

In view of the fact that the difference (Qp)max - (Qv)mny for
the majority of practically important cases in practice 1is not great,
the difference 1n values of heat of combustion of fuels in practice

is not usually consldered.
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A more substantial effect on the magnitude of heat of
combustion of a fuel proves to be the temperature. The heat of
combustion can be determined, burning a fuel at any temperature,
observing only the condition of equality of the 1nitial temperature

of the mixture and the final temperature of the products of combustion.

In general, for various temperatures, the heat of reaction will be
different. However, practically, the heat of combustlions of a fuel
is considered not to depend on temperature.

When necessary, this difference can be taken into account in
the following manner. It 1s assumed that the quantity of energy
qum’ which system has prior to reaction in combined state at any
temperature is the same. The heat obtained by a calorimeter from
the products of combustlion of a fuel with thelr reduction to the
initial temperature of the experiment, for example to tl, which
will define the quantity of heat of combustion of the fuel is not
equal (more accurately, is not equivalent) to the chemical energy
which was included in the mixture prior to reaction, since the
physical heat of the products of reaction equals the physical heat
of the basic substances {fuel + oxidizer). These quantities of heat
can be calculated, knowing the temperature of the experiment ti’
the heat capacity of the basic substances e:s and the quantity of

these substances mi.

Suppose that 1n the reaction of combustion of fuel 4 in an
oxldizer B there is obtained a product of reaction ¢ and there is
liberated heat of chemical reaction @ according to the equation

aA + BB = vC +-'Q..

where a, B, Y - the number of moles of substances 4, B and C.

The molecular heat capacitles of these substances we designate

as ¢,, ¢p, ¢,. Then the value Q =y —(acy + Pea)l 1 = Nmyct, will be
the difference between the heat of chemical reaction @ and the
released chemlcal energy anw’ i.e.,

Qe = Q, + Dmycty.
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For temperature t2

E Q =t Ql. m'f".

Then QIQ =l Ql| i Z”lhc (t. —")

or

Q, — Q, = (@cy + Beg — T (ts — 8)) = Dyme (t5 — 1))

Let us note that the heat capacities of the substances change
with the change in temperature, and this expression holds true only
for infinitesimal range of temperatures, i.e., for

dQ= Y mcdt or —=2mc

In this way, in determining the heat of combustion of a fuel
at constant pressure and constant volume

Q, = Q, + AaRT.

where

If in the reaction the volume does not change, then Qp will
egqual Qv.

Consequently, 1f a chemical reaction proceeds at constant temp-

erature, the themal effect of chemical reaction depends only on the
initial and final state of the mixture and does not depend on the
path, along which the process proceeds (as follows from Hess's law).
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2. FOUNDATIONS OF THE THEORY OF COMBUSTION

A1 occurrences of combustion with the use of a gas oxidizer
and, particularly, the oxygen of the alr, are basically divided
into three characteristic groups:

1) combustion of gas fuels, glving a system of gas + a gas -
the so-called homogeneous system;

2y combustion cf 1liquid or solid fuels, giving a system of
fluid or solid + a gas - the so-called heterogeneous system;

3) combustion of condensed systems where the fuel can be
found in any state of aggregation (expiosive substances).

The homogenous part of the system, which is present in a
heterogeneous system 1s called the nomogeneous phase of a heterogeneous

system.

If a fuel and an oxidizer are previously thoroughly mixed to a
unlform state, then this system 1s customarily called a uniform gas
syaten.

A heterogeneous system will be the case when a fuel and an

oxidizer are supplied to the place of ignition and combustion
separately.
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The basis of the processes of combustion is the chemical
conversion of substances, therefore we will briefly examine the
most important chemical siltuations underlying the theory of combustion.
This can be done most simply and conveniently with an example of a
homogeneous, chemically uniform system.
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CHAPTER Iv
STATICS AND DYNAMICS OF CHEMICAL REACTIONS

The statics of chemical conversions consider questions
connected with the material and energetic side of combustion reactions;
snecifically, the quantitlies of substances necessary for the complete
course of a process, thelr relationships, the composition of the
products of reaction and its thermal effect are determined.

The chemical reaction of the combining of two substances, for
examrle, A and B, with the formation of products of the reaction,
for example M and N, taking into account the thermal effect of
reaction @, can bc described by the equation

GA + 3B = pM+ qN 2 Q,

where a, B, M, n - the number of moles of substances 4, B, M, ¥,
taking parv ‘'n the reaction.

The symbol 7 indicates reversibility of a reaction. A plus
sign before Q i:dicates that with the combining of substances 4 and B
heat is liberated (an exothermal reaction); and a minus sign means
that heat is consumed (an endothermic reaction).

§ 9. Chemical Equilibrium

From the law of actual mass 1t 1s known that 1in a reacting
mixture at given temperature, pressure, or volume, and with the
course of both a direct reaction between the basic substances,

4s
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tor example 4 a i &5, with the formation of substances M and N, wlth

A reverse reactlon between the products of direct reactlion of ¥ and '
N with the production of the basic substances 4 and B, after a

sufficlient time equilibrium necessarily approaches between all

reacting substances 4, B, M and ¥, which 1s characterized by a

defined relationship between the concentrations of these substences,

i.e., by the number cf molecules of these substances located in :

unit of volume.

Thus, if the instantaneous concentrations of substances 4, B,
M, N are respectively designated as a, b, m, n, then at the moment
of equilibrium

a%®
a¥a"

=K, (6)

where K - equllibrium constant of th2 mentioned chemlcal reaction,
a value constant for & given temperature.

With a change ir temperature the value of X changes, i.e.,
the equllibrium of the system 1s shifted to one side or the other.
Vant Hoff proposed the following relationship connecting X with
absolute temperature T:

thlidallal

SOt k4 s b Lt A O .+ AR A B s ks,

“'%‘3"' ] (7)

TP\ R e

where R - universal gas constant; {& - thermal effect of the chemical

} TR, ST g

reaction.

Y
b madd st

i When @ > J with the increase of temperature the value of the
§ equilibrium constant increases, and when ¢ < 0 - 1s reducec. Let
: us note thet the chemical equilibrium of reversible reactions 1s a
? transient dynamic equilibrium. When a reaction oriwardly ceases,
irn actuality toth reactions go on ~ direct and reverse, but at

al rates. The moment when chemical equillibvrium of the given
ble reaction begins, depends, ag already mentioned, on

temperature, pressure, &and concentration of all substances found in
the system, If temperature and pressure are constant, then the

state of =»qu librium basically depends on the congentraticns of the
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system strives toward a state of equllibrium under the given
conditions. However, in a number of cases, the rate cf the reverse
reactlon 1s so small in comparison to the rate of the direct reaction
that it can be disregarded. Then, conventlonally, it 1s possible to
assume a unidirectional flow of reaction, and reactions of this kind
can be considered irreversible.

It 1s customary to classify reactions depending on the number
of reacting mclecules:

1. Monomolecular reactione; in which only one type of molecules
suffers conversion, giving one or several new molecules, whereby
the sum of the stoichlometric factors in the left part of the
reaction equation 1s equal to one.

A dliagram of such a reactlon 1s 4 + M+ ¥ + ... or conventionally
A=M+.ll

For realization of s:ch a reac¢tion 1t 1s necessary that a
molecule of substance 4 airive at & reaction-capable state. As an

examnle of a monomolecular reactioﬁ we can use the decomposition of
acetone: 3

CHLOCH, = 00 + CH, ,

2. Bimolecular reactions, int!hich two uniform or different
molecules reciprocally react, glving new molecules, whereby the
stolchiometric factor in the reaction equation 1s equai to two
(1.e., the sum of stoichiometric factors 1s equal to two). A dlagram
of the reaction is A + B =M + N + ...

As an example of bimolecular reactions we can use:

1) the combination of hydrogen with 1odine
“lf" Jg = Hs; .

2) the decomposition of hydrogen 1iodide
Hi=H, +Js
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To this value of K they assign a subscript ¢ in order to
emrnhasize its expression as concentration, unlike the expression of
a constant as the partial gas pressures in a mixture. 1In the latter
case, the value of equllibrium constants are assigned a subscript p.
The value of Kp cann be obtailned thus. For each gas reacting in a
system it is possible to write an equation of state

p¥ = nRT,

where p; - partial pressure of gas in the mixture; ¥V - total volume
of the system; n, - number of moles of the given gas in the system;

R - universal gas constant; I - absolute temperature at which the
reactlon proceeds. '

Designating'%}==?;—- the molar concentrations of a given gas

in the system, we obtain d=;£%n Substituting appropriate values
in the expression for Kc, we have

5 A
K o RTE@RIP
L3 .?“ :

or in the general case for the reaction

aA +PB + YC +---T2pM + N +ooep

L
K, = =5 55 (RT)

If we designate the first factor on the right as Kp, then
K, = K, (RTIY,

where Ai - the algebralc sum of the numbers >f moles of the gas
substances which take part in the reaction. The value

g 8
s 'l(, (8)

is the equilibrium constant of the chemical reaction expressed as
partial pressures.
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It is obvious that even 1f there is no necessity for considering
the distinetion in the value of R, the numerical values of Kc and Kp
forr one and the same conditions generally varies. Only during the
course of a reaction wichout change in the number of moles, i.e., if
A = 0, kc = Kp. Let us note that the application of the mass
action law and the expresslons obtained on its base, strictly
speaking, 1s limited to ideal gases; however the error in extending
this law to real gases 1s small.

Let us note that the given relationships are valid even for
heterogeneous systems. It 1s known that any liquid or solid has a
defined vapor pressure at a given temperature, i.e., with T = const,
the partlal pressure of a saturated vapor of such a substance in
the gas phase of a heterogeneous system 1s a constant value. In this
way, a chemical reaction which takes place in the gas phase between
a saturated vapor of a solid or liquid substance and gases, coming
to equilibrium, will conform to all the laws of homogenous reactlions.
Consequently, by applying the mass action law to the homogenous phase
a heterogeneous system it 1s possible not to take into account the
partial pressure of the vapors of a solid or liquid substance, since
it remains constant.

For example, for the reaction of the decomposition of calcium

carbonate
' GaCO, == CaO + €O,
according tc the mass action law, the equilibrium constant for a
glven temperature , -
2 CacO,  __

Kpﬂm consf.

Considering that in this case;pcacs, and pcio — the constant
values, and substituting them in the numerical values of Kp, it 1is
possible to write

Similarly
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where ¢co, — the equilibrium concentration of carbon diloxide.
Dissoclation of Products of Combustion

The value of X determines the composition of an equilibrium
mixture at a given temperature. Knowing the composition of a
mixture, for the given conditions it 1s possible to calculate the
process of dissociation, i.e., the process of decomposition of the
oroducts of a direct reaction to the initial elements. Usually
dissociation is characterized by the degree of dissoclation a, under
which is understood the fraction of the molies of the substance
which was deccrmonsed to basic components.

We shall examine thils process and its dependence on certain
parameters in the example of the reaction X0+ 0,220, in more
detail. Let us assume that the number of moles of CO2 prior to
dissociation was equivalent to two, as this results from the eqguation
of chemical reaction. After dissociation, at a specified temperature
in a s“ate of equilibrium, the mixture of gases will have, besides
002, also CO and 02. If in this case, the degree of dissoclation is
equal to a, then this means that from each mole of 002 (being used
as the unit) fraction a dissociates, and from two moles, 2 a moles
dissociate, giving respectively 2 o yoles of CO and a moles of 02.
The undecomposed quantity of CO, will be equal to 2:(1 - a&).
Consequently, at equlibrium (after dissociation) the mixture will
consist of:

-2(1 --u) mlu—
= 2¢ moles
Oy = a moles

Tobal . < -2+ @ moles

If we designate the total volume at the given temperature T as
V, then the partial pressuirres of individual gases in che mixture
will be

21— L 2e
Peo, = -‘—v—?—’ RT; peo = RT:

a
i po. = TRT'
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The equilibrium constant will equal

.u. SO
K,um RT. ,

Using the general equation of state pV =2+ o) RT, 't is
possible to obtain

a’
K= grai=ar: (9)

Equation (9) indicates that with T = const, with an increase
in the pfessure, the degree of dissoclation of carbon dloxide 1s
reduced. Knowing o for the gilven temperature and pressure, from
equation (9) it 1is pos3ible to calculate Kp and a at the same
temperature for any other pressure.

Raising the temperature intensifies the decomposition of 002.
At atmospheric pressure the dissocliation of CO2 becomes apparent at
temperatures of 1500-2000°C and beyond that it sharply increases.
If at 1500°C o is equal to approximately 0.8%, then at 2000°C it
already equals 4%, at 2500°C - 19%, and at 3500°C - 40%. If the
partial pressure of carbon dloxide in the products of combustion 1s
small (let us say 0.1-0.2 [atm(abs.)]), then the degree of dissocilation
in this instances increases sharply, comﬁrising at 1500°C already
approximately 1.7%, and at 2000° - about 8%.

A similar correlation can be obtalned also for the dissociation
of water vapor to H2 and 02. Thus, at atmospherlic pressure and a
temperature of about 1500-1800°C, the degree of dissocilation of H
comprises approximately 0.5%. Let us note that the reaction of
formation of 520 Just as the reaction forming COZ’ 1s accompanied by
a decrease in the number of moles. Therefore with the formation of
H20, the effect of pressure on the degree of dissociation at
invariable temperature, and consequently, also Kp 1s the same.

20nap

It is possible to show that the casfc of equllibrium of the
reactions proceeding with an invariable number of moles (An = 0),
with T = const does not depend on the change in pressure (or volume).
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Effect of Dlssoclation on Temperature
of Combustion

In the combustion chambers of Gas Turbine Engine [GTD] (ITA),
the process of disscoclation 1s a negative occurrence, since 1it
leads to the incomplete evolution of heat with the combustion of the
fuel. In order to eliminate the 1?complete evolution of heat, the
conditions are controlled, under which the process of a combustion is
carried out, specifically, by limiting the temperature. In formulating
the equations of heat balance for determinatlion of the temperature
of combustion under actual conditions, it 1s necessary to take
account of the effect of the process of dissoclation. In general form,
such an equation can be written 1n;the followling manner:

Qu+ Q=0+ Q:+ G
where QCM - enthalpy of the original combustible mixture (fuel and
oxidizer); @ - thermal effect; q.c = enthalpy of the products of
combustion; Qou - heat lost to the environment; Q‘q - heat spent on
the process of dilssoclation.
If .. = Nnct,(mereFac— the sum of the products of the number
of moles of the individual products of a combustion times their

molecular heat capacities), then the temperature at the end of the
process of combustion can be computed using the equation

g Qeu4+Q—Qu—0p.
'“f"'_"—fﬁéyk—gt'g (10)

In order to solve tlis equation, having two unknowns a and tr’
1t 15 necessary to have s s#cond equation which links these quantitiles.
Such an equation 1s the depenrder.ce of the equilibrium constant upon
a for T = const. Solving together equations {9) and (10), it is
possible given various values of 1 £ om equation (10) to determine
values of Tr and to construct a srap: of dependence of tr on a.

Further, given values of temperatur®@s, again from the equiIlibrium
equation determine a and construct a second curve of dependence of
tr on a. The point of intersection of both curves gives the values
of the sought values of tr and a.
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§ 10. Rage of Chemical Reaction

The rate of a homogeneous reaction is determined by the quantity
of the substance reacting in a unit of volume for a unit of time.
It is obvious that it 1s equal tc the change in the concentration of
one of the components of reactling system in a unit of time.

In any reaction some substances take part, whereby thelr
concentrations change in the coursé of time. The concentrations
of the original substances are redl'_;cted, and those of the products
of reaction - increcse. However, between them stoichiometric
conformity is always carried out. Taking this into account, the

rate of a chemical reaction EZTB‘B‘“‘,EM F 3N can be expressed either
as an end product, as +——— o‘iﬂ—?. or as the rate of consumption of

ornc of the original substances —‘-:t‘l orx —-2." Here a, b, my n =

instantaneous concentrations of reacting substances, and 1 - time.

Let di moles of substdnce 4 react for time dt. According to

the reaction equation, for this there will be expended time di, -;'-dl,.

moles of substance B. Referring tk}e last expression to a unit of
volume and time, we obtain

' Y aa . T

dl L7
*x "T‘V’z'?

or %;=={}.§;; Similarly, it is possible to obtain

am e e T
A T i
or ) . ’
. ‘ da— l.ib-———-'—oma—‘-odu
T@'d T P d&c g '37 n At

Subsequently the rate of the chemical reaction w will be

determined by the value '%""-."'

§ 11. Classification

When any chemical reaction has begun, then at any moment of
time two reactions are going on - direct and reverse, and the
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system strives toward a state of equilibrium under the given
conditions. However, in a number of cases, the rate cof the reverse
reactlion 1s so small in comparison to the rate of the direct reaction
that it can be disregarded. Then, conventionally, it is possible to
assume a unidirectional flow of reaction, and reactions of this kind
can be considered irreversible.

It 1s customary to classify reactions depending on the number
of reacting mclecules:

1. Monomolecular reaotione, in which only one type of molecules
suffers conversion, giving one or several new molecules, whereby
the sum of the stolchiometric fdactors in the left part of the
reaction equation is equal to one.

A dilagram of such a reaction 1s 4 + M + ¥ + ... or conventionally
A=M+...

For realization of s:ch a rea¢tion it is necessary that a
molecule of substance A airive at a reaction-capable state. As an
examnle of a monomolecular reactio$ we can use the decomposition of

i
acetone: ]

CH{COCH, = 00 + CH, ,

i
2. Bimolecular reactions, in shich two uniform or different
molecules reciprocally react, givirng new molecules, whereby the
stoichiometric factor in the reaction equation is equal to two

(i.e., the sum of stoichiometric factors is equal to two). A diagram
of the reaction is A + B =M + N + ...

As an example of bimolecular reéactions we can use:

1) the combination of hydrogen with iodine
“t_"‘ Jog= ﬂiﬁ;' ;

2) the decomposition of hydrogen iodide
2Hi =H,+ Js_
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3) the decomposition of chlorine w.noxide
2C1,0 = 2Cl1, + O, ste.

3. Trimolecular reactions, in which any three molecules react,
giving new ones, and the stoichiometric factor of the reaction equals
three. A diagram of the reaction i1s: A + B + C =M + N + ...

. An example of a trimolecular reasction will be the combustion of
carton monoxide [sic] 2NO + O2 = 2N02.
The last two types of reactions can be carried out only with

the simultaneous collision of the appropriate number of reacting
molecules. It Is possible to speak formally about reactions in which
more than three molecules take part. However, the simultaneous
collision four or more molecules, in accordance with kinetic concepts,
is unlikely. It is customary to consider, therefore, that in this
instance the reaction proceeds consecutively through simple bi- or
trimolecular reactions.

A reaction, the mechanism of which includes more than one
elementary (mono-, bi- or trimolecular) reaction, is customarily
called complex.

All unidirectional reactions, furthermore, are customerily
distinguished according to their order, i.e., according to the total
number of molecules entering into combination. It is natural that
for elementary reactlions their crder characterizes the mechanism of
the reaction.

In this way, a reaction which proceeds accoiding to the diagram
A=M+ N+ ..., will be a monomolecular reaction and, furthermore,
this is a reaction of the first order; in the case of A + B =M + N +
+ ... we have a bimolecular reaction, or a reaction of the second
order, etc.

The accepted classifications permits simplifying the form of

; writing of the reaction equations and, correspondingly, the calcula-
i tion equations. For example, proceeding from the mass action law,
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the expressions for the rates of chemical reactions will be written

thus:
1) for a monomolecular reaction
.E— -—4'-.‘-' -—
& = ke
or B o
dn 1

The dimension of the rate constant of a chemical reaction k %.
Numerically k and k', naturally, can be 4ifferent;

2) for a bimolecular reaction

dm i
& =kab

Dimension of k 1is cm3/s;

3) for a trimolecular reaction

dm — §
Tt.k“.b“’tw.

6/8.

Dimension of k is cm
The concentrations of components a, b, ¢ are taken as molar

and designate the number of moles of a substance in a unit of

volune (l/cm3). The value of the chemical reaction rate 1is

determined by molecular or molar concentrations. However, in certain

cases it 1is more sultable, for example, to use welght or relative

concentrations.

§ 12. Change in Rate of a Chemical Reaction
According to Time

From kinetic eguations it 1s possible to determine the rate of
reaction and the compositiph of the reacting medium at any moment
of time, since the changes in the concentrations of all subsiances
are connected with one another. To obtain dependence w = f(1)
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it is convenient to introduce into the kinetlc equation the concentra-
tion of one of the substances, and to replace the rest by the values
of their initial values and thelr value of selected variable
concentration.

For a monomolecular reaction 4 = M + ..., taking 1ln as the
basic concentration of the product of the reaction m, which at the
initial moment of time is equal to zero, we can write for any time

that

where ag - initial concentration of decompcsing molecules of

substance A a - concentration of a substance at the present instant
of time.

Integrating the equation

dm '
a—m —kdn

we obtaln

In(ay — m) = —kt + InC. -
Since with 1 = 0, m = 0, then
InC=1Ina, and C =a,"

and then

whence

The character of function m = f(f) .1s shown in Fig. 7 (curve 1).
Similarly, it is possible to obtaln expressions for a bimolecular
(curve 2) and a trimolecular (curve 3) reaction.

d

Figure 8 gives the character of dependence 2% = ¢(1) for these

reactions. The dependences show that the yield of the products of
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Fig. 7. Fig. 8.

Fig. 7. Dependence of concentration of products
of reactlon on time.

¥ig. 8. Dependence of the rate of a chemical
reaction on time: 1 and 4 - monomolecular
reactions; 2 - bimclecular reactlons; 3 - tri-
molecular reactions.

a reaction in time 1is slowed down and decreases with the 1ncrease
in the order of the reaction. The continuous drop 1n the rate of
a reaction is explained by the reduction in concentration of the
basic substances. '

§ 13. Dependence of the Rate of a Chemical
!eac“ !;EE

Using the dependence of the equilibrium constants of a chemical
reaction on temperature, we have

R

where

-
"‘.-.-{-

We consider that @ - this 1s the difference between the two
values EZ and El’ each of which is connected with the reaction rates
constant of a reverse E and the rate constant of a direct reaction
% in the same manner as for the equilibrium constant X with Q.
Arrhenius, analysing experimental data, showed that for the rate
constants of chemical reactions this relationship 1s valld

Aetnka gy or Inke=—f + const;

otherwise

———

- _ B i _.z
k=const:e KT or K ky.g X7,
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As 1s known, the total number of collisions of molecules 1in a
gas increases insignificantly with the increase in temperature.
According to Arrhenius' law the conditions of equilibrium are
determined by the frequency of the collisions only of the speclal
(active) molecules capable of reacting, and not on the overall
number of collisions of the considerably greater number of normal
inactive molecules which at the given moment and under the glven
conditions are not able to enter into the reaction.

The active molecules differ from the normal onies in high energy
level. Let us designate the thermal effect of the formations of
active molecules A, from any molecule of substance 4 as E. The
process of the change in the energy of a molecule without chemical
conversion, proceeding according to the diagram Aa = A, + E, is
called activation. Energy E, absorbed by normal molecule An with
the formation of active molecule 4

a? is called the heat (energy) of
activation. According to the mass actior. law, the equilibrium
constant of the process of activation

AP
Kacn = o 204 3110 Kaun = 775

where a, - concentration of active molecules; a, - concentration of
passive molecules.

E In thils way

8
3 Ko = const-e 17;

At low temperatures, the quantity and concentration of active
molecules are very small, therefo e the concentration of normal

molecules a, practically is very close to the general concentration
. a of the molecules of substance A. However, at infinitely high

temperature, all molecules will be_ggpive.and_19"§Q§ last equation
® const = 1. Since gq, = ','m.'a,,". then a, > K,xn-a=a-¢e” X7, where the

quantity é—%} indicates what portion of the total number of molecules
is capable of reacting (active).
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In this way, ho characterizes the total number of collisions
of molecules, and quantity k - the number of active colilsions. The
majority of reactions obey Arrhenius' law. This permits calculating
the values of ko and E, determining k and T by experimental means.

Taking the logarithm of the expression for k, we obtain

Ink=ink—%. 3.

This dependence in coordinates 1ln k and % gives a stralght
iine (Fig. 9) with an angular coefficilent %. A segment on the axis
ln kR, intercepting the straight line 1s equal to 1ln ho.

{nk ’ . Fig. 9. Dependence of the rate
: constant of a chemical reaction
on temperature.

- |
-

(nny

I{ the experimental data are averaged not by a straight line,
but by a broken line (dashed line in Fig. 9), then this means that
for the given reaction there are a number of temperature ranges, in
which quantities ho and E vary (E’l and E'l). ‘Usually this 1s
explained by the difference in the mechanism of the reaction or by

the change in the state aggregation of the reacting substances at
varlous temperatures.

In thls way, each collision of molecules leads to a chemical
rcaction. A reaction proceeds only in the case when there 18 a
colllision of the active molecules which possess energy greater than
E. 1In the majority of cases, the energy of the activation 1s
greater .Lhan the mean total energy of the colliding molecules, and
such collisions do not lead to a chemical reaction. The diagram of
the process can be explalned by the graph shown in Fig. 10. Suppose
that the molecules of the basic substances in initial state I have a

60

=y




Fig. 10. Energy of activation
of chemical reactions.

higher energy level than the products of reaction (state II).
However, the change of the system from condition I to condition II
requires a preliminary expenditure of energy, as a result of which
the molecules of the basic substance are activated, passing over
into reaction-capable state I'. The energi—of activation, in
particular, is expended on the destruction of o0ld chemical bonds
and their redistribution. Further, the system reacting returns
energy El and liberates heat @ = E2 - El.
If quantity 31 > E2, then the reaction will be endothermic,
similar to the process of the reverse change of the examined system
from condition II to condition I. For this change, the energy of
activation 1s equal to 82. The amount of energy of activation 1is one
of the chief factors which determine the rate of a chemical reaction,

where the less the energy of activation, the faster the reaction
proceeds.

§ 14. Depe ce of Rate of a Chemical
action Upon Pressure

At an invariable temperature and with a given composition of a
ras mixture, the equation of state gives the connection between
partial pressures and molar concentrations of reacting substances:

pa=aRT. py-=bRT, ..., py=mRT. ...

If the total number of mcles in unit of a volume 1is equal to
z, then the full pressure in the gas system p = zRT. From these

equations RT =% ="—:- = "—: = ..., Jor. b,.:% b.= ap, py= %’ '='l3_o. etc. - The
ratios £ & %}==&....are relative volume concentrations of
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substances 4, B, ... In this way, the molar concentrations of the
substances are equal to

a-—”;7‘.- -E.-"-T.; b=--£;-=5-£,r;...

Using the obtained expresslons, 1t 1s possible to write the
following equations for determining the rates of chemlcal reactinns:
for monomolecular

d= k. PrA . pal oyl 1
aw ha-kproekagr=karr—ya

for bimbiecular

d : T a-§ U
T hab=k g =tugpl o

for trimolecular
dm PA Pa Pc abe 1
& k-a-b-c=k 3‘1 ‘RYRT k (E’)’ﬂ s e "

Consequently, for reactions of the i-th order (7 £ 3)

P

In this way, according to the type of dependence of the rate
of reaction on pressure, it 1s possible to Judge the order of a
reaction. However, in practice, the order of a reaction does not
always correspond to the value resulting from the type of chemical
equation; sometimes experiment gives even a fractional value of the
index of degree of dependence %% on p. This 1s explalned by the
fact that the course of the process proceeds through a number of
intermediate compounds.

Turning to the general case, we wlll examine the dependence
of rate of a reaction upon pressure, using relative concentrations
of the reacting substances.

'or a monomolecular reaction (the reaction of the first order)




or

—=kalls

for a blmolecular reactlon (a reaction of the second order)

%’5—=k.5.b_:.|nd since z.—_-k’%.—,
then .:‘i_k—fpus

for a trimolecular reaction (a reaction of the third order)

'.d; ;os’;

Consequently, in this ilnstance, the general equation has the form

%~p(l—ln. (11)

It is necessary to turn attentlon to the fact that for mono-
molecular reactions the reaction rate of chemlcal reaction k,

regardless of the unlts of measuremgnt of concentrations always
has the dimension 1/s.

§ 15. Dependence of the Rate of Chemlical Reaction
on the-Composition of the Mixture

Since the total number of molecules of reacting substances
at a specifled temperature and with invariable pressure 1is constant,
then the relative concentrations of all substances are connected with
onc another. For a blmolecular reaction, if the initial gas mixture
contains two different substances, for example, a fuel A4 and an
oxidizer (oxygen) B, a + b = 1.

Into the following moment of time, part of the initial
substances will react, forming products of the reaction, for example,
M and N. For this moment of time, @ + b + m + n = 1. It is obvious
that a portlion of each substance wilil be changed in connection with

the change in content of any substance, reacting or simply found in
the mixture (inert).
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We will determine how the initial rate of a chemical reaction
changes 1in connection with the change in the composition of a

component of the mixture. The value of the rate of reaction in
general

ot ()i

since a + b = 1, thenb = 1 - g and

1 (4302

Consequently, the dependence of rate of a reaction on the
composition of the mixture is determined by the product of a(l - a).
The character of the change %% v a(1 - a) with a change of a from
0 to 1 is shown in Fig. 11 (curve 1). The rate of a chemical

reaction reaches a maximum when @ = b = 0.5,

If in the mixture, for eiample in the composition of an oxidizer,
besides oxyger., there is still a third, inert gas (for example,
nitrogen in air), then in principle the same conclusions can be
made, but the value of the rate of the chemical reaction will be
different. Let us consider each unit of substance B (alr)
consisting of two parts: the part o? the oxidizer (oxygen) proper 1,
and the part of the inert admixture i (for example, nitrogen).

Since 7 + i = 1, naturally, a + b x (1L + i) = 1.

The rate of the chemical reaction in this lnstance will be
determined by the multiplier a:1(1 - a) in the expression

We will also have a maximum value of rate ('ron ;:-;;-= 0) where
a =1 = 0.5 (curve 2 in Fig. 11).
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Fig. 11. Dependence of
the rate of reaction on

the composition of a
mixture.

Consequently, the inert admixture, changing the quantitative
composition of the initial stoichiometric mixture, does not change
the relative content of the actually reacting substance which is
necessary for attalning the greatest value of the rate of the
chemical reaction.

In the first case, the stoichiometric composition which
corresponds to the equation of the chemical reaction was determined
by the value a = 0.5. 1In the presence of an inert admixture, in
order to find the stoichiometric value of conqentration ZC, it is
necessary to jointly solve two equations: a = 1b and a + b = 1,

which give @ = ——. In this way, the less portion 1, the less a
l+.!. [
7

will be and the greater E&. These general conclusions are valid
also for other reactlons, where in certain cases, admixtures can
change the order of a reaction.

§ 16. The Course of a Chemical Reaction Under
Adiabatic Conditions

At a constant temperature the rate of a chemical reaction is
basieally determined by the concentration of reacting substances,
which drop:; In the course of time. Therefore, the maximum rate will
be at the beginning of the process when the concentration of
substances 1s greater (Fig. 12, curve 1). Combustion reactions are
characterized by great evolution of heat which with a rapid course
of the process and insignificant heat removal leads to a progressive
growth of temperature. The effect of temperature on the rate of a
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Fig. 12. Dependence of the
rate of reaction on time.

reaction 1s considerably greater than the effect of the concentrations
of the reacting substances. This also determines another picture
of the change in the rate of reactions under adiabatic conditions

(curve 2 in Fig. 12). 1In general, for example, for a trimolecular
reaction, the rate

wn%‘= ha"

Ca
_1?.a4ha

Knowing the basic compositicn of a mixture, it is possible to
find the connection between the concentrations of all the substances.
Let, for example, b = b'-a and ¢ = ¢’*q. For simple reactions and
a stoichiometric mixture b’ == ¢’ = 1; then the expression of rate
of reaction will be formaily written thus:

-— r‘-
W == %:-—Bk.-c -'r-a‘,. (12)

where 7 - an exponent, numerically equal tc the order of the reaction.
In each unit of volume, under adiabatic conditions, let a reaction
originate with an initial concentration ag | (mole/cm3) and an initial
temperature TO’ attaining at some uoment of timeg values of a and T
respectively, and at the end of the reaction a " 0 and temperature
TK. If the thermal effect of reaction for each mole of reacting
substance 1is equal to q, and the heat capacity of the products of
combustion with the given volume and in the given temperature range
¢, then the instant value of temperature 1_‘='T;+ci.(a,—a) and

final T, = T,- ““’. ‘;’ T,,;:':f; From the previous expression
ap—a == (T — T2 q
Then : .

a.;—a‘—~a.. e=ln

6k
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whence .

Te—T
a=0 77,

In this way - g

dm TRT

w...—d"‘—éko'e a

~RT [ Ta—T \!

=hee T (o pEEr)

Hence 1lv 1s apparent that with an increase in T, despite the
decrease 1in the expression in brackets, the gg%?e of w at first
strongly increases because of the growth of e until with the
decrease in the concentration, the difference TH - I assumes very
small values, and then 1s reduced to zero. Practically, the greatest
value Of*”max is reached usually after this, as 80-90% of the initial
product 1is expended.

If the initial temperature is low, then the process will proceed
Just as shown in Fig. 12 by the dotted line.

Here on the time segment T; (the period of retardation of the
reaction or the period of induction) the reaction practically proceeds
unnoticed to a value of W whereupon it begins to increase rapidly.
The value of T; depend on a whole serlies of circumstances which
will be examined below.
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CHAPTER V

CHAIN REACTIONS

§ 17. Fundamentals of Kinetics of Chain Reactions

The characteristics of the actual course of many reactions
cannot always be explained in terms of the propositions of the theory
of the thermal activation of molecules. A number of reactions in
generzl do not require any preliminary preheating and can proceed
ut low temperatures, are frequently 1sothermal, and nevertheless
at considerable rates. There are processes, which can go on only
actively with a specific light effect (photochemical reactions) or
with introduction into the mixture of trace amounts of éxtraneous
(frequently inert) admixtures. Experimental research has shown
that the actual mechanism of the reaction is different.

It was explained, that frequently, reactions proceed faster and
more easily as a result of the formation of intermediate active
products possessing rather little activation energy, and not as
the result of direct collisions betweén the molecules of the initial
substances which posséss high activation energy. As a rule, active
intermediate products prove to be free radicals or atoms which
react with the initial substances, giving an end product, and
simultaneously one additional or several néw active substances.

The latter ensure the further course on the process called a chaln
reaction.
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The simplest illustration of a photochemical chain reaction we
can take 1s the combination of chlorine with hydrogen. The bi-
molecular reaction HZ + Cl2 = 2HC1 has great activation energy, about
40,000 cal/mole or 167,700 J/mole. This determines the fact that
under usual conditlions practically 1t cannot proceed in accordance
with the given equation. The first cycle of the actual reacting 1is
as follows: absorbing a specified number 6f-11ght quanta hv, the
chlorine molecule 1is excited (Cl2 + hv = 31;) and it becomes capable

t of decomposing into atoms of Cl; = Cl + Cl. The chlorine atoms,
very active intermediate products, ciause a further chain of conversions
E which proceed according to the diagram: Cl + H, = HC1 + H. The

activation energy of this reaction in all is about 6000 cal/mole or

21,110 J/mole. Here, besides the product of the reaction, there 1is

obtalned yet another and new active center in the form of a hydrogen
atom, which produces the reaction

H +Cl, = Ha + Q.

At this the first cycle of the given chaln reaction finishes,

after which follows the second, etc., which proceeds according to the
diaygram

Cl+Hy =HCl + H )
H+Cl,=HAa+a | 2nd cycle

3 '.000000100.'.

Since the concentration of active centers does not change, then
the glven reaction with nonbranching chains proceeds at a constant
rate (Fig. 13a) until a oreak occurs in a chain as a result of the
L combination H + H = H,, C1 + C1 = C1, or H + C1 = HC1 or until
' interaction with the wall. With sufficlient elevation in the tempera-

ture, dissoclation of the chlorine molecule is possible because of
. its collision with an rapid molecule i’, possescing increased energy

according to the diagram

A FTM =+ +M
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Fig. 13. Diagram of chain reactions: a)
nonbranchingy b) branching.

Consequently, the transmission of energy can also produce
a chaln reaction (energy chains) as the formation and the reacting
of atoms or radicals (material chains).

Chain reactions with branching chains proceed conserably faster
with a constantly increasing rate. Let us examine the reaction
2H2 + 02 = 2H20. This reaction does not obey the kinetic equation
of the type w = k-a},-a0,, 8ince it has a chain reaction mechanism.
The first event 1is usually thermal dissociation of the hydrogen
molecule upon meeting with any rapid molecule:

Ho+ M =H+H+M

Further chain of conversion of the hydrogen atom is as follows:

- - ————

H+0;=0H+0O
O+H;,=OH+H -
OH+ H;=H,O+H
OH+ Hy;=H,O+H

Summary : Hj'on’*'mi“m :

‘1st cycle .

Then a recurrence of the first cycle follows. In the beginning.
3 times as many centers are obtained (since after the first cycie
we obtair: two moles of products of reaction and three new active
centers), the second time - 3 times greater number of centers,
cte. (Fig. 13b).
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It is natural that under some conditions the reaction can be
slowed as a result of a break in the chains in connection with the
destruction of part of the active centers, for example, according
to the diagram H + H + M = H2 + M*. Energy, which 1s released with

the combination of hydrogen atoms, in this case is absorbed by the
M molecule.

The course of branching chain reactions is determined by the
followlng basic processes:

1) by the generation of chains, i.e., by the formation of
active centers and by the beginning of chain conversions;

2) by the branching of the chains; in this case one active
center, reacting, forms a product of reaction and, in addition, two
or more new active centers;

3) by the breaking of chains, which leads to the destruction
of active centers (deactivation).

In the beginning of any reaction a certain time T is spent
on generating and accumulating active centers. In so doing, if the
rate of branching of the chalins 1s greater than the rate of their
breaking, then the rate of the chemical reaction will increase in
proportion to the increase in the number of active centers. If the
breaking of chains exceed the rate of their branching, then a reaction
will not be developed, its rate will approach a minimum steady value,
i.e., the reaction will practically cease.

The time T, necessary for ipitiation and development of chailns,
bears the designation of delay or induction period of a reaction,
when the reaction proceeds practicaily unnoticeably, and only after
this time does the rate of reaction begln to increase to very great
values.

Each active product gives rise to a chaln of recurrent reactions,
the number of which (the so-called length of the chain) depends on
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the surrounding conditions and, in particular, is determined by the
factors of branching and breaking of chains.

§ 18, Rate of Chain Reactions

On the basis of the theory of chaln reactions, first developed
by N. N. Semenov, active centers can appear both because of thermal
activation, and also in the course of the reaction itself.

Designating the average time of the existence of a particle
from its origin to entry info a reaction as At, and the time to its
possible destruction as a result of mutual collisions as Atl, it is
possible to calculate the average time "life" of an active particle

ax + [T
.z *

If the instant concentration of active particles of the initial
substance 4 is equal to a,s then in a unit of time aa/At active
particles will react in each unit of volume, i.e., the rate of a
chain reaction w,~3§%. If, as a result of each individual reaction
on the average ¢ new active particles are created, then in a unit of

-

time only as the result of a reacting there appears wo#-%%-o active
particles.

Apart from this, because of the thermal motion of particles in
a unit of time there appear ]ﬂ; active centers which take part in
the deveiopment of a chain reaction.

Since the average life of particles equals Atcp, then 1in a
anit of time aa/Atcp active particles will perish.

The general change in the concentration of active particles in

the course of time will be
Gy . T .
v -'a..'; + wo ——i—..“’ .

If the reaction is practically not proceeding, then w + 0.

L::_-_.o and Atv-soa "’
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In this case

a:2= _“_.

Ar,

Designating for this case a, as a_ , we obtaln
T

- g
a‘- = a;:'Af‘ xa-e —.r.'

1.e., as one would expect, we obtaln a number (a concentration) of
active centers, forming stationary only because of thermal activation.

In this way, the rate of a chain chemical reaction is determined,
in the first place, not by the overall number of active centers ;;.
obtalned because of thermal activity, B;E—Bnly by those fractions
a; of substance which actually reacted. In the second place, it Is
obvious that the overall number of individual reactions which proceed
in a unit of time will exceed the number of reactions determined by
the initial active centers a;, since each 1initial reaction causes a
chain of secondary reactions which accelerate the reacting. If
we deslgnate the number of these secondary reactions 1n a chain (the
so-called length of the chain) by the letter r, then the rate of
reaction w ~ a;-r.

In the course of a reaction each active center, having reacted,
can create 0 new centers. The value of r 1s determined only by
those centers which determined the flow of secondary reactlions. The
remaining part of them could not react, specifically, because of
breakling of chains. In this way, the factor of breaking of chains
is unequivocally associated with the length of chain r = % (where
B - the characteristic of probability of chain break). Consequently,
for reactions with nonbranching chains

: . " e
W~ Qg -f=~rc

In a process with branching chains, instead of a reacting
active center, at least two, and generally ¢ new ones aprear,
whereby the appearance of each supplementary active center lessens
the effect of the factor of chaln break. Consequently, the length
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of the chain of reaction with branching chains will be characterized
by the value r = 3_%_3 (where § — a factor which determines the proba-
bility of branching of a circuit). The quantities B and 6§ are
associated with the values respectively of the second and third
members of the right part of the equétion daa/dt, but not equal

to them, and represent some fraction of them.

Factor & takes into account the effect of not all newly
appearing active centers, but only those which actually react.
Values 6, B and r are fuactions of a number quantites, first of all,
T and p. Therefore, under specific conditions it is possible to
have the equation (8 - §) = 0 and r + », This means that any initial
chaln 1s reproduced in one of its branches. Where § > 8 and § - B > 0
because of the excess of the number of branchings over the breaks
in the chains an intensive reaction of explosive type takes place.
Values B and § depend on temperature exponentially, similar to the
dependence of a;. Dependences of the rate of a chain reaction on
time are as follows.

The change in respect to time of the concentration of active
centers which take part in a reaction

_f_‘-_“;a;':l-?; e — Kot (13)

where products X ‘a, and Kod’“a - respectively, changes 1n the
concentration of active centers in time as a result of branching

and breaking of chains.

Expressions Kp and KO6 are determined respectively by values
of § and B and by the average 1life of the active centers:

o,
Ry~ g and K~ £

where the difference _
J8=
Ky Kamp~d5E.

In this way,
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-d:._-t-=a; -'.'aﬂn

As a result of changein external conditions values of § and B
change, and also their relationship, and thls means, also the value
of ¢ which can be both greater than zero and less than zero. The ‘
- value aé, characteristic of the rate of the process of thermal
formation of active centers, can be consldered to depend on time.
Then for ¢ = const, we obtain

d% _ _ 4¢v and —"7 In (a’.-‘—qg,) =%+ InC.

a,+ 9.
% Since with 1t = 0 a, + 0, then 1n C = % 1n aé
Consequently,
A
In —."'7"— = §¢T,
o
whence , o
| gy 1), (14)

Since the rate of formation of the products of reaction (the
rate of reaction w) is proportional to the concentration of active
centers at the given instant, then, knowing how many products of
reaction each active center givee, it 1s possible to determine the
valuew " Z-aajwhere L - a factor, which indicates how many moleciles
of the product of reaction are obtained in the reacting of one
active center). For example, for the reaction of the formation of
H20, the factor 1 = 2,

a
On the other hanc, the rate of reaction w ~ K%’ and if we
" S £
. onsider that Kp = AT and Koo = 30 then
' -
) w -=——”:: [e e '—l]. (15)
For reactions with nanbranching chains (6 = 0)
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With the increase of B, the quantity in brackets tends toward
unity, and the value of the rate approximates —;‘— =a,+-r. In this
way, reactions with nonbranching chains only formally where T + «
and B - 0 can have infinitely high rates. Actually, the rate of
such reactions is limited. Reactions with branching chains (8§ # 0)
can have three characteristic cases of flow:

1) ¢ <0 or(s < p)- conditions analogous to a case when

a At \! ]
§ = 0. Here "n"(p_—'S) and w—>g—p, l.e., rates cannot achieve
significant values. '

2) ¢ =0or B =46. The rate of reaction here 1s determined
by the process of thermal activation and by time, i.e., %%—=i§
and the value of w aét.

3) ¢ > 0 where 6 > B. This 1s the case of intensive flow of a
reaction with unlimited growth in the rate in time (to the exhaustion
of the initial mixture), l.e., the typical course of a chain
reaction with branching chains. It 1s characteristic that very high
rates of reaction can be obtained even at small values of 1, in
particular, with the process where T = const, not only with small
values of the difference (6 - 8). Even with small values of aé,
the value of w, exponentially growing in time, becomes noticeable
after a specified T - the period of induction. In the course of T
the value of rate w (Fig. 14) begins to increase sharply, attaining
very high values. Figure 14 shows all the considered cases with
¢ values invarlable in time.

' _ ' Fig. 14. D=pendence of rate

’ of a chain reaction on time.
[ 20
Ii

"

-
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76




T T

T

oY, T TR T

S ST

For the case of ¢ > 0, two curves are shown, moreover ¢2 > ¢1.
Since the value cf ¢ can also increase strongly in time, the curves

of change of w will proceed more steeply as indicated by the broken
line 1 in Fig. 14.

. The value of rate w, corresponding to Tis is determined
practlically by the available accuracy of measurement of the rates of

. reaction. Into the period of induction chains are generated, on the
basis of the branching of which active products are accumulated,
sufficient for ensuring the explosive character of the further
course of the reaction.
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CHAPTER VI
IGNITION OF A COMBUSTIBLE MIXTURE

5 19. Self Ignition. Thermal Explosion

In the process of combustion, the thermal conditions in the
reacting medium are determined beth by the process itself and by the
effects of external conditions. It 1s practically impossible to
ensure uniformity in the course of a process in all parts of a
volume since the mixture will be ignited initially in some part of
the system, the heat from various parts is transferred to other parts
and the environment differently. This determines the heterogeneity
of stzte and the difference in the characteristics of the éourse of
a process in various parts of a reacting system. In a volume there
will be varlations in temperatures, rates of reaction, concentration
of substances, and o forth. If the volume is limited by walls, then
about a cold wzll the course of the reaction will be slowed and
naturally, the concentration of the product:: of combustion here will
be less than in the depth of the volume. This leads to the initiation
of processes of heat-and mass-transfer. These processes (thermal
conductivity and diffusion) taking place during a chemical reaction,
create great complexity in the caiculation of the characteristics of
such occurrences. The essence of the process of self-ignition is
more easily analyzed by following N. N. Semenov's method on the
assumption that under defined conditions a mixture reacts equally
in all parts of a volume. Let us assume that a vessel which possesses
a \>lume of V cm3, has been filled with a combustible gas mixture
which possesses a temperature T. The temperature in the course of
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the process can change but it will be simultaneous 1n all parts of
the volume. The temperature of the walls of the container T8 is
preserved unchanged anu will always eqal temperature of environment
To . Such a scheme determines that differences 1n temperatures will
elst only at the boundary of the gas and the wall, and as a result
of this, a difference 1n the concentrations of the reacting system
wlll be lac’.ing.

If the experiment 1s conducted at low temperature To = Ts’ then
T = To since the reaction practically -does not proceed. With an
increase in the temperature To = Ta temperature T 1s also rzfced. It
1s obvious that at a certaln value of 1its r_ < the reaction becomes
noticeable and with a further increase T will also increase. The
heat belng liberated in the course of the reaction lncreases the
temperature of the mixture, determining the increasing difference
T - Ts. If the remcval of heat from the mixture to the wall 1s less
than the evolution of heat as a result of the chemical reaction,
then the temperature of the mixture progressively increases. This
will sharply accelerate the reaction and will practically lead to
i1ts instantanerus completion — to a thermal explosion.

If In the combustion of each mole of the mixture there 1is
liberated ¢ kcal (kJ) of heat, then the rate of the evolution of heat

% = QuwV, (16)
FE
. TRT
where w = ko-at-e mole/(cm3-s) — the rate of the chemical reaction.

Part of thls heat goes to heating the gas, and another part is
carried off through the wall into the environment. The rate of heat
emlssion from the gas to the wall can be determined thus:

9o = as(T —T), (17)

where s — wall surface;
a — heat transfer coeffliclent.
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Depending on the concrete value of the temperatures, coefficient
a, surface s, concentration a, the pressure in the mixture (deter-
mining w), etc, the relationship between quantities dn and qy can be
different, as Fig. 15 graphically shows. For a given mixture with
invariable pressure, a defined volume V, and a = const, by changing
only Ts, it is possible to obtain a number of characteristic cases
of the arrangement of curves q, and q9 given in Fig. 16. With the
combinatlon of curves q, and qo(I) the mixture 1s heated up to
temperature Ty5 since from T = T8 and to T = Tl quantity q, > qq-
This circumstance changes where T = Tl’ when q_ = qq-
Further, q9 will be greater than q, to polint 2 where again dn = 4q>
and further q, becomes greater than q0* However, the system can be
brought to this situation only by means of external preheating.
Actually for this case, a steady equilibrium of the system will be

observed only at point 1, where the reaction proceeds with a constant
low rate and where 90 = 4g°

(7 L

tefo

(=)

Ts KLELL,T r
Fig. 1. Dependence of Fig. 16. Determination
heat evolution and heat of the temperature of
transfer on temperature self-ignition of a
during a chemical re- mixture,
action.

For the case q_ and qO(III) everywhere q_ > q, up to considerable
temperatures T and correapondingly w, in the system from the very
beginning there will be a continuous increase in temperature, and
the rate of reaction will correspondingly attain maximum values,
and as a result an exploslion will occur. The boundary of transitlon
from the first case (the absence of an explosion) to the second
will be the position of curves qn and qo(II): Here in the beginning,
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as just in the first case, the system rapidly reaches equilibrium

at point B (TB). But this equilibrium, in contrast to the state of

the system which it had at T4 will be unstable. An insignificant
elevation in temperature .'I'8 (broken straight line) 1s sufficient

to generate an explosive process. It is clear that all the other
higher values of T3 all the more so will lead to an explosicn, and
moreover in shorter time periods. 1In this way, the tangency of

curves q_ and q is the critical case which determines the conditions
of self-ignition of a system. Temperature TB — this 1s the temperature
of self-ignition which, as was shown, 18 not a physio-chemical constant
of the given mixture, but cQaracterizes the system as a whole. The
value of TB depends on the value of V(s8), the material of the wall,

a, the conditions of the experiment p, a, and so forth.

Temperature TB determines the course of the reaction for the
period of induction = which impedes its practical utilization
in industry. Usually the temperature of self-ignition of a given
mixture under given concrete conditions 1is considered to be that
minimum temperature of wall T8 at which in the course of a specified
segment of time an explosion occurs. That is to say, TB or the
temperature of the wall Tel corresponding to this condition is not
taken, but a somewhat higher temperature T3 = Tel + ATB, at which
T; # o, and 1s equal to several seconds. The temperature of self-
ignition for various mixtures can be compared only under the condition
of their determination in similar instruments by ldentical methods.

N. N. Semenov pointed out that for combustible mixtures there
can exist an area of characteristic parameter values in which under
glven conditions an explosion 1s possible. The boundaries of this
area (explosive boundaries or self-ignition boundaries) can be
found from analysis of curves g _ and q9(II) in Fig. 16. Taking into
account that at point B 9, = 49 and straight line 99 is tangent to

A

curve q.s 1.e.,-%¥-=-%%;;1t i1s possible-to write:

E

QVigle T8~ as(T,—T), (18)
R
g Whate P =as (19)

81




Dividing expression (18) by (19), we obtain

£
- RT?
QVkyte T <as -/
since the difference between TB and Te is very small in comparison
with T , and E is very great. If in the left part of equation

8
(18) in the expression of degree it is considered that Ty = Tys

then allowing for the last relationship, it can be rewritten thus:

After a logarithmic operation, we have

d .E 1 asR '
lﬂ?:=?--—f:+|ﬂm. (20)

This expression gives the dependence TB = Ta = f(a). By changing
concentration a through pressure at ~ pt, it 1s possible to obtaln
depencence T'g = F(p).

The form of these dependences is shown in Fig. 17.

§ :
niin B2 nlm 8. Al &
B2 i :
] P
LN -1 ] > H 5
K .
rxi] s
i
( W
Lopemutite Lomatiie,
Fig. 17. Various dependences for the

boundaries of the explosion area.
The Period of Ignition Delay
bepending on the reaction ability of the mixture, 1its state,
and also the temperature of the wall and its features, a mixture

will be heated up differently. Specifically, the rate of the increase
in temperature of a mixture and the boundaries of its growth will
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change. The change in temperature in time will be determined by the
difference 9, ~ 4y and the heat capacity of the system V-cv, i.e.,
%%,yg%%& deg/s. If the conditions of heat evolution and heat
transfer are characterized by curves q_ end qo(I) (see Fig. 16),
then with a change in temperature from Ts To Tl the positive value
%9.15 always reduced to zero where T = Tl' The system cannot be
heated up higher than this temperature (Fig. 18), and taking into

account the consumption of the combustible, the temperature will

even begin to drop (curve I). An analogous situation will be retained
and with a certain growth of .’l'8 until the condition of heat withdrawal

qo(II) is achieved. This maximum situation proviaes heating up of
the system to temperature TB' Any small increase 1in Ts will now
lead to conditions of heat withdrawal qo(III) when the temperature
increases continuously up to very high values characteristic for
combustion reactions. The certain retarding of the rate of growth
of temperature around point TB_(a point of inflection) will be
increasingly less and less noticeable with a further increase of

Ta as shown in Fig. 18. The point of inflection determines the end
of the induction period of a thermal ignition T and a change to an
advanced chemical reaction. The locus of the points of inflection
of the series of curves will determine dependence ;o= F(T) {(the
dot-dash 1line in Fig. 18).

Fig. 18. Change in temperature
of a mixture with time.

The temperature of self-ignition Tg (Ta) depends also upon

pressure, the concentration of the mixture, and so forth. Depending

on the method of its determination, naturally, differences are
possible in the value of this temperature.
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Figure 19 shows the dependence of Tg on the composition of the
mixture for various combustible gases with air. Cn the same graph
the effect is shown on the pressure of pentane mixtures on the value
of TB‘ As the experiment showed, in individual cases, a stepwise
flow of curves Tg = f (concentration) can be observed. For other
mixtures with a change in pressure, especlally in the range of

small values, there are also deflectlions of temperature from
theoretical dependences.

LT Y v v Flg. 13. Dependeiice of temper-
B A ti:g'ution for ature of self-ignition of
200 5% i varicus gases in air on concen-
15 A i R traticn of the combustible.
~ : ama = [atm(abs.)]

a1 T

rCsly

’ ¥ w & ®
£ combustible (by volume} in' ;
air ;

Thus, Fig. 20 shows a curve for methane which has an inflection. i

From the graph it 1s evident that at a temperature of about 650°C

there is not one critical point, but three (I, II, III), in which the

mixture passes over from an absence of explosion to ignition and
back. The explanation of this fact can be found with the ald of the
theory of chain reactions.

pqm Hg column

i Fig. 20. Dependence of temper-
40} ature of self-ignition of
. methane and propane on pressure.

3 3 &

W
550 600 650 700 750 800 Ty°C
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§ 20, Self-Ignition of a Mixture in a Flow

1o reveal the basic characteristics of self-ignition of a mixture
moving in a flow, and the effect of the condition of its flow on
self-ignition and combustion of the mixture, we will examine a
simpiified case.

Let us assume that a combustible mixture flows via any channel
with a specified temperature of the walls, in parallel streams which
possess identical rates. In this 1lnstance, each small volume of
the gases can be considered 1solated. The state of the mixture will
be determined by the relationship of heat release and heat transfer.
If the heat release as a result of the chemlcal reaction being
developed exceeds the heat withdrawal, then in proportion to the
motion of the mixture, its temperature will be increased up to the
temperature of self-ignition. Intensification of the process can
be effected both by the supply of heat from the heated wall and by
reheating because of the mixing of the hot products of reaction and
fresh mixtures. Although this admixture, somewhat reduces the
concentration of the combustible, however the elevation in temperature
ensures the growth of the rate of reacting. The chemical reaction :
here 1s determined by the heat release q; = wVqQ, where ¥V — the volume %

of the pipe (curve I in Fig. 21).
q

kJ/s
Fig. 21. Heat release and
heat transfer in a system
with self-ignition of a
mixture in a flow.
I

Ll ad

Ignoring the losses of heat into the environment, it may be
considered that the entire heat being released goes to reheating
of the mixture. The products of the reaction continuously take
away from the zone of reactlion a quantity of =at

g: = ch (T - To)'
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where G — expenditure of gas per second;
cp — heat capacity at constant pressure;
TO — initial temperature;

T — temperature to which the mixture is heated.

At a wall temperature of T_ and varicus expenditures (rates)

of the mixture, the quantity of heat withdrawn 95 will be represented
as straight lines 1-5.

With the tapping of heat according to line 5 with a range of
temperatures from T8 to TA’ the evolution of heat is greater than
the heat withdrawal (q; > q,). If the process of heat withdrawal
is determined by line 2, then preheating is continued to temperature
Ty, but a further irsignificant decrease in the rate (expenditure)
will lead to withdrawal of heat according to line I. 1In this
instance, the heat release exceeds the heat withdrawal, and the

mixture ignites. It means that the maximum case of ignition is
determined by line 2.

However, if combustion began with the tapping of heat, for
example, on line 1, then it 1is possible to force the process up
to rates producing a withdrawal of heat according to line 4 (maximum
case). A steady action can be ensured with expenditures determining
heat transfer proceeding over line 3.

In actual flows, the processes of combustion are complicated
by the presence of nonuniformity of rates, temperatures, and
concentrations of mixture over the section of the chaniiel. In
addition, if the rates of flow should exceed the rates of flame
propagation in turbulent flows, measures are necessary to stabilize
the flame front in a definite part of the volume of the fuel ignition
device (the combustion chamber).

§ 21. Forced Ignition (Firing)

Forced ignition (firing) is the term applied to ignition of a
combustible mixture which possesses a temperature considerably
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be low TB by intense heating of a small volume of it by an extraneous
heat source. For heating, it 1is possible to introduce into the
combustible mixture an outside flame, electrical spark, an incandescent
solid, and so forth.

The physical side of the process of forced ignition 1s not
fundamentally different from self-ignition. However, here the
acceleration of the reaction initially goes in a small volume and
only with time 1s 1t extende. to tl.c whole mixture. The calculation
of this occurrence, naturaily, is complex. The occurrence can be
somewhat simplified if we consider that in the beginning of the
process, the concentration of the combustible mixture everywhere 1is
identical and is equal to 1initial g These facts exclude the
processes of diffusion of reacting substances from the discussion.
The given condition can be used until an intense chemical reacting
is initiated. ‘

Firing by a Highly Heated Body

If we introduce a highly heated body (a plate) into a volume
filled with a mixture with temperature TO, then, depending on the
value of TcT and the reaction capability of the mixture, the effect
wlll be different. In an inert mlxture, the layers lying nearest
to the nlate are heated (curves 1, Fig. 22), but even at a certain
distance Zl, the mixture, not capable of chemical reacting, will
have a temperature close to To. If the incandescent body 1s'
introduced inrto a combustible mixture, and its temperature Tl does
not differ very greatly from T0 at which the mixture practically
does not react, then the field of temperatures nevertheless will
change somewhat. In the layers directly adjacent to the plate,
approximately at a distance cof Zl, a more intensive chemical
reaction will be initiated in the mixture which, in turn, will
increase the temperature of these layers (curve 2). The heat being

evolved will be characterized by the extent of the shaded areas
belween curves 1 and 2.

The sizes of these areas increase with the increase 1n the
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temperature of the incandescent body TCT. "It 1s obvious that where

TCT =T in the combustible mixture, at least, near the wall the
temperature 1s constant and is equal to Tl.

For a combustible mixture, this value Tc - Tl will be critical,
determining the condition of firing T, At that temperature (d.) =0,
(n — normal to the wall). It 1is obvious that in this case an
insignificant increase 1in TCT will cause growth in the temperature
of the combustible mixture and the higher TCT, the greater 1t will
be. In essence T3 is analogous to the temperature of self-ignition
TB’ moreover when Tcr = Ta’ heat flow from the body to the mixture
already beginning to react is absent, and the temperature of the
mixture is determined only by the process, i.e., by the totality of
occurrence of the heat transfer and the mass transfer in the presence
of the chemical reactlion being developed. An experiment shows that
Ta > TU and the less the slze of the heated body the greater will be
the difference T3 - TB because of the sharp drop in temperature with
dictance from the body and the reduction of the concentration of the
combustible e_ in the layers of gas near the wall (dot-dash curve
. 1n Fig. 22). Sometimes cases are observed of reaction of the
mixture near the wall, but without distribution of the reaction to
the entire volume. It should be noted that 1f the body 1is made
out of material which 1s a catalytic agent, then firing is impaired,
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andy other condltlons being equal, the firing cf' the mixture will
require a higher temperature of the wall. This is expiained by the
fact that the concentration of combustibl’= at the wall in the latter
case (dot-dash curve II) is sharply reduced in view of the adsorption
of the mixture by the surface of decomposition and the intensive
reacting of molecules at the wall.

Of the metals, the best catalytic agent is platinum.

Figure 23 gives comparative values of T3 for bodies of identical
size made out of various metals for some mixtures of natural gas
with air. The dotted line shows the dependence of temperature T3
for a body of smaller size.

% Fig. 23. The effect of the
Py material of a body on the

1260 o value of T_.

- . 3

| Ni
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1000 -

-

4 of combustible gas

Electric Spark Firing

In industry, for ignition of fuel electric spark firing 1is used
most frequently because of 1ts rellability and convenlence 1in
operation. In comparison with ignition by a highly heated body,
the process of a firing with a spark is complex and also 1s not yet
entirely clear.

it is known, however, that with an electric spark discharge,
besldes the increase in the temperature of the mixture, an important
role is played by the ionization of the gas which leads to exciting
Lhe molecules. The electrical spark which jumps across the electrodes
of a spark plug can, of course, be considered as a small incandescent
(gas) body with a temperature of 6000-20,000°C. Experiment confirms
that the higher the temperature and the bigger the electric spark
channel, the more intense is the flring. This determines the

paramount role of thermal processes. However, a number of the
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electrical characteristices which affect the reaction of the medium,

and in connection with this, the growth of the reaction capability

of the mixture, leading to improvement of firing, indicate the duality
the pheivmeni uf electrle spark firing.

Thus, fo. instance, an experiment will show the dependence of
firing upon current, but not on the square of current, as might be
expected only in terms of thermal considerations. For each mixture
acccrding to a concentration, pressure, etc, there is a determinéd
minimum spark power, telow which firing does not proceed.

The character of the dependence of currenc necessary for firing
on the composition of the mixture 1is shown in Fig. 24. An experiment
will show the great effectiveness of the capacitive component of
eiectric discharge in comparison with induction, which is confirmed
by the thermal nature of the process.

From Fig. 24 it is evident that with the increase in the power
of the spark, the boundaries of the components of the mixtures in
which firing takes place can be enlarged up to a certain limit. The
spark with which the effect of firing becomes practically independent
of further increase in its power is called the saturation spark;

Just such a spark gives the most rellable firing, depending on other
factors to a minimal degree.

1y ’ Fig. 24. Dependence of minimum
U Area of power of a spark on the composi-

B firing tion of a mixture.
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CHAPTER VII
THE PROCESS OF FLIME PROPAGATION

The firing, of a mixture in a rather small part of a system should
ensure the further propagation of combustion over the entire volume.
We will examine the course of the process of flame propagation (the
combustion reaction), for example, in a horizontally arranged tube,
closed at one end. Ignition is carried from the open end. After
firing there is usually observed a rather gradual, uniform propagation
of the fliame along the tube with rates of up to several meters per
second depending on the concentration of substances, pressure,

temperature, and others. This type of flame propagation is called
lamellar.

In long tubes, such a process proceeds only to a definite part
of the length of the tube, approximately to a length (%-—%)'r or
somewhat greater, depending on length 7 and on the diameter of the
tube, the concentration and type of fuel, the state of the mixture,
and others. The form of the flame in this case recalls a meniscus
the convex part directed towards the fresh mixture, but not symmetric
relative to the axis. The diameter of the tube considerably effects
the apparent rate of motion of the flame but only to a certain
maximum valuce. With a decrease in the dilameter tc a certain minimum
value, flame propagation in the tube becomes impossible.

After a uniform movement in the initlal section of the tube, the
flame moves with oscillations or with individual backward kicks
simultaneously sharply increasing the average forward rate of motion
to several hundred meters per second. This type of combustion 1s
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unstable. Individual powerful kicks cause blowout of the flame or
even detonation flame propagation (an explosive wave). Detonati~n
combustion is characterized by stable values of rates, but very great
in magnitude, exceeding 1000-2000 m/s.

The propagation of flame by volume (lengthwise in the tube) is
a shift of a defined area (zone) in which basically chemical conver-
sions are carried out. It 1s natural that for this in csome part »f
the zone or ahead of it the necessary preparatory processes must
take place, for example, the preheating of the mixture. This layer,
including the zone of preheating and the zone of chemical conversion,
is called the flame front. In this way, the rate of combustion can

be characterized by the linear movement of the flame front in a unit
of time.

Laminar (or, as 1t is sometimed called, normal) propagation of
the flame front, after ignition of the open end of the tube, proceeds
at low rates under conditions of free expansion of the products of
reaction (p = const). Fresh mixture 1s heated from the reacting
layer in the flame front during combustion in tubes, and also in
the case of combustion 1a a flow durlng laminar flow as a result of
thermal conductivity. In laminar flow, the processes of exchange
take place oniy because of the motlion of molecules without an exchange
of impulses and mass between neighboring streams. Laminar flows are
carried out at low rates with Re < (2000-3000). The normal rate of
flame propagation U, i.e., the rate measured on a normal to the
surface of a front 1s a physico-chemical constant of the given mixture
for determined conditions. This rate also, to a considerable extent,
determines the rate of the propagation of the flame 1in a turbulent

flow u_ taking place in gas turbine engine [aTD] @¢TA) combustion
chambers.

A fundamentally distinct phenomenon will be the detonation
propagation of the flame front with rates higher than the velocity

N cnnn
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Vil 4

n this instance, 1ir the zone of combustion the pressure
strongly increases because shock-adiabatlic compression, and the
development of the process is determined by the propagation of
pressure jumps (shock waves).
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$ 22. The Rate of Flame Propagation in a Laminar Flow

If in a medium at rest there are noted two consecutive infinites-
imally close positions of the surface of the flame front, an2 if we
designate as dn the amount of movement of the element of the flame
front in respect to a normal to the surface in a given spot in the
direction of fresh mixture, then in the interval of time dt, the value
of ﬁ"'-'-==.u,, will be called the normal rate of propagation of the fiame

dt
front.

Hence it follows that the quantity of mixtures which burn down
on equal areas of the flame front are identical. If the medium
itself moves at rate w, then it 1s natural that the apparent rate
of propagation of the flame front

v=u, tuw, (21)

where v, ~ projection of the velocity vectoi w in the direction of
normal n.

The value of u, naturally does not depend on whether the mixture
moves or not, if along with the pure thermal conductivity in the
process there is not molar transfer of heat such as takes place in
a turbulent flow.

The Flame of a Gas Burner

The most suitable method for for determining value of u, in the
flame of a gas (Bunsen) burner was proposed by V. A. Michelson.
The flame of the burner has two visible cone-shaped glowing surfaces:
an internal I blue in color and an external II of yellowish hue
(Fig. 25a). On the surface I the basic part of the chemical conver-
sion 1s carried out, the depth of which is determined by temperature,
by quantity of oxidizer, etc. In the external cone Ii, the fuel

burns usually with the participation of oxygen from the surrounding
atmosphere.
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During laminar flow, the flame surface 1s seemingly at rest
(v = 0), being determined by the motion of the cold mixture at rate
w and the counter motion of the flame front at a rate of u,> i.e.,
u, = w_. As will be shown in § 29, a steady condition of the flame
front requires the constant presence of a source of ignition of the
fresh mixture. Filg. 25b shows an element of the flame surface
ds, from which 1t 1s clear that u,6 = w cos ¢. From the second such
triangle 1t follows that the element of the area of section of the
burner dF = ds cos $. Knowing cos ¢ from the first expression,
after integrating, we obtaln

¥ 22
o | (22)

where V in cm3/s - volumetric expenditure of gas through the burner;
Snn in cm2 — flame surface, which is determined according to 1its

photograph.

'ne tact that the flame does not have the form of a perfect
cone, and is rounded &t the base and top, shows that the value of
u, is not identical everywhere. This occurs because of the heat
withdrawal (a decrease in the temperature of the mixture) through
the walls of the burner, which reduces u, and as a result of more
intense preheating of the mixture at the top, which 1lncreases u,.
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Spherical Flame Propagation

Free spherical propagation of flames from a point source of
ignition can be observed in an unrestricted volume of an undisturbed
mixture. Under actual conditions, if the ignition of the mixture
1ls effected in a closea volume, then pressure and temperature
conditions (because of the effect of the wall) will be changed
constantly, changing the character of the motion of the flame front.
It 1s obvious that the component of apparent rate of propagation of
the flame front caused by the expansion of the products of combustion,
will also become variable, and so forth. We will explain the effect
of the expansion of the products of combustion cn the rate of motion
of the flame. Let us consider the simplest diagram of a plane steady
flow of a combustible mixture through a channel of constant section
(Fig. 26a). The flame front (conditionally two-dimensional) is
located in section I. We will select before it a small volume of
fresh mixture 1, occupying a certain length of channel 7 = I-II = quT.
If there is no flow and the products c¢f combustion 2 were also at
rest, then the flame front Snn in dt seconds would be at distance
quT from the previous spot I, i.e., in section II. However, allowing
for the expansion of the products of reaction and their rate of
motion Wos in reality the flame in dt seconds will be 1in section II’,
and section I, where the flame was at the moment of time 1 will move
itself into section I', whereby I-I' = wzdt. The actual path of the
flame (with apparent rate v) after time dt will equal ve*dt. Since the
mass of the selected volume prior to and after passage of flame along
it did not change, then it is possible to write down that

u,Q = (v —wy) gy
or

u, =(U—‘w;)'—1:—.

Turning to a case of a spherical flame, let us ncote that this
Lype of combustion can be obtained also in a limited space if the
walls which determine 1t can be distorted, preserving a constant
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Fig. 26. Diagram of flame propagation.

pressure in the interior of the volume. This diagram can be carried
out by blowing a soap bubble through the combustible mixture

(Fig. 26b) and igniting the mixturce by an electric spark in the
center of the bubble. At the moment of ignition, the volume of a
bubble with an initial radius ry is detached from the volume in
which the combustible mixture is located. Combustion proceeds in

the volume of the soap bubble (with p = const), naturally, distorting
its walls until the flame front reaches these walls (r = rK).

For this case, considering that w, = 0, we obtain u.=o-2-. The
value of u, 15 determined according to a photograph (on moving film)
of' the spherical flame, appearing within the bubble, which possesses
Initially at time Ty = 0, r = ry- At moment of time T, = T the
flume reaches the walls of the bubble and destroys 1t. At this
moment , the radius of the soap bubble has a value of r .

Taking into account that prior to and after combustion, the
mass of working body is invarlable,

s .,
T e = 3N
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Furthermore, vvvéf. where L the total time of the course of

the process of combustidn. In this way,

'8
e =5 (23)

The given method of determining u, cannot be used if the mixture
1s able .o diffuse through the layer of the bubble or react with it,
or when the mixture, under the effects of molisture, changes 1its
characteristics.

The Apparent Rate of Flame Propagation

The apparent rate v iIs always as a rule greater than u, and is
not a physico-chemical constant of the given mixture. Its value
depends, for example, or the arrangement and diameter of the tube
filled with a combustible mixture. Figure 27a schematically shows
the process of flame propagation in the initial period of time,
beginning from the moment of igniting the mixture at the open end.
In the beginning a spherical propagation of the flame is observed.
As 1t approaches the walls, its motion is slowed, the stored voiume
of hot products of reaction, having less density than the fresh cold
mixture, strives to occupy the upper layers, distcrting the surface
of the flame (Snn and S;n). Finally, in position I the form of the
flame is established fully determined for the given conditions (the
diameter of the tube drp’ the area of its transverse section STp),
and further, the flame front moves practically without being distorted,
with an invariable rate v on a specified section of the tube comprising
approximately (1/5-1/4) of its length. If the volume of the mixture
which burned down in a unit of time VCM in cm3/s, then o==%?i o

=--vt. - S,,.p i
On the other hand u =-g= d.e.yu,=0 S

With an tncrease of drp the ratio %ﬂ increases in connection

mp
with the dlstortions of the front and autoturbulence. Obviously,
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23. The Process of Normal Propagation
of a Flame Front

The mechanism of normal distribution of a flame front is still
not completely clear. However, this phenomenon can be explained in
the following manner. In the first place, as 1s kncwn, all combustion
reactions are chain reactions and this means that a chemical conver-
sion, because of the exlstence of active centers, proceeds through a
zeries of Intermediate compounds, diffusing from the zone of reaction
Into the fresh mixture and directly nascent in the mixture before
reaction. Secondly, the combustlion reactions are accompanied by
the evolution of a great quantity of heat, during the transmission
of which the conditions of the fresh mixtures are created which
ensure an intensive course of the chemical reaction. It 1s logical
to consider both these considerations together.

Today, tkre most widespread 1s the thermal theory of flame

propagation, which 1s based on three baslc equatlions: of thermal
conductivity, cf diffusion, and of chemical reaction, generally
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under conditions of a forced flow.

For simplicity let us examine a stationary two-dimensionai
flame front in a mixture which moves at rate w = U, towards the
front (Fig. 28a). In the sketch, the width of the flame front 6
1s magnified; in reality it 1is equal to fractions of a millimeter.
In the front, the fresh batch of mixture must be thoroughly heated
(the zone of preheating Gn) and react chemically (zone dx ~ chemical,
Fig,. 28b). As a result of the strong dependence of rate of chemical
reaction temperature, the reaction will basically proceed at a
temperature close to Tu (the end of the reaction). An intensive
chemical reacting begins also at a high temperature Ta=~ T« From
the initial temperature TO to TB the fresh mixture 1s heated as
a result of the molecular thermal conductivity of the zone of
chemical reaction. The products of reaction themselves thus are
heated insignificantly (from TB to TH). A stationary flow of the
process 1s possible under a condition of equality of heat a9, spent
on heating the fresh mixture from T0 to TB to heat 9, obtained from
the zone of chemical reaction by thermal conductivity. Heat 97

and Py relative to a unit of flame surface and divisible into a
unit of time:

@ =6 (Ta —To)us; (24)

q,=1£— (25)

where ¢, p, and A - respectively, heat capacity with p = const,
density, and coefficient of thermal conductivity of the fresh

mi xture, considered constant In time; 7 - the length of the section
telnge connldered.

= The part of the heat which goes to heating the reacting medium
from femperature TB to T“ is usually disregarded, considering that the

entire flow of heat from chemical reaction goes to heating the
fresh mixtures.
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Fig. 28. Structure of a flame front dur-
ing laminar combustion.

In this way, in expression (25) the derivative refers to

the boundary of the zone of reaction. If, for simplicity, we take

instead of the tangential 1line, the section, i.e., 1if _‘%Tr:: T‘:T',

then taking in expression (24) the value Ta=T.. the normal rate

u =% where a =—cpi°.-'- - the coefficient of thermal conductivity
(] ’

of the basic mixture. On the other hand, u, =—2—:—. where % _ the

time of the course of the chemical reaction.

The value of & is less than 8, but connected with the latter
by the character of the flow and the amount of thermal effect of
the chemical reaction. Assuming that 8§, = & (w) S, where o(v) - a
function, determined by the rate of chemical reaction, we obtain

u, =Y 0w V?‘; (26)

§ 24. Dependence of Normal Rate on the Parameters
of the Combustible MIxture

Bxperimental data show that the normal rate of flame propagatlion
u, depends on the propertlies of the components of the combustible
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mixture, their relationship (concentration), on the pressure and
temperature of the mixture. It is known that not stoichiometric
mixtures (where a = 1) but mixtures with a certain insufficiency
of air, when a < 1 (Fig. 29) have (uH)max; However, maximum

heat release (and temperature) give stcichiometric mixtures. Increus-
ing the temperature of the fresh mixture' .ncreases u, (Fig. 30).
Pressure acts unequally on u,- For fuel-air mixtures, the increase

in pressure, as a rule, reduces u, (Flg. 31a). However, when p <

< 1 atm(abs.), the effect can be the reverse (Fig. 31b). If cxygen

is used as the oxidizer in the mixture, then u, for the majority

of known mixtures practically dces not depend on pressure (Fig. 3le).
Impurities have conslderable effect on U, . Fig. 32 thows the change
in the miximum value of u, of gas-oxygen mixtures with the replace-
ment of part of the 02 by a corresponding part of nitrogen (dotted
curve) or carbon dioxide (solid curve).
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§ 25. Burrout Behind the Flame Front

The structure of the flame front has as yet been irsufficiently

studied. However, it can be considered that complete combustlon

of fuel never taxes place in the flame itself, The zcne of com-

bustion always to one degree or another emerges beyond the point
of the flame proper, forming behind the front a zone of burnout.

Figure 33 shows the burnout of a mixture of CO + alr with change

in initial pressure. When p >

1amnm

of a millimeter from the surface of

the averape to 80-90% and more. As

temperature 13 observed in the zone

fface of the flame, the lumlnescence

by chemlluminescent radiation.
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§ 26. Flame Propagation in a Turbulent Flow

The process of flame propagation in a moving turbulent medium
is of great practical interest. Unfortunately, this section of
the theory of combustion 18 still insufficlently deveioped. The
simplest example o such combustion is the flame of a gas burner
with turbulent gas flow (Fig. 34a) in 1t. Here, just as during nor-
mal combustlon, heat 1s transferred by thermal conductivity, which
in principle permits relating turbulent combustion to a type of
normal combustlon. A substantial distinction consists in the fact
that thermal conductivity in the turbulent medium 1is determined
not only by molecular, but basically by molar mixing of elementary
volumes. The same can also be sald about diffusion. These processes
here go on more intensively. Correspondingly turbulent combustion
1s characterized by a rate of flame propagation UL considerably

mreater than normal U, . Figure 34b shows the dependence of a ratio

“r on the Re number (on the velocity of the gas in the burner) and the

. Xinmotcr of the burner. PFigure 34c gives the character of dependence
of u . on the concentration of fuel 1n the mixture and the rate of

s flow w. As an experiment wlll show, during the combustion of mix-
ture in a closed channel the rate of flame propagation in a turbulent
flow U is defined by a series of values including the value of u,
of the given mixture, and also its by composition, pulsation rate

of flow v, by pressure, and temperature of the mixture, and others.
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Fig. 34. Turbulent combustion.

Figure 344 gives the dependence of u. on u, and v for a gas-
air mixture close to a stoichiometric composition. The combustible
mixture here was city gas (a mixture of natural and coke gasesj.
The experiment was performed at atmospheric pressure and a tempera-
ture of the mixture equal to 20°C. Figure 34e depicts the dependence
of u, on pressure at different temperatures of the mixture tcm for
a gasoline-air mixture. The effect of the composition of the mixture
o on the value of UL with a change ir pressure and rate of flow w
is shcwn in Fig. 34f.

The value of U is determined basically by the characteristics
of the flow turbulence. As 1is known, in a turbulent flow the

actual rate at each point continuously changes, ranging (fluctuating)
around a specific mean value of w.

The amount of pulsation of the velocity is characterizzd by

its root-mean-square deviation from the value of w after a certain
interval of time.
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The root-mean-square value of pulsation of the velocity of
the flow depends on average veloclty w. For flow in tubes they
usually take v = k-w, where k = 0.03-0.10. The factor k depends
on the conditions of flow, specifically, upon the roughness of the
tube and so forth.

The most 1lmportant characteristlcs of flow are: the path of
mixing ocr the scale of turbulence I whlch characterizes the move-
ment of the elementary volume of gas and the coefficlent of turbulent
exchange €. Analogically to thils, as the coefficient of molecular
diffuslon 1s proportlional to the length of the path of free path
of the molecules, so for turbulent diffuslon, the value of € 1is
determined by the product 1-

v|. 1In principle, two different cases
of turbulent flame propaga*tlion are possible depending on the flow
characteristics.

I. 1 < 3§ - the scale of flow turbulence 1s small. The value of
t, in particular, 1s less than the width of the normal flame front
§. 1In thls instance, the flame front 1s slightly distorted (Fig. 35a).
Taking into account that u.ﬁflfzi and considering the time of

T
chemlcal reaction as 1nvarlable, it 1s possible to obtaln the ratio
of velocltles

Vs

or

where a - coefficlent of thermal conductivity (molecular); a. -
pulsating component of the coefficlent of turbulent exchange.

Since @, a, whereby a;~!-v, then

lo
u,~U,V| +To
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i.e., with small-scale turbulence

u, ~V7 ~Va ~VRe (27)
II. I > 6§ - the scale of turbulence i1s great. The flame front
is distorted and jagged, and in individual cases (l»'B and o> u,)
can even decompose into individual zones or throw independently

burning volumes forward, (Fig. 35b and c).

Consldering, the precjection of “re flame front ar an individual
cones I (M. 35b), K. I. Shchelkin ohtained that

where S« -~ luteral currace cof the cone; s«n - area of the basec of
tne cone.
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If we designate 2r = 1, then the time during which the flame
radially passes from the clrcumference to the center at a rate of

U ST !
H, %= Uy 2“.‘

Because the pulsation rate v, the flame in reality

will describe a surface 56
W
Quy

- and during time 1 will move forward by
The size of the forming cone

an amount h =

and

w w /Y (28)

Socx ast

This means that with large-scale turbulence u,“:aﬁ'ch~ Ra.

Experimental research in general glves an expression of the type

4, ~v" and 4 ~w", where n < 1. Furthermore, the value of U
naturally, depeids on U,s Ps T (of the fresh mixture); however,

especlally with a great amount of turbulence, the determining factor
is w(v).

§ 27. Detonation Flame Propagnation

During the combustion of a uniform ccmbustible mixture 1in a
tube, the apparent rate of motion of the flame in the course of time
increases and sometimes can attain vary high values which will not
be changed any further. These maximum rates D, being measured in
thousand of meters per second, define a special case - detonation com-
bu:t.lon., Detonatlon propagation o™ a flame front is not possible
In any mlxture, but only in mixtures which poscess large values of
u, . With initliation of detonation, the rate of the front changes
abruptly.

The rate of detonation flame propagation D, as an experiment
will show, depends very slightly on the conditions under which
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the process 1s carrled out, and on the parameters of the mixture,

in particular, on temperature and pressure. The value of D changes
noticeably with a change in the composition of the mixture, where
similar to the change in the rate of sound, the value of D 1lncreases
with the drop in the density of the mixture. Additions of a gas

to the mixture, which reduces its density, usually increase D. Figure
36 shows the character of the change in the magnitude of D of a
mixture of 2H2 + O2 depending on the addltion of various inert gases
and hydrogen. The density of these gases 1n a g/l respectively is:

Hy - 0.0899; He - 0.178; N, - 1.25 and Ar - 1.78. The density

(stoichiometric) of the mixture of H2 + 0, equals 0.537.

D n/s

: %) e
3000 Fig. 36. Effect of impurities
2000 |- /1 on the rate of detonation.

[~ Ar
1000 r of moles o
Wwprity

A j
0 1 2 3 ¢ 5 ¢

The length L'n on which a detonation front manages to be created
from an ordinary flame depends on the pressure of the medium, the
length of the tube, its diameter, initial temperature, the state
of the surface of the duct, and others. The value of L'n increases
with the growth in temperature, a decrease 1n p, and an increase
in 7 and d of the tube. The formation of a detonation wave 1s very
strongly affected by tne roughness of the wall, reducing LA' If
in a smooth duct LA comprises usually 25-50 caliber, then by arti-
fielal rouphening, thils value can be reduced 5-10 times and more.

In 21 detonation wave, the parameters of the gas (temperature,
pressure, density) are changed abruptly. It is possible to assume
that upon detonation the mixture will be 1gnited by wave compression
of the shock type. The formation of such a wave can be explained
by ‘%e composition of waves (of sonic type) of the excited mixture,
capable of chemically reacting with the evolutlion of heat. The
source of these disturbances 1s the flame front, which moves with
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acceleration. This leads to the continuous generation of sound

waves which overtake one another and encounter reflected waves, which
under specific conditions leads to a shock wave. Contlnuous accelera-
tion of the flame can appear as a result of expansion of the products
of combustion, fluctuating processes, turbulization of the front

due to the roughness of the walls of the duct, and so forth. Each

of these factors magnifies the surface of the flame, the turbuliliza-
tion of the media ahead of the front, 1.e., there appears a change
from u, to u which, in turn, automatically accelerates the process.
The theory of detonation combustion has not yet been developed
sufficiently fully.
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CHAPTER VIII

COMBUSTION OF FUELS

§ 28. Combustion of Gas Fuel

Into the working space of fuel burning devices, a gas fuel is
supplied to speclal burners, on the outlet of which there is formed
a cone of burning gas. Unllke the studied case of combustion when
a combustible mixture (combustible + oxidizer) was intermixed be-
forehand in practice, as a rule, the combustible and an oxidizer
are supplied separately to the burners. In so doing, depending on the
character of their motion, one or another type of diffusion com-
bustion takes place.

Laminar diffusion combustion

Let us imagine a case of efflux wlth low jet veloclities of a
combustible gas (not containing 02) into a space filled with air. If
we carry out 1gnition of the mixture, then combustion will continue
because of the 0, (ambient alr entering into the stream of gas, i.e.,
combustion will proceed as a result of mutual molecular diffusion
of O2 and the gas. The mixture being formed can steadily and
effectively burn down in that case when 1ts concentration 1s close
to stoichiometric (a = 1). Therefore the surface of combustion
determines the totallity of those polnts in space where this con-
ditton ts fulfllled., 1In clrcular burners the flame has a cone-
shaped form (rlg. 37a). The structure of the burning stream in
section A-A is schematlically shown in Fig. 37b. The stationary flow
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Fig. 37. Diagram of a burning jet of
gas: a) concentration respectively;
b) of gas; O2 - of oxygen; N, - of

2
i nitrogen; n. ¢. - of products of a
o]
combustion; ¢ - 1nitial concentration

of component.

of the process presupposes a continuous inflow of O2 and gas to the
flame front, the ignition of the mixture because of the heat of the
chemical reaction which goes into the flame, and the diffusion of
the forming products of combustion basically into the envircnment,
but partially also inside the flame. Usually the rate of chemical
reacting 1s immeasurably greater than the rate of diffusion, which
determines the supply of the components necessary to the reactlion.
Therefore the process of combustion {and 1ts rate) 1s basically
determined by the rate of the physical process (the molecular
diffusion of gases).

In individual cases, such a process of combustlon can be described
analytically. We willl examine the combustion of a gas 1ssuing from
a central duct (Fig. 38) around which an oxidizer (oxygen) flows.
For this case, using the simplifications which will be introduced be-

. low, the form of the surface of the flame as locus of points of space,
possessing, ldentical concentrations (vhere a = 1) can be obtailned
. from the equation of diffusior allowing for the consumptlon of the

components of the mixture during chemical reaction:

d 2
X =D.Ac (29)
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where ¢ - concentration; T - time; D, - gas diffusion, factor;

A - Laplacian operator (the sum of the second derivatives by coordi-

nates); w - veloclity of the motion of a given component.

This equation can be formed both for the combustible gas and
for the oxygen. For simpliclity, let us take that the velocilties
and the diffusion factors of all gases are equal to one another.
consumption of each component during combustion 1s conslidered as a
function ¢i' As a result, we obtain a system of two equations:

DA, =wE+q

de,
Dt‘ Acol =w _&(:; + vo.o

Since the gas and 02 interreact, then naturally there is a
connecetion Letween both values of ¢i of the type uo, - ag,. The
coof "t elent n represents the relatlonshlip of the corresponding:
steilchlomeirtic coefficlents in the equation of chemical reactlion.

The
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+ 0, = 2H.0,

For example, for the reaction 2C0 + O2 = 2002 or 2H 5 5

the value of n = 0.5.

2

If from the first equation, having first multiplied 1t by n,
we subtract the second, then, taking into account that 9o, = 9.
we obtain

D, A(nc, —-co,) = w 7"2— (nc, — co,). (30)

In points where there 1s a stolchiometric mixture, there should
be a flame, ng, --co, = ¢ =0. In this case, the solution of the last
equation gives ¢ =f(z 1), 1.e., the equation of the surface of an
invariable concentration ¢ = 0 being taken as the flame front. A
concrete solution in this simplest case is not simple despite
very approximate assumptions, for example, about the instantaneous
passage of the chemical reaction, as this was accepted in the
derivation. It is obvious that the diffusion factors of the gases
are not identical and that their values change with time and space
in connection with the change of temperature etec.)

Turbulent Diffusion Combustion

This case of combustion *s very important in practice. Let us
examine this example. Alr and gas are supplied separately,
whereby the rate of air in comparison tr the rate of gas is negli-
gible, 1.e., the jet of gas flows at high speed into motionless
air. This is a case of a free flooded turbulent jet. A diagram
of the jet is shown in Fig. 39. A Jet expands because of the tur-
bulent boundary layer, where a supplementary mass of air is drawn
In from the environment. The initial section of the ot has a
core where the velocity of the pure gas in ildentlcal and equal
Lo the Inttial velocity in the opening of the burner. The con-
centration of the mixture as a result its of mixing in the boundary
layer changes & ¢ {c, -0 at the internal boundary tc & =0 {c, = &)
at the external boundary of the layer. The field of velocities
is similar to the fieid of concentrations. It 1s ohvious that
in each section along the length of the tongue of flame it 1is
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Fig. 39. Change in concentra-
tion of gas and air in a turbu-
lent jet.

possible to dlstinguish the locus of points with » = const, where
the mixture will be stoichiometric (a = 1), Along the length of

the jet we obtain correspondingly % aurface which determines the
position of the flame front. In any section, for example, a little
higher than section II-II (Fig. 39b), it is possible to show to-
gether the change 1n the concentration of gas and air from ¢. on the
axis (€. Awin to ¢ :0(c.s =cha) at the external boundary. On a deter-
mined radius Py points willl 1lie with concentrations respectively of
gas and air ¢ and %~ corresponding to a stoichiometric mixture
Similar pouints can be found in any section up to that distance from
the end of the burner where at least on the axis 1% was @ - G.

Thls extreme point defines the end of the tongue of flame. 1In Fig.
39 Lthins point will be located on the axis in the section TII-ITI.

In this way the dlagram of the development of a flame 1s an&clogous
to the case of laminar flow; however, here the rate of the process

ls determined already by turbulent diffusion which considerably
intensifies combustion.

As the experiment shows, with an increase in the wvelocity (volume
expenditure) of the gas which 1ssues from the burner, the boundary
to laminar combustion advances there where the height of the flame
1s greatest. With further growth in velocity of flow vortex regions
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first at the apex of the flame, and then they extend even to its
base. At first, turbulence is generated directly in the flame
itself, even wit}. a laminar flow of the jet of gas. This phenomenon
i1s explained by the existence of a high gradient of velocities
between the hot gases of the flame and the surrounding (motionless)
air. With turbulent flow of a gas Jet, the flame br:comes completely
turbulent; the height of the flame with the increase in velocity of
flow is increased, but slowly.

The slight effect of the velocity of flow on the height of a
diffusion turbulent tongue of flame is a characteristic feature of
this type of combustion. The basic effect on the height of the
flame here proves to be the type of fuel, whereby the greater quan-
tity of theoretically necessary air that 1is required for complete
combustion of a unit of the volume of this fuel, the greater the
height of tne flame. In the combustion of a gas in oxygen, the
turbulent diffusion flame 1is considerably shorter than in air. The
heizht of the flame can be decreased by the addition tn the combusti-
ble gas which issues from the burner of a certain quantity of air
(oxidizer), and also by increasing the intensity of the flow tur-
bulence even with an invariable velocity of efflux. During turbulent

diffusion combustion, a decisive factor is the process of tirbulent
mixing.

Expe: »*. nts conducted on combustion chambers, showed that the
length cf the flame in them changes approximately according to
linear law dep<nding on the excess air ratio in the initial fresh
mixture. Thus, for instance, with an increase in the ratio of the
cxpenditure of fuel to the expenditure of air %% from 0.04 to 0.08,
the comparative length of the flame in the combustion chamber is
correspondingly magnified from 6 to 12 calibers.

With high veloclties of gas flows, the possibility of steady
combustion 1s determined by the rate of flame propagation. The
latter observation touches upon a very important questicn - the
stabilization of the flame front.
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§ 29, Stabilization of the Flame Front

voatatlenary posttion of a Clame f'ront and a steady conpue of
the process of combustion in a flow which moves with a velocity,
exceeding the velocity of the flame propagation is possible only
with continuous ignition of the mixture by any source. With cessation
of ignition, the flame 1s torn off and taken away by the flow, and
combustion in the glven volume ceases. If an artificial source of
ignition (a pilot burner, a constant electric arc discharge, etec.)
1s lacking then in order to ensure a stationary flsme front in a
flaw, there should exist a zone where, one way or another, equality
of the rates oy motion of the mixture and the propagation of the
flame front. directed towards cach other 1s obtalned. This zone
serves as the source c¢f the firing from which the surfaces o¢f the
flame forming a statlonary front will be propagated.

A concept regz2i‘ding the mechanism of flame stabilization can
be obtained most simply by considering the combus®ion of a pre-
prepared uniform mixture, excluding the process of carburetion.
Figure 40 shows a diagram of the initiation of a fixed source of
lgnition of a mixture issuing rrom a Bunsen burner in laminar fashion
with velocity #. In contrast to the ideal case (sec Fig. 38), the
velocity of the mixture w at the wall of the burner,; jJust as at the
external edge of the boundary layer with escape into a motionless
medium, will be equal to zero. It 1s obvious also that u, in the
tube will drop in proportion to its approach to the wall as a result
o neat interchange. Velocity u, will be reduced also in the boundary
lnver of' the et as a result of the decrease in the concentration of
comirustible In the mixture,

Combustlion ceases not on the external boundary of the layer, but
earlier, where the mixture vecomes an incombustible.

In Fig. 42, where the curve of u, 1is conventionaily directed
fdentically with the curve of w, it is evident that in seetion III
&5 « and u, tcuch at points 2, constituting the circumference
in the =seciion of the jet. There will be an analogous position

]
I
0'3
<
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Fig. 40. Diagram of stabili-
zation of a flame front.

in section V for points 4. 1In section IV the value of w = u, at

two points 2 and 3, and between them u, > w. This condition 1s pre-
served everywhere between sections III and V and 1t determines a
specific area (the flashback zone, where u, > w) limited by the
surface 1-2-4-3-1 where u, = w. Having carried out ignition at

any roint of the flashback zone, 1t 1s possible to obtaln a stationary
combustion of the mixture where 1t 1s obvious that the forward points
of the flame surface and subsequently the points of ignition will be
points 1, located a distance L from the mouth of the burner. Gener-
ally speiaking, a stationary front can be obtalned by igniting the
mixture below section III since the flame removed by the flow wil
proceed to points 1, where subsequently combustion will hold.

The mechanlism of flame formation over the Whole sectisn of the
tube 1In the 1deal case of w = const can be explalned by considering
the motion of a spherical flame. Figure 41 shcws the end of a burner
and a characteristic section III, there the forwird polnts 1 of the
flashback zone are located. If the mixture does not move, then after
Iirnltion a flams from the points 1 wlll be extended spherically
to the axis of the burner (the dashed ares of circumferences); 1n
30 doing, the flame fronts will be jJolned at polnt A. Attention
should be pald to the fact that as the front of combustion approaches
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Fig. 41. Formation of the flame
front of a gas burner.

point A the motion of the flame should be accelerated as a result of
more intensive heating through the central volume and the correspond-
ing growth of U,. With motion of the mixture simultaneously with
the expansion of the spheres, the latter are brought together by the
flow and the flame front interlocks on the axis at point B. When

w = const over the section of the burner and with constant U, the
flame front should be a true fine-pointed cone. As a result of the
growth of u, at the apex of the flame (because of more intensivc
neating) and a drop in u, at the base (because of the effect of

the cold wall) in actuality the flame has curvature as is shown in
the flgure by the solid line. In the general case of & + const, the
form of the flame surface, naturally, 1s more complex and 1s deter-
mined by values of w and *, in the volume of the mixture.

Figure 42 schematically depicts the mechanism of flame stabili-
zation in a plane-parallel flow of a free turbulent jet. A com-
bustible gas (fuel-a’r mixture) flows out into motionless air. The

| figure shows for a series of sections the characte~ of the changein
w, T, and u and the composition of the fuel-air mixture ¢, in the

turbulent boundary layer. It 1s obvious that here also in a defined 2
| part of the boundary layer the formation of a flashback zone 1is
| possible. .

Tt 15 known tuat wu, -f(u,. v.). Applying the theory of turbulent
free Jet:, which determines the dependence of these values on
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Fig. 42. Diagram cf formation of the flash-
back zone: 1 - vane swirler; 2 - nozzle;
3 - flame tube of a combustion chamber.

coordinates, it is possibl. to rewrite this expression in the form

u=g(Ls x). (51)

The temperature of the gas proves to have great significance
for the pcsition of the flame front, and particularly, for the
value of L. With an increase in temperature T, L is reduced. It 1is
obvious that a change in one or several parameters (w, T, the excess
air ratio a, etec.) The position and form of the flashback zone and
also distance L will be changed. Let us note that 1+ .th a sharp
chiange 1n the parameters of flow, disruption of the flame 1z posaibie,

In GTD combustion chambers, stabilization of the flame front is

. carried out by means of poorly streamlined bodies (plates, cones,
etc.) Figure 42b gives a diagram of the flow flowing around a
s cone, behind which a zone appears with reduced pressure (outlined by

the dotted 1line). The pressure drop deflects part G' of the basic
flow into this zone, whereby the flow is directed counter to the
basic flow (so-called reverse current zone - ZOT). The dimensions

119




of this zone depend on the size of the stabilizer d,- The same
effect can be obtalned by swirling the {low with a vaned apparatus
in the intake to the combustlon chamber (Fig. 42c¢c). The mechanisn
of flame stabilization behind pocrly streamlined bodies 1is similar
to that dlagram examined earlier (Fig. 42a). In this case, from
section 0-0 ot I-I {Fig. 42b) on the external surface of the reverse
current zone a bcundary layer is formed which can approximately

be consldered as a plane-parallel boundary layer of a free jet. 1Into
GTD combustion chembers, as a rule, a ready combustible mixture is
not introduced but 1individual currents of air and fuel which doubt-
lessly changes and compllicates the mechanism of the process.

§ 30. Combustion of Liquid Fuel

Into GTD combustion chambers and also into other fuel-burning
devices, a liquid fuvel is introduced into a current of air in finely
divided state. Ignition of the 1liquid fuel is possible only after
the formation of a combustible vapor-air mixture around its surface,
and combustion 1s carried out only in the vapor phase. The mechanism
of thre process of combustion of a drop of fuel is as follows. In
an oxidizing medium heated above the temperature cf self-ignition, the
drop begins to vaporlize. As soon as there is formed about the sur-
face of the drop a combustible vapor-air mixture, the latter self-
irnites. Then combustion continues because of the subsequent con-
tinuous formation of a combustible mixture as a result of fuel
evaporation. At the appearance of flame, vaporization, and that

means also combusticn, 1s intensified since the temperature is
elevated.

The established process of combustion 1s determined by the
equality of the rates of the processes of fuel evaporation and the
combustion of the vapor-alr mixture around the surface of a fluid.
However, depending on which of these two processes 1s the more
intense, the character of combustion will be changed. For example,
if the rate of oxidation of fuel under the given conditions is very
rreat in comparison with vaporization, then, naturally, the rate
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of the total process (combustion) will be determined only by the
rate of the process of vaporization. This means that for intensi-
fication of combustion, in thls case, 1t 1s useless to increase the
rate of the first process, which 1s thus proceeding rapidly enougn.
In this case, the only measures which can help are those which
accelerate the process of vaporization, which limits combustion. An
opposite case is also possible. Furthermore, it must be taken into
account that apart from these two most important processes, there

1s also signiilcance, for example, in the processes of diffusion,
which determine the mixing of the fuel vapors with the air and the
removal of the products of reactlion from the zone of combustion, and
also the process of heat interchange. Consequently, the character-
1stics of the process of combustion of liquid fuel in a homogeneous
vapor-air medium reflect the rules not only of the chemical process,
but also the physical processes, including the processes determined
by the interaction of the media which are in varlous states of aggre-
gatlon (inhomogeneous processes).

We will examine the process of combustion of a drop of liquid
fuel in motionless hot air (Fig. 43a). A cold drop with temperature
Tm, getting into an oxidizer medium which possesses a high tempera-
ture T.» T.. Dbegins to rapidly be heated thoroughly from the sur-
face and to vaporize. Heat 1is transferred baslically as a result of
thermal conductivity evenly over the surface through the relatively
thin layer of vapor, which diffuses radlially from the surface of
the drop. In the extreme case, when combustion does not 1limit
the process and does not determine the thermal conditions of the
system, the process of a vaporization acquires special significance.
If the overall pressure does not exceed the critical, then the
removal of vapors from the drop at a temperature lower than the
bolllng polnt proceeds very rapidly, and the partial pressure at the
surface does not 1limit vaporization. In thils way, it can be approxi-
mately considered that the rate of vaporization depends only on
temperature. Thus, according to Arrhenius' exponential dependence

-wDL . (32)
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where L - latent neat of vaporization; C - a constant which is deter-
mined by the kind of 1liquid.

a) Ty To et Ty ey e g !
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Fig. 43. Diagram of combustion
of a drop of 1liquid fuel: 1 -
combustion surface (zone); 2 -
liquid; 3 - vapor layer; 4 - zone
of afterburning and diffusion of
02 and products cf ccmbustion.

In the first perlod of heating, the temperature of the drop
increases to a certaln value, whereupon the elevation in temperature
ceases, and all the heat entering a unit of the surface of the drop
1s expended 1in vaporization. The quantity of a conducted heat

@ =a(T.—Ts) (33)

In this case equality 9 = 95 observed, where q, = wL - heat
belng =xorended on the process of vaporization. Hence it 1is possible
to determine the temperature of vaporization equilibrium Tm. Figure
430 shows the character of the dependence of values of qq and q, on
temperature. With an invar‘zble value of the heat transfer coefficient
a, the system of straight li.es of 93 will be equidistantly shifted
depending, onl; on the chans?® .n temperature Tc‘ The intersection of
4 imlven straight line 9, and curv2 ~, gives the value of T With
an Increase in T, the difference (T.— Ta) 1is increased despite the
mrowth of T which is limited by the boiling point Tu' In this
way an increase in T, as follows from equation (33), leads to an
increase in the rate of vaporization.
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The quantity of heat supplied to the surface of the drop which
possesses at the given moment a radium r for a time dr,

dQ = dnrta (T, — T, dv, (34)

Because of this heat i1t will be possible to evaporate a quantity
of liquid

dG:s-dg-; (35)
. 1 6
dG = —4n Lo, (36)

where v, - specific volume of liquid.

Then

sactaTe—Tu)ds _ _ Ax® -
T

Hence it 1s possible to find either the value of .g_ g%, character-
.
1zing the mass vaporization rate (combustion in this cas e), or the
time of complete combustion of a drop:
VLT & -
If, for simplicity we take 1t, that Tx= T.=const, then
...—.L re
dr 8
‘7r‘7’l (38)

The value of o lun determined by the conditions of heat intep-

~change durlng the motlon of a drop in spuce. In the simplest case,

lw-The absence of rela“ive moticn of the drop 1n the surrounding
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medium «a -~f. where A - the coefflcient of thermal conductivity of
the gaseous medium. Then

L :
fgufz'zm. (39)

Under actual conditions, the diagram of the process, naturally,
is complicated, however the effect of basic factors remains invariable;
the time of a combustion 1s reduced considerably with the decrease
in the radius of the drop and with the growth in the tumperature »f

the medium. Furthermore, 1t also depends on a number of physical
parareters.

In GTD the fuel 1s supplied to the combustlion chamber by nozzles
which atomize the liquid to the most minute drops with a diameter
of from 20 to 200-300 um. In view of the fact the fuel evaporates
and 1ts vapors are combined with air in the combustion chamber itself,
the process of combustion obeys the laws of diffusion combustion.

§ 31. Comtustion of Solid Fuel

The combustion of solid fuel is broken down into a numbe.” of
stages: preheating, pre-drying, evclution of volatile substances
and the formation of coke, the combustion of volatile substances and
the partial gasification of coke, and the combustion of coke. The
determining one 1s the combustion of the solid coke residue - carbon,
since the portion of carbon, for example, 1n coal 1s usually more than
90% (by welght) and correspondingly for the porticn of burned down
carbon up to 90-95% (of the sum) of heat of combustion of all com-
bustible elcments 1s necessary. Furthermore, this the most pro-
longed stage in time; up to 90% of the whole time of the process is
spent on it. At the same time, the presence of a bituminous part
and the formation of volatile substances has gresat significance for
the course of the process which is distinguished by the diversity of
individual phenomena. A plece of coal introduced into highly heated
alr, after a certaln time is enveloped by the shell of flame, al-
though its temperature does not exceed 700-800°C. This flame given
off from the coal and the ignited volatile substances, which,
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naturally, contribute to the further heating up and ignition of the
heavier part of the mixture - the coke residue. If the plece is
large, taen flame may disappear after burning the mass of volatile
substances. The yleld of volatile substances completes the first
stage (the period of preparation of the combustion of carbon) which
proceeds with the expenditure of the solid supplied for pre-drying
and initial heating of the fuel. This distinguishes the preparatory
stage from the basic stage ~ the combustion of coke, which proceeds
independently because of the great evolution of heat.

The change from the first preparatory stage to the basic one
and the steady combustion of coke 1s nnt always possible, but only
under specified conditions. To do this it 1is necessary that the
temperature of the combustion zone be not lower than a certain value,
which determines ignition and further combustion of carbon.

In this way, for solid fuels two characteristic temperatures
exist and correspondirzly, two processes of ignition - of the volatile
substances and the ccke residue, which are determined by the conditions
of heat interchange and the reaction properties of the coke. It is
obvious that the ignition temperature of cuke determines the beginning
of the steady combustion of s0lid fuel on the whole. The beginning
of combustion of coke 1s accompanied by rapid utilizatior of 02 from
the adjacent gas layer and its substitution by products oi combustion,
which slows the process and even curtails it if provision is not
made for the admission of O2 from the following layers of air be-
cause of diffusion. Therefore, the elementary diagram of the com-
bustion of carbon predetermines the equality of the rate of com-
bustion expressed through the expenditure of o.ygen, and the rate

of admission of 02 from the medium, equal to the amount of diffusion
flow

de
9 =—Vegn

where Dc - diffusion coefficlent; n - a normal to the surface of a
particle.
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The intensity of diffusion depends on the character of motion of
the medium, the concentration nf 02 at the surface, and the reaction
capability of the coke. The intensity of the oxidizing reactions
depends mainly on temperature. The consecutive stages in the process
of combustion of so0lid fuel determine the dependence of the overall
rate of this complex process on the rate of the course of the individ-
ual stage. In this case, the overall rate will always be less than
the rate of the course of the slowest stage. To intensify combustion
on the whole, 1t 1s thus necessary to accelerate the limiting one,
the process proceeding most slowly. Equality in the rates of chemi-
cal reacting and the diffusion flow cannot always be effected.

Thus, at reduced temperatures, the kinetics of the chemical reactions
can limit the process of combustion. This range of temperatures will
determine the so-called kinetic range.

At high temperatures the reverse picture is possible - the chemi-
cal reaction proceeds practically instantanecusly, and the supply of
02 limits its course. In this instance, the so-called diffusion
range appears in which the determining factor will be the process of
diffusion. The rate of diffusion can be increased, for example,

; by increasing the relative rate of flow or by reducing the size of the
E particles.

Steady-state operation of combustion presupposes equality in the
quantity of 02 reaching a particle as a result of diffusion and being
consumed in a chemical reaction, with a constant concentration of 02
on the surface of the particle Cpe This concentration is the greater,
the greater the rate of diffusion, and in the limit strives toward
a concentration of 02 in the flow of Coe The case when chemical
reacting proceeds only on the surface of a particle, excluding the
internal porous surface, is the simplest to analyze. The rate of
a stabllized process of combustion of carbon can be determined
according to the rate of the chemical reaction. If we consider

that on the surface of a particle, reactions of the first order
proceed, then the rate

w, = k-cp (40)
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must be equal to the specific flow of O2 being delivered by diffusion
to the surface of a reactive particle. This flow, allowing for
convection, is determined from the equation

Wy =ay(co—¢p). (41)

By analogy with the process of heat interchange, a factor ay is
introduced here - a constant rate of diffusion. It represents
the ratio of diffusion flow reaching a unit of surface to the differ-

ence 1n concentration of 02 (in the volume and on the surface). Since
W, = w, then

©, =2 (42)

The value of =k, 1s called the apparent constant of

L
rate of combustion of carbon. The reciprocal %E==7%.+-%- determines
the overall resistance of the system in the process of combustion
because of the supply of 02 (physical resistance) and also because
of chemical reaction (chemical resistance). It 1s obvious that in
the diffusion'range —:.';»—E— and, disregarding the comparatively
small value of %., it can be considered that the rate in this

i
ay
chemical reslstance, (w).,= ke, It 1s natural that in the 1inter-
medlate range, where the rate of admission of 02 and the rate of
chemical reactlon are commensurable in vaiue, it 1is necessary to

take into account both facturs and to use equation (42). Practically,
combustion of solid fuel 1s characterized not bty t%. value of w, but
by the specific surface rate of combustion K, determining the quan-
tity of carbon which burns down per unit of surface of a particle in
a unit of time. Obviously,

case (w),, = ayo 1in the kinetlc range-%ﬂ» snd, consldering only

Ki=—w, (43)
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where ¢ - expenditure of O, per unit of weight (mass) of spent
carbon,

A number of ways are suggested for determining the value of ga,.
In particular, by analogy with the process of heat transfer, there

is introduced a diffusion Nusselt number Nu, =3¢, then

K:-J—I 4 (h4)

where D - diffusion coefficient.

Unfortunately, in most cases it does not seem possible to use
the presented relationship for practical calculations in view of the

lack of dependence of the values entering into it on the conditions
of conducting the process.

It 1s also obvious that the assumption about the presence of
only surface reacting and about the lack of reaction on the interior
surface of a porous particle in general is wrong, especially, if at
low temperatures cp is close to the valgg_of eq- In this instance,
it is necessary to correct the value of K. Purthermore, the mecha-
nism of chemical combination of C and O2 has thus far been studied

insufficiently. It has been clarified that it is carried out through

a number of stages in the course of which intermediate compounds

of the type CO, simultaneously giving oxides CO and 002
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3. COMBUSTION CHAMBERS OF GAS TURBINE ENGINES
CHAPTER IX

STRUCTURAL DESIGNS AND OPERATION OF
COMBUSTION CHAMBERS

§ 32. Requirements Imposed on
Combustion Chambers

The combustion chambers of gas turbine engines [GTD] (rTA)
should have:

1. A high coefficlent of fuel combustion efficlency n. =
= QI/QII’ where QI — the quantity of heat given off in the working
volume of a chamber for a unit of time and spent on heating the
workling substance; QII — the complete quantity of heat which theoret-
ically could be given off with complete fuel combustion.

Modern combustion chambers have n- for the whole range of work-
ing loads usually no lower than 0.95-0.99, and at rated conditions
nr = 0.98-0099-

2. Small stagnation pressure losses in the chamber

q=ﬂ§«m=*ih4w%.
Py Py

where p? — total pressure of .air on intake to the combustion chamber

in {atm(abs.)]; p} — total pressure of gases on outlet from the
chamber in [atm(abs.)].
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The value of 6, as a rule, does not exceed 20-30%. Usually they
do not strive to reduce this exponent maximally, but secure a defined
profile of gas temperatures according to blade height, in order to
equalize the stresses over i1ts length by elevating the temperature
of the gas at the periphery of the blade.

5. Rapld and reliable starting, and also steady operatior of
the chamber under various conditions and in various modes. This is
especially important for aircraft GTD, where there is required
reliability in starting 2nd in operation at considerable flight
speeds at high altitudes and with reduv.ed air temperature and pres-
sure on intake tc the chamber. These c¢h2mhers must frequently
operate reliably on an impoverished mixture to a; = 40-70 and more
instead of a; = 2-8.

6. A sufficient chamber service life and convenient and safe
servicing of it. It is very important alsc that assembly and dis-
assembly of the chamber be rather simple and not require much time.

These chief general requirements~in each concrete case for a
specific type of GTD are supplemented by a number of specific require-
ments. For example, for stationary GTD it is important to have com-
parative cheapness in cost of materials and in the manufacture of the
chamber; a capability of its operation on several fuels, for example,
on gas and liquid or on light and heavy liquid fuels, and so forth.

§ 33, Basic Principles of Organization of the
Operation of a Combustion Chamber

The elements of the theory of combustion examined above and
those generalizations which were made on the basis of experimental
materials, permit reaching a number of important conclusions which

determine the following basic principles of design of combustion
chambers:

1. The division of the combustion chamber into a combustion
zone and a mixing zone. The temperature of gases before the turbine
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t.= 750-950°C is limited by the strength and service life of the
materials of the parts of its blading (mainly the blades). In
Indlvidunl oames t.  doea not exceed 600=700°C, Not one fuel will
burn pruperly in combustioh chambers under such conditions. There-
fore for the combustion of the fuel it 1s necessary to separate only
the part of the air which goes through the chamber, ensuring condi-
tions for the formation of a reactive mixture and a high temperature
of the process. This part of the air (primary air GI) is directed
tc a specially separated volume of the combustion zone in the flame
tube, where the fuel is introduced. The remaining part of the air
(secondary air GII), by passing the combustion zone, is directed
through special openings to the mixing zone of the flame tube (Fig.
LY4). Here this air is mixed with the products of combustion emerging
from the combustion 2zone, whereby the assigned gas temperature be-:
fore the turbine is ensured.

i - Lo

Fig. 44, Diagram of a combustion cham-
ber and the distribution of primary air:
1l - casing; 2 ~ flame tube; 3 — nozzle.

?. Gradual (stepwise) supply of primary air along the length
of the combustion 2zone. This is necessary because in the beginning
for a fuel spray only a relatively small quantity of air is necessary
(for combustion, it is rapidly vaporized into fine drops).
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The value Ap* takes into account three typés of losses: a) loss
to friction; b) turbulent losses (loss to shock in the diffuser, to
the mixing of flows; losses depending on local drag, for example, in
the front device because of local circulation flows, etc.); c) loss
of pressure during heat supply. On the average for modern designs of
GTD combustion chambers, the value of 8p*/p2-100 = 1-3%; for air-
craft GTD combustion chambers this value sometimes reaches 10%.

3. Small dimensions, 1.e., the working volume should withstand
high thermal loads relative to pressure Py On intake to the chamber.
Thermal loads are characterized by combustion intensity of the work-
Ing volume H = QI/VKPB’ whereby

Q- GrQ:'l, kcal/h,

where v, — working volume of the chamber (flame tube) in m3; GT -
hourly fuel consumption in kg/h.

In the combustion chambers of various classes of GTD the value
of H fluctuates from 3-106 to 100-106 kcal/(m3-h-[atm(abs.)]) and
more. It 1s obvious that a decrease in the dimensions of the com-
bustion chamber is also accompanied by a reduction in the weight
(mass) of the construction, however in this case the pressure losses
because of the increase in the rate of flow usually increase.

4., A prescribed field of gas temperature on outlet from the
combustion chamber or a limited variation in the fleld of gas tem-
peratures. Thils requirement ensures long service life and strength
of the blades of the gas turbine. The variation of the temperature
field 1s characterized by the exponent

o=h;:’i".looea. :
({4

where Tmax and Tmin — greatest and least temperature of the individual

Jets of gas in °K; Tcp — average temperature of gases on outlet.
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Further, as the fuel is prepared, the following portions of
primary air are required up to a tﬁeoretically necessary quantity,
and in practice even exceeding the stoichiometric quantity. The
excess air 1s necessary for facllitating the conditions of carbure-
tion and for prevention of chemical incomplete burning of fuel, and
also to decrease dissoclation which appears at a high temperature of
combustion. The optimum distribution of primary air along the length
of the combustion zone can be finally established usually only during
experimental final adjustment of the chamber on a test stand. Ini-
tially, during planning, usually a defined correlation of air distri-
bution is assigned, frequently linear, as shovn in the graph by the
dotted line (Fig. 44). 1In this instance, the value of Gy, and that
means also ap = a_ = GI/LOGT’ where GT in kg/s — the fuel consumption
depends on the type of the combustion chamber, the type of fuel, and
the organization of the working process.

It 1s necessary that the average temperature of the gases in the
combustion zone be equal to 1600-1900°C.

3. Turbulization of flow 1n ﬁhe combustion zone. This is
necessary for intensification of pfocesses of mass- and heat-inter-
change, improvement of carburetion and an increase in the total rate
of combustion because of the transition from laminar to turbulent
combustion.

The flow is agitated by means of bladed swirlers (registers),
poorly streamlined bodies, perforated plates, etc., which are in-
stalled in the forward, front part of the chamber (Iront device),
and also by radial input of the airstream through openings in the
walls of the flame tube.

4, Stabilization of the flame front in the combustion zone.
The considerable boosts of the combustion chambers usually determine
the average rate of flow, considerably greater than the rate of flame
propagation uT. Therefore, to retain the flame in the prescribed
area of the combustion zone speclal measures are necessary. In the
combustion chambers swirlers or the poorly streamlined bodles of the
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front device serve as stabilizing agents. The zone of reverse cur-
rents installed behind these devices with reduced static pressure on
the axis of the chamber, which is caused by the ejection of gas in a
circular jet which issues from the register, and by centrifugal effect
stabilizes the position of the flame, which ensures ignition of the
entire fuel-air mixture. This 1s facilitated by the diffuser part of
the front device. A diagram of the change in axial velocitles in
various sections along the length of the combustion zone of a chamber
is given in Fig. 45a. Radial and tangential velocities will depend
on the design of the front device and the parameters of flow, in
particular, when using bladed registers — upon the blade angle to the
axls of the chamber. This angle ¢ is usually taken equal to 45-65°
(Fig. U45b). With further increase in it, the useful effect is not
Justified by the additional pressure losses.
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Fig. 45. Diagram of gas flow in the

combustion zone: 1 — fuel cone; 2 —

nozzle; 3 — openings; 4 — boundary of
the reverse current zone.

[30T = ZOT = reverse current zone].

. Optimum distribution of atomized fuel (liquid or solid) over
the sectlion of airflow without the fuel particles ;etting on the walls
of the flame tube., It is expedlent to supply & hollow conical flame
of fuel in the area of flow adjacent to the outside of the zone of
reverse currents, where the gradient of velocities will be maximum
(Fig. Ub6a). This ensuraes the good mixing of t~e fuel with air which
i1s necessary for realization of completc combustion.
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Fig. 46. Change in fuel concentration
over the volume of the combustion zone:
1 — flame tube; 2 — Injector; 3 — basic
fuel cone; 4 — flelds of local fuel
concentrations; 5 — cooling air; 6 —
opening for primary air; 7 — cooling
alr goes through the openings into the
circular slot.

6. The organization of the cooling of the basic parts of the
combustion chamber. As a rule, the air entering the chamber serves
as a cooling agent. The flame tube with the front device and nozzle
is heated most of all. For cooling the nozzles ailr is blown, pass-
ing between the housing of the nozzle and a tube located in the center
of the swlrler. This also prevents the coking of fuel as it iesaves
the injector nozzle. The front device and the flame tube are cooled
by the secondary air which passes further into the flame tube past a
series of fine openings or circular slots (Fig. U46t) located in
several belts along the length of the flame tube. The circular slots
which are shown in the upper part of the figure protect the walls more
effectively, than the openings (by a continuous vell), however they
let pass a considerable quantity of alr, increasing a_. This air
lowers the temperature of the combustion zone without taking part in
oxidation of the fuel, since near the walls there 1 hardly any fuel.
To eliminate this deficlency, the entrance to a circular slot is
guarded by a wall with a number of fine openings which apportion the
air, but also ensure the fcrmation of a circular vell moving along
the wall at a slower rate, but wider. As an experiment showed, the
thickness of the layer of air h determines the length of the effective
cooling of the wall 7. As a rule, 7 = (15-45)h and more and depends
on the parameters of the alr and other factors. Apart from interior
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(film or jet) coo.ing, the flame tube 1s cooled outside by secondary
alr going to the mixing zone. In some designs of combustion chambers
with small thermal loads the external flow of air proves to be
sufficient for the cooling of th: flame tubes of the combustion
chambers. In modern highly stressed chambers, this flow 1s quite
insufficient; moreover, it is even necessary to protect the housing
of the chamber from thermal pressure from the side of the flame tube.

Therefore, screens a.e frequently placed between the flame tube and
the housing.

The chiefl principles mentioned of the design and organization

3 of the worklug process of GTD combustion chambers for any purpose
usually are supplemented by a number of consia rations, depending on
the specific characteristics of the equipment. In so doing, in-
dividual measures must be coordinated in order to satisfy the some-
cimes inconsistent general and special requirements imposed on the
combustlion chambers. Thus, for instance, for more effective cooling
of the walls it is advisable to increase the rate of flow of the
secorndary air. However this 1s limited by the growth in pressure
losses. In carrying out uniform distribution of the supply of primary
air along the length or the combustion zone {streams A in Fig. U6a)
one must not forget about the necessity to maintain a stable position
3 for the reverse current zone to ensure ignition and combustion of

the fuel. 1If, for example, powerful jets of primary air are intro-
duced into the beginning of the combustion zone, then they decrease
the volume of the reverse current zone or will even disrupt the
steady course of the operating process.

§ 34. Classification of Configurations
of Combustion Chambers

The type of construction and the operating conditions of com-
] bustion chambers depend on tne type of fuel, the purpose of t..e GTD,
E its configuration, and also on the parameters of the cycle of the
plant. The combustion chamber most frequently is bullt directly
into the design of the engine, but in & number of cases it 1s located
ne~r it and linked with the compressor and the turbine by manifclds.
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In the first case, the chamber 1is called bullt-in, in the second -
remote. Remote chambers (Fig. U47a) are most frequently used in
stationary gas turbine plants and rarely used on transport types
(locomotive and vehicular gas turbine power plant [GTU] (FTy)}).

According to structural execution, chambers can be of the following
types:

1) annular (Fig. 47b);

2) cannular (Fig. U47c);

H

3) sectionall! (Fig. 474);
4) individual (Fig. 47e).

The first three designs of designs are, as a rule, built-in
chambers. Thus, the annular chamber, which is the most widely used
in aircraft GTD as a result of its compactness and lightness, in the
simplest GTD layout (compressor, chamber, and turbine), is located
between the compressor and turbine, around the shaft of the turbo-

3 compressor (Fig. 47f). The working volume of the chamber is a con-

E tinuous annular space between internal and external flame tubes. In
a canrular chamber, just as in the annular, — have common internal
and external casings. The flame tubes here are executed in the form
oflindividual dﬁéfs; the “lows of gas emerging from them are united
in a circular gas collector directly before nozzle box of the turtlne.

The number of flame tubes n (in Fig. 47, there are 6) can vary
and it 1s selected depending on the arrangement andupther<requ1re-
ments, usually equal to 6-12. The fuel burns in the flame tubes,

s connected to one another by ducts for the transfer of flame. The
ducts, in the first place, during starting of the plant ensure
c ignition of the fuel in all chambers by the transfer of flames from

1Tn aircraft technology only the first three designs of chambers
are used (especially the 2nd and 3rd) and they are referred to come-
what differently. Specifically, the sectional chambers are custom-
arily called individual.
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Fig. 47. Diagrams of GTD czombustion rhambers:
1 — high-pressure compressor; 2 — regenerator;
3 — combustion chamber; U4 — compensator; 5 —
turbine; 6 — engine shaft; 7 — individual flame
tubes; 8 — external flame tube; 9 — external
casing of the chamber; 10 — interior casing;

11 — internal flame tube; 12 — duct for flame
transfer; 13 — casing.

burning flame of the neighboring chamber equipped with an ignition
device (ignition devices are installed in two-three flame tubes);

in the second place, they ensure establishment of the operating
process in an individusl flame tube during accidental disruption of
the flame and they contribute to the equalizing of pressure in the
flame tubes. The flow of secondary air flows between the walls of
the external and internal casing, washing the flame tubes, and
further through the openings of the air wedge 1t also reaches inslde
of these tubes. From the flame tubes the gas 1s directed to the
common annular gas collector and further to the turbine.
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A sectional chamber has a unit of independent chambers, the
number of which n = 6-12, and soietimes more. In this instance,
the flame tubes and the housing each have their own chamber. In
principle, all chambers of a unit are completely identical, they
. operate independently, but are also connected by ducts for the
transfer of flame. Ignition devices are also installed only in
. some chambers in the unit. In sectional and cannular chambers, the
number of injectors usually corresponds to the number of flame tubes.
In annular chambers, the number of injJectors 1is selectzd in such a
manner that the fuel sprays wholly fill the annular working space of
the flame tube. In such chambers sometimes one rotating or circular
nozzle is used. To avold burnout of the flame tubes and incomplete
burning of the fuel, the drops should not fall on the walls of the
flame tube. Individual chambers most frequently are made remote,
but are sometimes built-in according to the diuagram in Fig. UTe.
Thls permits shortening somewhat the distance between the compressor
and the turbine and decreasing the number of injectors. The latter
is very important for small GTD where the consumption of air and
fuel 1s small and the use of several chambers undesirable, since the
3 nozzles are made in small sizes they frequently are obstructed and
E disrupt the operation of the chamber. Most frequently in GTD, the
f sectional combustion chambers are used, since they have a number of
substantial advantages. These advantages include, first of all,
cheapness and simplicity of experimental adjustment of the individual
chamber on a test stand and, secondly, ease and convenience 1in
servicing and installation (without dismantling the engine). It is
known that adjusting operations after the calculation and designing
of a chamber usually require considerable investments of time and
resources.  An annular chamber in final adjustment must be tested to
na2tural value, which requires big investments and complete expendi-
ture of ailr Gat' For sectional chambers less expenditure of air
Gaz/" 1s necessary, since all n chambers are identical and only one
of them is i'inally adjusted. 1In practice, in order to simplify the
final adjustment in any configuration of the combustion chamber, at
least part of these operations must be conducted with models. For
annular chamber, research is most frequently conducted on a section -
the part of the annular working volume limited by two radial sections.
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However, model experiments do not give sufficlently relisble results.
A developed designh of a sectlonal combustion chamber can be used in
the designing of a new gas turbine engine; only the number of chambers
is changed in order to ensure the new assigned air consumption. Be-
sides this, 1n sectional and cannular chambers in the limited volumes
of their flame tubes it is easier to achleve the reallzation of more
improved mixing of the flows of fuel, alr and gas, and the reallza-
tion of the operating process on ihe whole. However, an annular
chamber has a number of its own very important advantages. It is
lighter and more compact than the others. On the outlet from such a
chambe:, as a rule, more evén fields of velocltles and gas tempera-
tures are obtalned, the engline length is reduced somewhat, and fric-
tion flows are reduced. However when a large number of regular
centrifugal injectors are used for annular chambers, thelr silzes
prove insignificant even with great overall expenditures of fuel
through the GID. Furthermore, in order to disassemble an annular
chamber, as a rule, 1t 1s necessary to éoipletely disassemble the

engine. Such disadvantages, although to a lesser degree, apply to
the cannular chamber.

The remote (individual) combustion chamber 1s convenient because
its disassembling, just llke a sectional chamber, does not require
even the partial dismantling of the engine. The number of injectors
here can be selected as most expedlent.. Such chambers do not require
that the gases on outlet have very even flelds of temperature and
velocity, since they are equalized in the duct which connects the
chamber with the turbine. However these chambers have large overall
dimensions and weight of ducts and gas collectors, anc also additional
pressure losses. Furthermore, the final adjustment of the chambers
requires complete expenditures of air and large investments.

§ 35. The Operation of Combustion Chambers

The Scheme of the Process

The operation of a GTD combustion chamber is very complex and
the presentation regarding it can be made simplest by considering 1ts

2]
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individual elements and the effect of various factors on them. The
aerodynamics of gas and alr flows, the character of the supply of
fuel and its mixing with ailr, the ignition and stabilization of the
flame, the conditions of mass- and heat-interchange, the regularity
of heat release along the length of the chamber — these are the
basic elements of the operation. Alr entering the combustion chamber,
as a rule, has considerable velocitles up to 100 m/s and more,
especially with a direct-flow dlagram of the plant and with alr
intake directly from the compressor. In this instance, before the
front device of the flame tube there 1s placed a diffuser 1n which
the rate of the flow 1s redwced 1q statlonary engines, usually to
30-60 m/s, and in alrcraft — to 50-80 m/s. Further, through the
front device and a number of side openings in the flame tube primary
air GI is fed into the combustion zone, a component part of the total
expenditure of ailr G,,. The quantity of primary air most frequently
does not exceed 20-50% of a;- Thiis ensures in the combustion zone
the most advantageous concentratidns of the mixture with an excess
alr factor a, "-51:-_ 1.1-2.0, wheqe'd:—“ fuel consumption.
i

Part of the primary alr in a ‘quantity of G, enters through the
front device directly into the beginning of the combustion zone.
Usually, the value qg=:i?z = 0.2-0.5. With swirling of the air by

blade swirlers, the alr flow here obtains conslderable axial, radial,
and tangential component velocities. This alr moves 1n a spiral
between the reverse current zone (ZOT) and the flame tube. To avoid
a break of the ailr flow coming out of the swirler from the walls of
the diffuser of the front device, the angles of the opening of the
diffuser 6 and the flow must be consistent with one ancther. Usually
good flow 1s obtalned with a swirler blade angle ¢> -:-

The temperature over the section of the combustlon zone [ZG]
(3r) increases from T, (the temperature of the entering alr) at the
walls of the flame tube in a layer diminishing in thickness toward
the end of the ZG to a temperature 7, (the process of combustion)
at the boundary of ZOT. Within the reverse current zone, fillled
basically with the products of combustion, the temperature barely
changes and has considerable magnitude. The poaition of the front
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and the whole flame in the ZG 1s schematically indicated in Fig. 48a.
The combustion zone begins in that part of the volume where the rate
of motion of the mixture is equal to the rate of the flame propaga-
tion. The increase in the width of the combustion zone along the
length and the powerful effect of the lateral streams of primary air
on its character and position are characteristic. With a change in
the depth of penetration of streams, the combustion zZone can be
disrupted or severely distorted. Behind the stream individual
sections of combustion can be generated which can sometimes increase
the total surface of the flame and intensify the process because cf
the sharp agitation of the flow. Usually, in the combustion zone

of the chambers, the lntensity of turbulence 1s ten times more than
in rough tubes.

Fig. 48. Diagram of organization of
operation in the combustion zone: 1 —
alr flow; 2 — basic .fuel fliow; 3 --
diffuser; 4 — flame; 5 — products of
combustion; 6 — boundary of the reverse
current zone (ZOT); 7 — injector.

Changes 1n the processes of mass- and heat-interchange at
various modes can have an effect on the position of the flame front.
In the developed designs of chambers, these changes do not lead to
2 pronounced reduction in the quality of the process and the disrup-
tion of the flame over the whole range of working loads. The
conditions of flame stabilization in the initilal section of the
flame tube are determined by the front devices. The quantities of
heat, which are liberated along the length of the combustion zone
are characterized oy a coefficlent of heat release §(, the change In
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which along the length of the {lame tube is shown in Fig. 48b. The
character of the curve of heat release depends on many factors and,
in particular, upon the distribution and means of supplying alir along
the length of the combustlion zone. A considerable heat release
proceeds at a certain distance from the injJector nozzle, where the
conslderable quantities of fuel vapors are formed and correspondingly
is fed into the primary air. The input of air in the form of lateral
Jets agltates the combustible mixture and develops the flame surface.
However incorrect direction and excessive intensity of the Jets can
disrupt the reverse current zone. The process is also especially
severely impalired and the flame even stripped with poor mixtures,
i.e., with considerable excess air ratios o in the combustion zone.

The cholice of the best distribution of primary air along the
length of the combustion zone and the profile of the supply ducts 1is
one of the most important elements in the planning and the experi-
mental adjusting of the combustion chamber. Upon its solution
depends the basic working characteristics of the chamber: the
combustion efficiency of the fuel and the character of its change
under various loads, ¢it-off characteristics, the heat density of
the chamber, and others. An !ncrease in the depth of penetration of
the lateral jia2ts frequently increases the combustion efficlency
factor of the fuel, but, as a rule, considerably impairs th:2 cut-off
characteristics, narrowing the range of steady operation of the
chamber. :

The considerable thermal loads on the volume of the chamber
require the development of a number of measures and, in particular,
the protection of the walls of the flame tube against overheating.

The walls are insulated from the flame zone by the flow of cold air;

in so doing, it is necessary to ensure the absence of dead zones and
local recirculating currents about the walls. These dead zones

reduce the working volume and they cause local overheatings, warping,
and burnout of the wall or formation of carbon on it. Most frequently,
reverse flows appear elther directly oin outlet from the blade

swirier, or at the Junction of the diffuser of the front device with
the first shell of the flame tube as a result of the disparity between
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the total pressure loss in the chamber is proportional to the square
of the rate of flow

where y — dimensionless coefficient of the flow friction of the
chamber; %$~— impact pressure on inlet to the chamber.

With cold blasting, coefficient § in a self-similar area has an
invariable value. If we determine this coefficient in the combustion
chamber during combustion of fuel ¥, then its value does not remain
constant but increases in proportion to the decrease in the total
excess alr factor ap. Therefore, the resistance of combustion

chambers can be compared only during identical modes, specifically,

with 1dentical az.

Research indicates that 9, detér-ingd’in the chamber during
combustion with ez =5, can be greater than ¢ cbtained during its cold
blasting by 25-35%, and when ez =3, by U5-53%.

Dependence of §, on § for a cylindrical channel can be obtained
in the following form

5 — 0, = o, (0, —w) + 952

Taking into account that

.l
i

we obtailn

or
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the angle of opening of the cone and the flow of air. Sometimes

this can be eliminated by increasing the blade angle of the register.
Generally speaking, increasing the angle also increases the volume
of the 20T, which as a rule, is useful. However, in so doing, the
losses of pressure can be inpreased and sometimes the flow on outlet
Fiom Vhe vhamber will be impaired, where swirling flow and eveh
reverse flows willl be preserved. Such zones can be more correctly
removed by a change in the profile of the walls of the front device
or by feeding alr through additional openings. Other factors affect
the slze of the I0T, apart from the swirling of the flow. For
example, during the flow of air 1n the chamber without a supply of
fuel and combustion, the ZOT has larger volume than during combustion,
since during combustion the temperature of the gases increases, the
density 1s reduced and the expansion of the gases of the basic flow
which 1s moving between the flame tube and the reverse current zone
reduces 1ts diameter and length. 1In principle, as research shows,
the structure of the flow in this case is not changed, which,
naturally, cannot be salid about the pressure losses in the chamber.

Pressure Losses

The pressure losses in the combustion chamber determine the
reduction 1in the total pressure along 1ts length, which, Just lilke
temperature, characterize the proper work capacity of the gas. With
cold blasting of a cylindrical chamber whsn temperatures and rates of

flow are identical on intake and outlet Paa . Pm:r 1losses can be
P - Pax
estimated both 1n respect to total and static pressures. With the

combustion of fuel T, >» T, and Ap‘=’—';'.-. i.e., the loss of total

pressure even for a 2ylindrical chamber is considerably more than

the statlc pressure losses. Taking into account that usually
stombustion chambers are made cylindrical, the estimation of resistance
must always be made only 1n respect to total pressure losses.

In combustion chambers the gas practically always flows in a

self-simllar area, 1.e., at such large Re fipgures, when the charac-
ter of 1t motlon does nct depend on the Re number. In this inatance,
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since

In actual combustion chambers

e

%=v+A(zt-1),

where A — an experimental factor obtained as a result of research on
similar designs.

During cold blasting of a chamber the value of y reflects purely

hydraulic losses and may be connected with the value considered
earlier (Chapter IX)

@ - .
ol A PE -
R P

in the following manner

,s.::: "
3

Taking into account that

and

we obtain

R

s

=1

2(|+ )

146




T T R YT 0 e 4 e

where M, — Mach number on inlet.

The value of o takes into account the friction loss of the
working medium around the walls of the ducts, the losses connected
with circulation flows, contractioh and expansion of flows, the mixing
of the gas streams, local resistanbe, and loss on the intake diffuser
of the chamber. Losses in the diffuser are sometimes very consider-
abie, comprising the basic portion of the total losses of a chamber.
These losses increase sharply with an increase in the angle of
opening of the diffuser. The total head loss in the diffuser on
impact

Ap,_k"‘ "(l —-’-"-'
where k — coefficient of softening the impact.

The change in coefficient k depending on the angle of opening
of an equivalent (circular) diffuser 6 is shown in Pig. 49. At
considerable rates of air intake to the diffuser (about 100 m/s) and
large angles of 6 (more than 15-25‘).]5:}can comprise the main portion
not only of o, but also of 4, Frequently the problem is complicated
also by the fact that 1t 1is necessﬁry to make a diffuser which 1is
not circular and symmetrical, which often requires special experi-
mental final adjustment of it. With a decrease in 6, Ap; drops, but

commensurable with the pressure loss due to friction in the diffuser
becomes

£ — — Fig. 49. Dependence of the
coefficient of softening

g the impact on the angle of
Yoy opening of the diffuser.
g <9
1 f’l A

0 40 83 120 160 #°
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where 1 — length of the diffuser; d_ — equivalent diameter; %, —
coefficient of friction, which is a Re function.

When 5.10° < Re < 100-10°

-1
™ "Rjtl

Frequently, by using experimental data, they compute the sum of
losses in the diffuser according to the expression

80}, = 05~
where ¢, — coefficient. of flow friction of the diffuser.
Pressure Losses in Mixing Air Streams

The total pressure losse:: in the mixing of the lateral streams
which flow into the flame tube can be estimated on the strength of
the diagram presented in Fig. 50a. We will examine a cylindrical
element of a combustion chamber with an infinitely thin flame tube
wall. This condition excludes its effect on the direction of the
flowing stream, the axial component of the rate of which v, is equal
to t. 2 rate of the air in the circular gap, and the radial component
is equal to the rote in the openings of the flame tube ®,. The radial
velocity determines the expenditure of air G,  flowing into the
flame tube which depends on the drop in st: ‘1z pressures Ap in the
circular gap and the flame tube. If in section I-I prior to the
admission of the lateral streams the expenditure of air in the flame
tuoe was equal to G;J, at a rate of motion of air -LJ,'and a pressure
of Px.ip then after mixing with the lateral streams in section II-II,
its velocity becom:s equal to d;;; pressure Px.:, and expenditure

» o
increases to Gy.,. If we designate ———=n and ~—=—=m, then
a-.:’ Y. tp

G:r TRE G;t..up (n-+1) and .-x = .‘8- ”» (n+ 1).
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Flg. 50, Diagram of mix-
ing of lateral streams
with vasic flow in a
flame tube.
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From the equation of the quantity of motion

ey Gy (Gt O
F(px-l’—p:,,’)=.%l-!w‘.r’_( P PR" )

it is possible to determine the static pressure losses of a flow in
the flame tube after influx and mixing lateral streams with it:

APy ™ Pu. 19— Pr.rp = ﬁ;ﬂ)—- 1282 + n—m)l,

G . : '
since F==-—#ii1. where v — specific volume of the gas in the flame

Y. 1p

tube which can be considered identical for secticns I-I and II-II.

Total head losses in the mixing of the streams can be obtained
from Bernoulli's equation for the streaming of a current of constant
mass inside the flame tube between sections I-I and II-II:

e
px.u+ ( 2 )’ ='P._,'+

ol )
+ (©a. w? +Apa'-n.

Using the previous designatlion, after conversions we obtain

C el )
Ap"l-ll = _(—’_;_L. g
X (n® - 2n — 2nm).
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In combustion chambers the value of Ap,., as a rule, is positive,
i.e., the pressure 1s reduced. However, with the mixing of the
streams, the total head in the passing flow with the influx of
lateral streams into it car also be increased because of the fact
that, the flow 1s speeded up by the incoming streams. This is easy
to indicate, having examined the character of_depgndeqce obtained

. A
for Ap. or the value proportional to 1it, $.= Q(E."‘ 7 called the
. —~\ . D

tctal pressure loss factor in mixing. A chaﬁge of ¢, with a change

of n and m 1s shown in Fig. 50b. The value of ¥. at some positive
values of m and small values of n can be negative.

With an increase in n, the value of ¢, becomes positive because
of the excess of losses which appear during the deflection and
mixing of streams over the increase of total head, which appears
with the acceleration of the passing flow by the lateral streams,
which possess a high horizontal component of velocity. Let us note,
that if the directions of the flows in the annular clearance and the
flame tube are opposite, as takes place in the reverse-flow combustion
chambers, then the total head losses at mixing sharply increase. The
conditions of mixing are substantially changed with a change in the
relationship of the velocities in the clearance and the flame tube
and the change in the quantity of alr which flows out in the form
of streams from the clearance into the flame tube. Dlameter d or
number z of the openings for latsral streams and the drop in static
pressures adp do not affect Ap.,, under the condition that

G, e —’-? m ]/ E’ -eonst

llowever for the operating process d, sz and Ap have very great
slgnificance since they define the depth kB of penetration of the cold
alr streams intc the mixture, Depending on the place of supplying
the air, this depth must be different, just as the number of openings
in the given section. The air which cools the wall of the flame tube
must nect be intrcduced decply, 1in order to generate a continuous
layer, washing the wall. The streams of primary air being introduced
along the length of the combustion zone should not intersect the flow

150




R s S

of gases in the flame tube. Considerably more intense and penetrating
to the center of the chamber must be the streams which enter the
mixing zone, which permits equalizing the temperature of the gases
mcre rapldly and completely. The depth of penetration of the streams
depends on the pressure drop head, of the inclination of the axis of
the opening to the axls of the passing flow, the diameter of the
opening, its form, the thickness of the wall, the cleanness and
profile of the edges of the opening, and so forth. Alr 1s introduced
into the flame tube in the form of deflected streams which spread
over the wall or perpendicular to the flow of gas in the flame tube.
Figure 5la and b gives dlagrams of these versions of the influx.

For determination of the depth of penetration of the stream during
its iInflux into the flame tube perpendicular through the round or
close to the round openings it 1s possible to use the followlng
relatlonshlp obtained on the basis of experlmental data:

I

where d3 — equlivalent diameter of an opening; 7 - length, to the
depth of which the penetration of the stream 1is equal to 7

h=d, [03+0415-(

@, = no V 22855

Here the flow coefficient

Be = f(,x,, 'j):.

Cas . . :
:\S\ - ad IW,=1

5\\\‘\\\“&}\\/\\\\\1 W - dpe <,
W3 -
= 1w AR
Q -
‘ nn * K | b w._W
< 'k:{ 4 Wero
__’- — e —ad P E w i a8
Axis 0f the combustion ahubor 0 02 T |
#) by c)

Fig. 5i. Diagram of the influx of lateral
streams along the length of the cc¢mbustion
zone.
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The dependence of the flow coefficient is given in Fig. 5lc¢ for
round openings with rounded edges with a radius of 0.1-0.2 nm.

Pressure losses to friction about the walls of the ducts are
determined theoretically just as friction loss in the diffuser, but
account is taken of the profile of the duct and the flow condition
of the mixture. Frequently, the flow friction of the total pressure
of elements of the chamber, for example, the front devices, are
determined separately. Usually these resistances are expressed by a
dependence of the type

A5}, = Yoy S5s

where ¢4 — the coefficient of flow friction of the front device
determined experimentally.

Research shows that the sum of purely hydraulic losses in cold
and hot blasting is not changed substantially. It is natural %that
some difference will appear in connection with the change in the flow
parameters, but the basic distinction 18 made by the pressure loss

appearing during combustion, belng determined by the supply of heat
to the working medium.

Pressure Losses in the Gas Flow Durlng Heating

From thermodynamics and gas dynamics it 1s known that when heat
1s supplied to a gas flow its total head drops. In so doing, the
magnitude of the losses strongly depends on the form of the duet. 1In
an expanded duct the logses wlll be less than in a constricted one.
Figure 52a shows an element of a cylindrical duct from section I-I
(all parameters of the gas are known) to sectlon II-II. We will
determine in a one-dimensional diagram of flow, the total head loss
in the flow appearing because of the application of heat Q.

The equation of state pv = RT, after differentiation, gives

draﬂ;ﬂi.
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FPig. 52. Diagram of gas flow through
duct F = const during heating.

The equation of the first law of thermodynamics dQ = °p
with the substitution of the value of dT will have the form

DT - Avdp

dQ::%raan-kqpﬂ».

From the equation of continuity for F = const in the form
w/v = G/F = GF = const we have v = v-GF. Substituting v in the equa-
tion of quantity of motion

—odp=dZ,
we obtain that

dv = — -£_dp,
Gr

whence a specific volume v or v,
R
v= G ‘pl""p)'*‘vl'
T

Consequently,

dQ . %(GL}PV;‘”I )dp—(ci:t."-a%’-PdP- (45)

Using Mach number ”“‘]/7£%fv the equation of expenditure and
the equation of a state, it 1s possible, having converted the right-
hand part of the equation, to rewrite equatlon (45) thus:




Ty (V -+ BMY) Ty (R +1)
dQ = == =~ dp — =L :
? PAM} pikM} P dp.

Considering for simpliclty heat capacities e¢_ and ¢ as constant,

we deslgnate multipliers with dp and pdp in the right-hand part

respectively as ¢, and C,. ‘Integrating the expression obtained within

limits from 0 to 2 and from P, to p or Py We obtain

Q= Cn'(P Pn)‘-ca” "

Having designated (p; - - p) as Bp, we obtaln the quadratic
equation =2 Ap? — (C,p, — C)Ap + Q =0, the solution of which gives

'cf) V(P-_ %-) z:Q

Having substituted the values cl and 6'2 after conversions we
finally recelve

o= b —-M)—

—p 1/ [+55 @ -Mf)]_’-—’g‘—?-;}; (46)

and the relative fall of static pressure

O = = TFT (1—m) —
T
-V e 0-m) -5 an)

where k — adiabatic exponent.

The value Tl is determined according to the stagnation temperature

from the expression
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The value o, -0 when @ = 0, and also at an intake velocity of
1° 0 (M1 = 0). This means that 1in these cases the static pressures
prior to and after preheating are equal, i.e., P, = Pp- Furthermore,
from equation (47) it follows that with M, and T{ given for a unit of
mass of alr it is possible to conduct the fully determined maximum
quantity of heat Qmax' This quanitty corresponds to the condition
of equality to zero of a radicand where the flow in the duct attains
the speed of sound (M2 = 1). In this case

w

(of)-l = .+| (l Mo-

and the maximum rela.lve preheating of the mixture

: \ —-M)
(=)~ () v (48)
\ C,T. max 2k + |)Mi(l + - Mf)
Hence it is apparent that when M; @ = 0 and 6, =0. Consequently,

in a cylindrical tube the gas can move at the speed of sound only in
the absence of preheating.

The growth of the quantity of conducted heat at given Ml and Ti
increases the temperature of the gas and correspondingly reduces its
density. The rate of flow increases, but, in turn (with a constant
mass flow rate of the gas), the static pressure drops along the
length of the duct. It is obvious that with continuous increase in
preheating the moment can arrive when (at a given pl) the velocity of
the gas in the duct attains the speed of sound, and the duct is not
able to admit the given expenditure of gas. Considering the element
of a duct from section I-I to section II-II where Q < Q.. 1t is

possible to find Ap ~ (r, — py) and then Py-
Ny
Rl g\ *T
From the expression p* —-p(l+~ Al) there 1s determined p5,

if the M2 number is known. 1IT the parameters of a flow after
preheating are known 2id gas constant R = const, then

M} = ri::TW( ) ( )
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When Hl = H:’ from the equation of expenditure yw = const, we

have

T .M. (’%)

L%y
——— T em——

Ty P wy  1—0¢ "
From the equation of quantity of motion

P — Ps = O, (@ — w,);

Ly e N I _"‘ﬂ'!__. S I 0'._ + L.
U P kMj

Consequently,

Oy

-1
TH o, + &M}
1—o,  k(l—a5 "

M= M}

In this way,

o _nle At

[]
(1 2y

.

2
a—1 o+l

Vb= ®t—o,) |-
=(l—'°r) : (1"9)

.
(|+ ';' ‘ﬁ).-"

The relative loss of total head only becau:ie of prcheating of

e

or finally
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The value (6)),., With @, = (0,)mas

&
" : 14 kM] At =
O dmax == 1 ——5 7 2+ MI(k— 1)

(51)

The value T‘2* can be obtained from the expression Q = Ar:

Ty=Ti+ -2,

t”

where ¢, — average value of heat capacity in the temperature
range from T¥ to T¥.

l 2

The value of o, consequently, depends on Mach number Ml and
relative preheating t = cor.since g, = f{M,and ¢), and o, = fl (M
1

and T1). v :

1l

With Ml = const g, —.-’o; if a,-;-o. i.e., with ¢ = 2 _—o (no pre-

C’l

heating). The value o; will be maximum where T = ( Q’) , which
max i

< X

will also determine (0,)u;. With growth of M, to 1, the value of (07 mas
drops to zero, as shown in Fig. 52b. This 1s normal since with the
increase 1in Ml there is a reduction in the maximum possible preheating,
and with M1 = 1 we obtailn (ﬁ:—) =0 With Ml + 0 and 1T +» » the valuc

of @, attains the greatest value somewhat exceeding 0.2.

§ 36. Components of Total Pressure Losses

The character of the change in the static and total pressure
along the lengih of the combustion chamber 1s different for the
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secondary and primary air duct (in the annular clearance and inside
the flame tube). Naturally, the total pressure of the working medium
drops in any event, but in a different way, while the static pressure
in the clearance, as a rule, is increased. This is explained to the
fact that along the length of the annular duct the quantity of air is
reduced, sinee 14 1s supplied stepwise inside the flame tube, the
cross-sectional area of the duct, as a rule, changes little or remains
constant. The section of the duct is made constant in order to
increase the drop in static pressures towards the end of the duct to
ensure deep supply of alr streams in the mixer. Static pressure
along the length of the flame tube drops. The character of the
change in pressure can be seen in Fig. 53a where the following basic
components of total losses of total head Ap; are shown: 1) losses

on the intake diffuser Agkﬁ 2) losses in the front device and openings
App»; 3) pressure losses inside the flame tube Ap. ,,~ The latter
include losses on mixing of the flows, fristion losses and thermal
losses. It is obvious that under various ecenditions the absolute
value of the total losses of the total head in the chamher, the values
and the relationship of the individual components will change. During
combustion of fuel in the chamber and with & = const , the portion of
Apx. ., Will increase with the decrease in Gps since the supply of

heat to the flow is increased. The qualitative picture of these
changes 1s shown in Fig. 53b. Results of experimegggvquw that
during cold blasting of the chambers the value of Apx mp = 5—12%,
Apsp = 30—45% and A,;;,:;aé_sd*%-. of the total losses. During fuel
combustion with ay = 3-4, total losses of total head in the combustion
chamber increase by approximately 30-50% in comparison with cold
blasting, and the fractions of individual losses becOme commensurable,
attaining approximately 25-35%. The decrease in total head in the
combustion chambers determines the possibility of improving the course
of operation as a result of reduction of the velocity of alr and the
formation of a zonal arrangement of a flow behind the front device
which 1 necessary for ensuring carburetion and stabllization of

the flame front, and so forth, The individual loss components cannot
be completely removed, but their rational reduction without impairing
the orerating characteristics of the chamber 1s advisable. In the
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greatest degree this concerns losses in the diffuser since they
constitute a substantial fraction of the overall losses, and in
correct planning these losses can be reduced without impairment of
the operating process.

The diagrams examined for determination of the individual types
of losses of total head present the idea regarding the basic correla-
tions of the change in these losses and the effect of various
parameters on them. However, the actual picture of gas flow and the
supply of heat at various local ra*es and temperatures, and nonuniform
distribution of heat along the length and over the section of a
chamber 1is more complex. Therefore, there still have to be developed
methods for the analytical calculation of the total losses of total
head of actual combustion chambers. Nevertheless, by using experi-
mental data and assuming that hydraulie¢ and thermodynamic losses do
not depend on one another, it is possible with a sufficient degree
of accuracy to estimate the pressure losses under actual conditions.
In this case the losses connected with the supplying of heat can be
determined according to the diagram examlned above for a one-dimen-
stonal flow or from empirical dependence; the hydraulic losses —
acceording to the total experimental dependence of the type Ap’==¢9§i
whlch is obtained in cold blasting of chambers.
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§ 37. Hydraullc Calculatlon of a Combustion Chamber

Hydraulic calculation serves for determination of losses of
cotal head and the distribution of the gas-alr flows via the ducts
of thz combustion chamber. Calculation can be conducted, 1f the
following ar: given: the temperature of alr T, pressure p, and the
total expendlture of air G, on inivalze to the'éhamber, the excess air
ratio ap (or the expendlture of fuel éﬁ'and the temperature of gases
on outlet from the chamber T, the heat of fuel combustion Q) and all
the geometric d‘mnensions of the combustion chamber and 1ts elements,
inciuding the locatlon, sizg, andi number of openings for primary and
secondary air. The flow area of the openings are laid out 1n the
design of the chamber as shown in Fig. 53a. Calculation is performed
by the methcd of successive approximations in the following order:

I. The characteristic values on intake to chamber are
determined:

1) the specific volume of air in section 0-0

o. — X 8’.‘1—;

2) the cross-sectional flow area for air FO;

3) the velocity of air |5¥=1%ﬁ2
[

L) the speed of sound a according to temperature TB;

%) Mach numher on intake M, = —'2.

UGsing the pas-dynam,o functicn tables for the velocity
=L o= &
e

coel’

e
and further Tl = g5 pi = 55 € = 5y

ITI. The areas of all flow areas, Fi’ are determined.
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ITI. Approximate calculations are made of the relative
expenditures of air passing through each section of Fi: G, =

e A
=F}pi|/3%£.considering that the pressure drop Ap is identical

everywhere.

The sum of the expenditures must, naturally, be equal to the

given expenditure ¥ G =G, + G,+ ... + G, ='G,. Relative expenditures

by sections: G, = g:-:z?fi_":;—, where u, — the coefficients of expenditure
‘ b4

of the corresponding sections taken from handbooks for the given type
of opening, slot, and so forth.

IV. The lcsses of total head are determined according to
secondary air duct, 1.e., the friction loss and impact on the intake
diffuser and the friction losses in the annular clearance between the
flame tube and casing. Additionally, using gas-dynamic functions,
all parameters for the duct'are determined: P;s Vs Ti’ Pse

V. Static pressure 1s determined along the length of the flame
tube. As a first approximation, the pressure drop on intake to the
flame tube can be represented in the form of Agm_,==—3ﬁ. Having
determined friction losses in the flame tube Ap,, and thermal losses
Apnenss according to empirical equations total and static pressure are
computed for a control section and at the end of the flame tube.

On outlet from the chamber p,=p, —ApPx. up— BPuy—BPmens- In the capacity
cf a control section, a section 18 selected where all the primary air
is already introduced inside the flame tube, 1.e., the end of the
combustion zor.e.

VI. The actual drops in the static pressures in each section
are determined:

AP‘ == Py = Pxc. mpe

where py ., — 8tatlc pressure inside the flame tube in the glven

section: p; ~ static pressure for the secondary alir duct in the given
section.
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VII. The actual expenditures of air are computfted (in the second
approximation):

. L] = ’ a ...

G, =Fyp, V—o.ﬂ,
for simplicity, v, can be conslidered invariable. Total expenditure
‘\_:G} = G, Frequently, the second approximation does not glve corre-
spondence between Gé and the given expenditure of air Ga' If this
difference is more than approximately 5%, then expenditure 1is

determined according to the third approximation, where it 1s con-
venlent to proceed thus:

1) to determine the relative expenditures of alr @ = -?4—;
(]

2) to calculate the expenditures of air in each section

G =ity
where GB — the actual total expenditure of air in the chamber.

Further calculation must be repeated, beginning with TII.

§ 38. Determination of the Composition of
Gas On Qutlet From the
Combustion Chamber

The question has already been considered above as to how ‘to
determine the quantity of the individual products of the oxidation
reaction of the combustible elements of the fuel and theilr totals in
the combustion of a unit of weight (mass) of fuel with the :
theoretically necessary (stoichiometric) quantity of air [, when the

excess air ratio a = 1. The products of combustion obtained in this

case are customarily called pure products of combustion.

In actual combustion chambers, as a rule, ap ¥ 1, but is
considerably more than one. In this way, always besides the pure
products of combustion, 1n the gases there 1s present excess air in
the quantity (az - 1). In this way 1t 1s possible to determine the
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composition of the gases after the combustion chamber, knowing the
value of ag. The value of ap can be determined from the heat balance
equation which 1links the quantity of heat entering the combustion
chamber and leaving it. The heat balance equation of the combustion
chamber relative to 1 kg of fuel at a temperature reading of 0°C, has
the form

T+ et [ +@=0 +asL) L2 (52)

The first member of the left part of the equatlon expresses the
heat content of 1 kg of fuel at its stagnation temperature t? before
the nozzle, the second member — the heat content of air which 1s
necessary for 1 kg of fuel at the stagnation temperature of air on
intake to the chamber t:, the third member — the heat which went to
heating the gases. The right-hand part of the equation — this 1s the
heat content of gases emerging from the combustion chamber with
temperature t:.

The value
Q= Q% — Q.0 —Quip — Cua.

Here Q% — higher heat of combustion of fuel at 0°; Qu,o0— heat of
vaporization; ¢,,— heat leaked by the combustion chamber into the
environment; ., — the heat leaked as a result of the chemical and
mechanical incomplete burning of fuel.

Knowing the higher heat of combustion of the fuel QQJ determined
0° the

value of Q5. using Hess' law, can be defined as the sum: Q:_plus

the difference of the heat content of the products of reaction and
the initial mixture at corresponding temperatures. Since Qa==

;-QQ.: Quo or, for simplicity, dropping the subscript to for @, at
standard temperature we have Q2 = Q) + Qu,0. and, consiidering the heat
of vaporizantion at 0°C equal to the standard temperature of calori-
it is possible to write (see § 8):

at the standard temperature of calorimetric measurement t

metric measurement tO’
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Q% = Q-+ Quo+ [0 + oLy 11"

_.azL.l:['—(‘,t']. ' (53)

The relationship of the heat content of the products of combus-
tion and of air and their change depending on temperature is shown
in Fig. 54, Substituting the obtained expression @4 in the heat

balance equation and designating Q& — Qu, = G.o = Qln., Where n. — the
combustion efficiency of the fuel, we obtain

Bl ko s
+ (0 +agly) I [ e
= (1 + azlo)l] f: ol

let us note, that

L = (eal—ca8) = .

where ¢, — the average weight heat capacity of air in the range of
temperatures from 0° to f,C; furthermore, the difference

il sl

at a fuel temperature of t.} greater than ta, which 1s usually equal

to 15°C. Then after conversion the heat balance equation takes the
form

nQl = (1 +arly) L |f‘- ;leJ:]:E ot I:' . (54)

In this way )
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Fig. 54. Graph of the
heat content of air and
pure products of com-
bustion: 1 - products
of combustion; 2 — air.

and
N (4t ael)y l Y —agl ‘:: 5 ‘:r
b &
or
il o) -
- L,I(r,‘l; —c,‘l;) = (c,.l: —-c’.!;)l
and
S +agly) (‘p,'i ;;p,’;) __ .
) '
agl, (Fp,': - ‘p.';) “I(‘nr'.f — t'r';) | . (5¢)
10,4

The expression obtained for the combustion efficiency of fuel n_
is used in treating the results of tests and in the creation of
characteristics of the combustion chambers. For computing Q. accord-
inf, to expression (55) it 1is necessary to know the composition of
the pases for which 1s found 1ts average weight heat capacity on
outlet from the chamber opr. in order to determine as without
resorting to the method of coasecutive approximations, we will
present the produc 3 of a combustion of 1 kg of fuel with the given
as in the form of a sum of the pure products of (complete) combustion
Gy n in the amount of (! + L) kg per each kilogram of fuel and
excess air. The quantity of thls alr per each kilogram of burned
fuel amounts to

(P tasl)—( + L)=(az— ] L,.
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Equation (54) then can be rewritten thus:

RIS
+lar— D LA —ast S L 15 I

or

nQ —(+ L Lt

nl. . 0y ’ ..ty
A Lo+ 7 |7 = astlifp,
whence finally,

i,
- L, c'.l: —‘D,‘;) _ !
., (t'.l: - c,.l;) + (c,'f'»t”g :

L(e,—¢0)

ay =

(57)

The average weight heat capacity of pure products of combustion
at constant pressure ¢,  can be determined according to the known
individual component of the pure products of ccmbustion. The average
mean molar heat capacity of pure products of combustion

(Be,)s. « = (1,)R0, RO, T (B€,)xx, + (i“;)cc.o’ H,0° |

- £ »- - J ) —
where rR02 volume fraction of the sum (<o, + 802), PNZ and rHZO
volume fractions of N2 and H20 respectively; ucp — molar heat

i
capacities of the corresponding substances when p = const.

The molecular weight of the pure products of combustion

Be e = Buo, ro, T Bn,fn, + By o u,00
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The average welght heat capacity of the pure products of combus-
tion

o ok

C,.._ L] Hen

Having calculated As s it is possible to determine the value of
the relative expenditure of fuel

gr=%':"

where GT and GB — expenditure of fuel and air entering the combustion
chamber respectively, measured ir xg/h or kg/s.

&y ‘-’1::,—;- (58)

Further, the value is determined for the average weight heat

capacity of the gas mixtures on outlet from the combustion chamber
C

i
(14 L) Cpy. o+ (3 — 1) Lt

Cn == el (59)
or * ' : .

(‘ '!‘L.,‘t&‘. i.‘l!'.f'.-".‘p' -!'fp.—f’.

Cn = T+ ayl,

and consequently,

‘~=‘~+T..,z:(ca.. €a)- (60)

§ 39. Temperature Condition of the
lame Tube Wall

The flame tube absorbs heat from the flame of burning fuel
and, in turn gives it off to the air which is cooling it and partially
to the casing of the chamber. From the casing a certain portion of
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this heat leaks into the surrounding medium, while the basic part 1s
transferred to the same cooling air which goes between the casing
and the flame tube. The thermal action of the flame on the flame
tube in various sectlions, other conditions being equal, will differ
depending on the character of the flow of air along the interior
surface of the wall of the tube, the presence of a protective air
layer, the form of the flame surface, and others. 1In this way, in
general the change in the temperature of the wall of the flame tube
over 1ts length 1s rather complex, and as yet a reliable method for
its analytical calculation has not been created. However, the order
of magnitude of the temperature of the flame tube wall can be
determined analytically by the method of consecutive approximations,
proceeding from the simplest diagram of the phenomenon and assuming
that during a steady process the losses of heat into the environment
from the casing of the chamber are small and can be neglected. In
such calculation, for the characteristic temperature of the flame
tube the temperature of the wall 1s taken in a calculated section and
it 1s considered that it 1s invariable through the thickness of the
wall; furthermore, the protective action of films or streams inside
the flame tube usually 1s not taken into account. These prerequisites
give a necessarily overstated calculated tempexature of a wall.
Figure 55 shows a diagram of the process of heat interchange

Q=0ru=0Q, (61)

where Q¢| — heat glven off by the flame to the wall of the flame tube
for a unit of time; Q...— heat given off by the wall of the flame

tubte to the air; QB — heat obtalned vy the cooling alr golng between
the flame tube and the casing.

Fig. 55. Calculation of
the temperature of the
wall of a flame tube.

168




R ey

In turn,
Qo= Qp.t Q.

i.e., it 1s made up from the heat given off by the flame to the wall
by radiation and convection.

The value Qu = Q,+Q,, 1-e., 1s equal to the sum of the heat
given off by the wall to the cooling air by convection, and the
heat given off by the wall by radiation of the interior surface of
the casing. However, Q, ,= Q. 1.e., are equal to the heat given off
by the casing to the cooling air as a result of a convection. This
means the heat obtained by the cooling air

QO= Qm.l '*:Qu.az Qu.‘+ Ql..l b Q‘-

The heat given off by the flame by means of radiation, is
computed according to the equation

Q0. = st s [ (Tt ) — (Z52)] (62) -

where Oy — emission constant of an ideal black body; F,. ,.,— interior
surface of the flame tube; eg ~ conventional degree of blackness of

the flames approximately equal to 0.07-0.10; e, — emissivity factor
of the enclosure;

tem = 0,5() + 8cn)s

where ¢, — the degree of blackness of the surface of the given
material. For oxidized steel e, =0,8-10.

The calculated temperature of the gas in the flame T,, in first
approximation can be considered equal to the theoretical temperature
of the gas in the combustion zone with an excess alr ratilo a_. The
unknown temperature of the wall of the flame tube T, ,, [°K] which must
first be pilven enters into the expression Qs.. Usually it is equal to
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700-850°C depending on the material of the flame tube and the
operating conditions of the chamber. Experiments show that Qs

comprises the basic part of Q¢. Nevertheless, in a number of cases
it is impossible to ignore

Qll’.laa*.f:..'#(po' (63)

although the computing of this value in general 1s complex. At the
beginning it is necessary to determine the coefficient of heat trans-
fer from the gas to the wall a4 ,, and the average difference of
temperatures Af., = (T, , — Tx.n) Wwhere T, ,— the average character-
istic temperature of the gas-alr flow. It can be consldered that
T.o=T,+ C(T,,—T,) where T,<T, ,<T,, Coefficlent C is determlned
experimentally. Usually ¢ = 0.5-0,8.

For calculation of a; ., it 1s possible to use the equation

G‘l"“ 1.; 0.3
.= T (e i (722 ) o0
x. |mp. & . mp

where heat capacity and molecular weilght of the gas are taken at the
temperature of the wall

Qﬂ-l'—- a..ix. -p A‘cp}. (65)

where e,, — coefficient of heat transfer from the flame tube to the
cooling air, and the average effectlve dilfference of temperatures

) [

At = x. mp ‘e .
T 23 Lx. E!_:'_".
L mp -4,

The temperature to which the cooling air willl be heated té,
can be ffound by the method of consecutlive approximations from the
equation @, :- @, 1.€., Q.+ Qu« = (02— a) LG, ({, — 1). The average
heat capacity of the air in the tB and té temperature range must be
given. The temperature of the exterlor surface of the flame tube
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is determined from the equation

‘;:.mp=‘x.mp—vqi.:‘c-

The value a,, is found from the expression

Soo = No g

where A — coefficient of thermal conductivity of air when t= by mp
§ — thickness of the wall of the flame tube; d,. .., — equivalent
diameter of the flame tube.:

‘The Nu number can be calculated using the equation Nu = 0.018
, where Re= 'i*iar;m

ReO.S

In this way, for computation of a,,” i1t 1s necessary %o have
given the value of the veloelty of cooling air Wy

The quantity of heat being transferred from the flame tube to
the wall of the casing by radiation,

Qns = aroFi. g | (e ) Ty )] (66)

where F, ,, — exterior surface of the flame tube;

Fie mp = N (0o my + 20) lyc. mpr
Usually 8§ = 1.5~3 mm. [he emissivity factor

]
Ly = 5
* ! + Fx.mﬂ’ 1 -—l)'
Cx. mp Fep \ 2xp

where & and £, — the degree of blackness of the exterior surface
of the flame tube and interior surface of the casing F.; ¢, = 0,67-0,71.

171




In the expression Q,, there enters the temperature of the interior
surface of the casing T, which is given, considering that
T,=7,+c (T, ., —T) where the coefficient ¢' = 0.05-0.20.

Substituting in equaticns (62)-(65) the accepted values, we check
to see whether the equality Q, = Qx ., takes place. If equality is not
obtained, it is necessary to change the accepted values of flg m OF
W, and to repeat the calculation.

The very simple diagram examined 1a a number of specific cases
should be augmented by special calculations which reflect the
effect of film, jet or cther cooling changing the temperature
condition or the wall of the flame tube, or must be specifically

defined, allowing fcr experimental research on heat exchange 1n
chambers of a glven design.
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CHAPTER X

] DESIGN, CALCULATION AND CPERATING CHARACTERISTICS
' OF COMBUSTION CHAMBERS

§ 40. Desizn of Combustisn Znambers

annular, cannular, or sectional combustion chamber. Typical diagram-
of the arrangement of combustion chambers on alrcraft GTD with
{ centrifugzl and axial-flow compressors are presented in Fig. 56.
Pigure 57 shows an exterior view of an aircraft GTD with a centrifugal
= compressor, having a sectional combustion chamber, consisting of nine
individual can-type chambers. The centrifugal compresscr specified
the slanted arrangement of the combustion chambers. The individual
:: elements of the chamber can be seen in Fig. 58. The intake diffuser
: of chamber 1 1s connected by a collar with the duct of the compressor
3 and the casing of the chamber 2. In two of the nine chambers

i Aircraft gas turbine engines [GTD] (FTA), as a rule, have an
i
i

starters have been Installed, consisting of an electric igniter and
starting injector. The starting device 1s shown separately in

Fig. 59. The flame tube 4 is secured in casing 2 (Fig. 58).

: The forward attachment of the flame tube, *he diagram of which
ES is given in Fig. 60, is carried out by three tubes attached tc the
casingm, which enter the sleeves welded to the flame tube. The

S radial clearance between the face of the tube and the external sur-
face of the flame tube permits it to expand freely (indicated by the
| dotted line) during heating without disturbing the centering in tre
; casing. Two such tubes 5 of the chamber shown in Fig. 58 are used
as interconnecting tubes for the transfer of the flames.

§
3
¥
H
L
H
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Fig. 56. Diagram of arrangement of
combustion chambers on a GTD: a) with
centrifugal compressor; b) with axial-
flow compressor; 1 — intake; 2 — com-
bustion chamber; 3 — turbine; 4 — out-
let nozzle; 5 — centrifugal compressor;
6 — axial-flow compressor.

Fig. 57. Exterlor view of an alrcraft GTD
with centrifugal compressor.

The forward part of the flame tube 1s attached to the casing and

can expand in an axial direction by shifting in the sliding back
support. The tail part of the flame tube on 1lts circumference has

elght stellite built-up collars 6, which slip on the annulus of the
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casing. The flame tube is made of EI435 sheet steel in a thickness

of 1.2-2.5 mm. The individual parts of the flame tube are seam
welded.

Fig. 58. Aircraft GTD combustion chamber.

Fig. 59. Starter: 1 - injector; 2 —
fllter; 3 — pipe for fuel feed; 4 — elec-
tromagnetic valve; 5 — igniter; 6 —
casing; 7 — flame tube.

Fig. 60. Diagram of front
attachment of flame tube: 1 -
casing; 2 — tube; 3 - flame
tube; 4 - sleeves.

The front device has an intake cone 7 for measuring out the air
which goes to the front, and a hemispherical face shell 8 in the
interior which there 1s located a perforated partition 9 and further,
aocon'eal shell 10 with several rows of openings.
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In the center of the conical shell there is located a duplex,
dual-nozzle centrifugal injector 11, which 1s set in the interior
ring ¢f the blade swirler 12, the ten blades of which are set at an
angle of 50° to the axis of the chamber. In the place of the weld of
the hemispherical shell with the conical cuts 13 are made along the

axis of the chamber, which permits the hotter conical shell to freely
expand.

The following, cylindrical section of the flame tube has a
special stamping 14 for rigidity with openings of small diameter
through which air enters, which cools the next part of the flame tube.
Cylindrical shell 15 is cooled by air entering through openings 16
in the conical shell. Along the length of the cylindrical shell
lateral openings 17 are made for supply of primary alr. A part of
the primary air enters through the following similar shell. Behind
it goes a conical shell with openings of large diameter 18 — these
are the mixing ports, through which cooling air enters. The casing
of each of the nine chambers is mounted with negative allowance in
the ring of the common gas collector 19 on intake to the turbine.

In case of unsuccessful starting,in all combustion chambers
provision 1s made for the overflow of fuel from the lower points of
the gas collector and the shell through a system of dralnage valves.
The heat density of the chamber comprises about 40-16 kcal/(m3-h x
» atm(abs.)). Pressure loss YE::;;;; The combustion efficiency of
the fuel attains a value of ﬁ,2=087-03E

A longltudinal section of an annular combustion chamber of an
alreraft G'D wlth an axial compressor is shown in Fig. 61. Exterior
9 and interior 4 flame tubpes are made from a stamping of sheet steel
type EI652 with a thickness of 1.6 mm and welded to front part 12
which has twelve heads 2 with a blade swirler 15 and centritugal
Injector 1 1n the center. Tc the series of heads there are welded

sleeves 14, into which pins 13 enter, fastening the front part of
the flame tube.
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Fig. 61. Annular combustion chamber.

The tail part of the chamber slides by its collars 5 in the
ring of the gas collector. The shells of the flame tube are connected
through adapter plates 7 by rivets 6 and provide admission of an
annular film of cooling air inside the flame tube. To reduce rigidity
and to avoid splitting and warping, the ends of the sheils have
longitudinal cuts 3. The openings 11 and 8 for the feed of primary
and cooling air are flangced or are compressed by special epplied
pistons for their protection against splitting. The chamber is
provided with two igniters 10.

Figure 62 gives a general view of the flame tube of an annuiar
combustion chamber of another alrcraft GTD, where the mixer is made
in the form of slot rozzles 1 on the interior flame tube and nozzles

4 on the external flame tube. The chamber has ten heads 3 with piade
swirlers 2.

Fig. 62. Exterior view of
a flame tube of an annular
ccmbustion chamber.
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Figure 63 gives a diagram of the arrangement of a reverse-flow
combustion chamber of an alrcraft GTD with a centrifugal compressor.
The centrifugal injector 1 1s installed in the center of the front
device 2, conslsting of a plate with openings. Each of the ten
chambers has an integral cylindrical flame tube 4 with rows of
stampings 3 of the "grater" type and openings 5.

] 2
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Fig. 63. Aircraft GTD with reverse-
flow sectlional combustion chambers.

Figure 64 shows the center part of the engine of the first gas-
turbine locomotive from the Kolomna diesel locomotive plant with
600G h.p. in two sections, with a sectional combustion chamber 1,
having a front device 2 and two concentric blade swirlers. The blade
angle of the swirler i1s equal to U45°. The number of individual
combustion chambers n = 6, the basic fuel — mazut. On three of the
8ix champbers for firing the mixture there 1s installed an igniter 3
simifar to that presented in Fig. 59. The forward part of the
telescoping flame tube, made out of sheet steel Kh23N18 with a thick-
neis of 2 mm and consisting of a number of welded shells, is fixed in
housing Ly six radial plates 4 welded onto the front device. The
plates are compressed between flanges and have radial clearances
which provide a capabillity of thermal expansion. The tall part of
the flame tube slides on slits in an annulus of the housing.
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Along the length of the flame tube openings have been provided
for the feed of primary air and for eight mixer slots. Injector 5 is
centrifugal, dual-nozzle, duplex. On housing 6, made out of St. 3

steel with a thickness of 3 mm, there is a bellows 7 to receive
thermal expansion.

Between the casing and the flame tube a screen is located made
out of 1Khl8N9T steel 1.5 mm thick. The temperature of gases before
the turbine is equal to 727°C with an excess air ratio ay = 5.05.

Air pressure behind the compressor is equal to 6 atm(abs.), and the
air temperature is 240°C. The air consumption through one chamber

GB = 3.93 kg/s. The average velocity of air in the ches~ber,
calculated from the parameters of the alr on outlet fr .a the com-
pressor 1is equal to 17 m/s; the velocity of the cooling air W, *® 50
m/s. Conditional velocity of flow in the combustilon zone = 10 m/s.
The calculated combustion intensity of the working volume of the

chamber is 12-106 kcal/(m3-h-atm(abs.)). The excess air ratio in the
combustion zone a. = 2.6.

In each chamber there stands one duplex dual-nozzle centrifugal
injector with a fuel cone angle BT = 90° and the maximum fuel
consumption Gy = 205 kg/h at a fuel pressure equal to 56 kgf/cm .

The combustion chamber was tested on dlesel fuel and mazut
(F-12, FS-5 and a sulphurous mazut per Petroleum Industry Departmental
Technical Specifications [VTU NP] (BTY HN) U427-55) with various

expenditures and parameters of alr from rated conditions to idling
of the engine.

Figure 65b for rated condition gives a diagram of the distri-
bution of air along the length of the flame tube; Fig. 65c glves a
graph of the change 1n the combustion efficiency of the fuel N wlth
a change of ay(G, :3.93 = const). On partial loads even on diesel fuel
this model of a chamber operated insufficiently well. Formation of

carbon and partial warplng of the shells of the flame tube were
observed (Fig. 65a).
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Fig. 65. Results of research on the GTD
combustion chamber of the Kolomna gas

turbine locomotive: 1 — mazut; 2 — diesel
fuel.

Another model of this GTD chamber is shown in Fig. 66a. Here
the front device and the igniter are changed. The blade angle of the
swirler is equal to 65°. The cone of fuel of the main jet is ignited
by creeping discharge electric igniters 1 installed in three of the
six chambers. Here in the capacity of a working fuel, mazut preheated
to 120°C is used, and solar oll serves as the primary fuel. To reduce
heat losses into the environment, between the housing and the flame
tube a screen 2 is located made of sheet steel with a thickness of
1.2 mm. Tests of thls model of a chamber were also conducted with

diesel fuel (curve 2) and mazut (curve 1) and they gave very good
results (Fig. 66b and c).

The combustlon efficiency of the fuel n_ of this chamber does
not drop below 0.92-0.93 even under partial loads. The temperature of
the wall of the flame tube does not exceed 600°C; the degree of
discontinuity cf the temperature of the gases on outlet from the
chamber 6§ = 8-12% (instead of 26-32% with the first model). The
total head losses in the chamber did not exceed 2%. Starting the

chamber which has the igniter 1s performed reliably in 9-8 s; the
entire chamber unit starts in 20-40 s.
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One of the subsequent models of a GTD for a locomotive from the
Kolomna diesel locomotive plant 1s developed with a counter-current
comoustion chamber (a reverse-flow chamber) according to the diagram
presented in Fig. 67. The chamber is also sectional, using the basic
parts of the direct-flow GTD chamber of the first model. With such
an arrangement an access to the chamber 1s simplified and the length
of the engine rotor 1s shortened.

A locomotive GTD, buillt in Czechoslovakla has onre remote
reverse-flow combustion chamber (Fig. 68) with a telescoping flame
tube 1. Four centrifugal single-stage injectors are attached in tube
2 located in the center of blade swirler 3. The basic fuel — mazut,
and the starting fuel — diesel fuel. Igniter 4 has an electric plug
and booster injector.

An interesting design of an annular combustion chamber 1 1s the
marine GTD of 276 h.p. built by the French firm Turbomeca. A
longitudinal section of the center part of the GTD 1s shown in Fig.
69a. From the centrifugal compressor 2 air with a pressure of
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Fig. 67. Sectional reverse-flow combustion chamber of a locomo-
tive GTD.

Fig. 68. Remote reverse-flow com-
bustion chamber.

-—ﬂmw-—ﬁ

3.7 atm(abs.) enters annular shell 3 and then through a series of
openings and slots inside the toroidal flame tube 4. The temperature
of gases on outlet from the combustion chamber equals 800°C. Gas

01l serves as the fuel. For starting, an clcctric igniter
which ignites the circular fan of fuel 6 which is delivered via tube
8 and is sprayed through the openings of rotor 7 which turns at

35,000 r/min.
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Fig. 69. Diagrams of GTD: a) marine with
annular combustion chamber; b) of a sea-
going launch with individaal combustion

chamber.

tucl 1s supplied at low pressure and is apportioned by a speclal

valve. Otarting time of the GTD does not exceed 20 s. Fuel con-
sumption amounts to 0.471 kg/(horsepower hour) .

Figure 69b provides a longitudihal section of a GTD of a seagoing
launch of N8 = 200 horsepower with an individual combustion chamber 1
the housing of which has tnermal insulation 2 to reduce heat losses

.nto the environment.
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Figure 70 shows versions of the remote combustion chamber of
the GT-25-700 of the Leningrad Metal Plant for operation on liguid
fuel and gas. The flame tube — telescoping with opening= in the
shells for the supply of p: imary air. The shells of the flame tube
are fastened on longitudinal lathes 1, rigidly connected in the
upper part of the housing. Along the length of the gas collector
supplementary sliding hangers 2 are provided. The mixer is miade in
the form of slit nozzles 3, which are protected against flame action
by the deflectors 4, under which the cooling air enters.

Fig. 70. Remote reverse~flow combustion
chamber Q(T-25-T700.
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The chamber of version I to operate on zas has in the center of
the basic gas burner an electric plug 5 and the liquid-fuel starting
injector. Around 1t 1s located annulus 6 with the ribs of the pilot
gas burner to which a gas-air mixture of constant composition is
fed under all condit’ons, which ensures steady combustion of the basic
gas cone. The folliowing annulus 7 serves for supplying gas to the
main burner representing alternating interblade channels of the
swirler for alr and gas. Alr from the annular cavity of the chamber
enters these channels through a special elbow-shaped inlet 8, and the
gas — through ports 9 (version II, cross section C-C). In the end of
the chamber at the outlet and along its length there are installed
inspection ports 10 for visual observation of the operation in the
comuvustion zone. Version II of the chamber has been developed to
operate on gas and liquid fuel. In the center of each five gas
burners a liquid fuel injJector is installed., The electrodes of
igniter 11 (section A-A) pass between the swirler wvanes.

In the GTD combustion chambers s0lid fuel can also be used,
particularly, coal, peat, and others.

At the Baumann Moscow Higher Technical School [MVTU] (MBTY) a
device has been developed for burning coal dust in a direct-flow
combustion chamber, a diagram of which is shown in Fig. 71. In the
chamber Moscow brown coal dust and Donets gas coal dust are burned,
giving a residue R70 + 20-30% on a No. 70 sieve., The length of the
flame tube 5, depending on the fuel and the corditions of the experi-
ment, can be changed from 795 to 1963 mm. The diameter of the flame
tube dy. ., = 232 am. Fuel consumption is changed from 7 to 50 kg/h. Alr
pressure aftains 1.5 atm. Co2l dust in the primary air flow
part in a ratio (by weight) of approxim&tely 1:1 is delivered via
pipe I to injector 3 sho.n in Fig. 72. This eir pressure at 0.2-0.6
atm(aba.) exceeds the air pressure in the chamber. The dust-~laden
air flowing arocund the cone enters the combustion zcone of the
chamber. Additienally, pert of the primary air on pipe II (see
} and the center annulus btetween walls 6 and 7 at first enters
the lower pait of the flame tube, and then, having couvled it, rises
the blade swirler L of the front device. 8Secondary air via pipe III
and the external annulus goes to adjustable nozzle 8 of mixer 9,

o ~»
CLE.
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Fig, 71. A e¢eal dust combus=
tion chamber,

Fig. 72. A coal dust
Injector.
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3 The chamber operates with "dry slag," i.e., the temperature rate

a is maintained at such a level that the slag will not melt on outlet
from the working volume. A basic portion of the fraction of solid
slag 1s borne by the gas flow from the chamber into the purifying
system and a certain part sinks into glag-collector 10. The chamber
i1s started by an electric igniter 1, which ignites the cone of liquid
fuel of the starting injectors 2. The system for purifying the gas

. from slag has two steps. The coarssz cleaning step i1s an inertial

louvered acvice (Fig. 73). Trapped slag 3 with a small quantity of

‘ Fas 1o directed into a slag-separating cyclone of the type shown in

§ 7 (Fig. 76), where the slag 1s deposited and the gases return to the

' cleaning current in this step. Further, the gases proceed into the

; fine cleaning step — the turbocyclone, a diagram of which is shown

' in Fig. 74. 1Initially, the rotor 1 of this equipment, together with

e S B F i i
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Fig. 73. Diagram of a louvered gas
purifier: 1 — dust-laden flow; 2 —
purified flow; 3 — trapped dust.
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Fig. 74. Diagram of a
turbocyclone gas purifiler.

Rotor blade

compressor bLlades 1! was put into rotation by the gas flow passing
through turbine blades 1".

Later a drive was made frcim a speclal
electyric motor.

Under the action of centrifugal forces, the sol:l
particles of slag are transported to the periphery and fall, together
with a small quantity of gas, into the slot and then into the
circular dust-collector 2, whence the gas 1s drawn off through 2n
additional cyclone, and is introduced into the purified flow. With
an average rotational speed of the bladed turbocyclone equal to 50

m/s, the overall coefficient of cleaning reaches 85%, whereby all

particles larger than 20 um are trapped. As the experiment shcws,

particles smaller than 20 um do not cause significant damage to parts
of the flow-through part of the turbine and in practice do not reduce
the life and reliability of the operation of the engine. PFigure 75
3hows the dependence of the combustion efficiency coefficient n. on
the excess ailr ratiocg_in the combustion zone for Dorets gas coal

dust (curve 1) with a length of flame tube L, .= 785wux and for Moscow
coal (curve 2) with I, ., = 1963 au.
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Fig. 76. Diagram of the combustion
chamber and the purifying system of the
Alco gas turbine locomctive.

The American firm Alco-Allis-Chalmers built a gas-turbine loco-

motive operating on coal dust with a direct-flow combustion chamber

with "dry" slag removal. A diagram of this combustion chamber and
of the two-stage purifying system is shown in Fig. 76. Chamber 2 has
a flame tube of the telescoping type with row of circular shells
fastened by four longitudinal saw-tooth plates 4. 1In the center of
the front device there 1s composite injector 3, the construction of
which and its position in the chamber are shown in Fig. 77.

= Y

Fig. 77. Coal dust combustion cham-
ber and injJjector.
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The central tube 1 (Fig. 77b) ends in the liquid fuel (solar
oil) starting injector, which simultaneously also serves as the
pllot injector, which constantly ensures the steady combustion of the
solid fuel. The dust-air mixtures enter the cavity around the

starting injector, swirling as a result of the tangential feed 2 of
the flow (Fig. 77a).

The first step in purifying is made in the form of a louvered
ash-remover 1 (Fig. 76). The trapped slag with a small quantity of
gas tangentlally enters cyclone 7 and descending in a spiral around
central tube 6 sinks to the bottom of the cyclone, while the gas via
central tube 6 returns to the basic gas flow.

The second purifying step 5 is the battery of cyclones 7.

The gas turbine locomotive using solid fuel underwent a rather
long period of experimental operation, in the :ourse of which tests

indicated sufficiently reliable operation of the combustion chamber
and the purifying system.

Figure 78 shows a diagram of a cyclone coal dust combustion
chamber of the I. I. Polzunov Central Boiler and Turbine Institute
[TsKTI] (UHTH) with 1iquid slag removal. The dust-laden air is fed
to the injector via channel 2, in the center of which the liquid
fuel starting injector 1 is located. The basic mass of air for
combustion is fed in via tangential channel 7. The cyclone chamber is
made from sheet steel with rows of welded metal radial pins, extending

“‘-—-—~—-_~hQ§__1nside and outside the chamber. The interior part of the

chambe;‘IE—EEEE‘a*wrth~a~£1narresistant chromite mass. The pins on
the outside are cooled by the air which enters through branch
connection 3, and goes between the interior pin-studded and external
(solid) housing, and further — to mixing chamber 4. The liquid

slag flows off through tap 6 into slag bunkers 5, which have 7 water

seal and locking mechanism which ensures continuity of operation of
the slag removal system,
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Fig. 78. Diagram of a cyelone coal
dust combustion chamber.

It must be noted that the possibility of using solid fuel 1is one
of the most important advantages of gas turbine engines over internal
combustion piston engines.

§ 41. Basic Parameters of Combustion Chambers

Thc change in the basic parameters of the working medium along -
the length of the combustion chamber is shown schematically in
Fig. 79. 1In the central part of the chamber a decrease in velocity
of flow wcp is characteristic. This makes it possible to increase
the time of stay of the mixture in the combustion zone

4 1 W, = Gquy
4 4 = ’
3 (73 >

where GB — total weight expenditure of air in the chamber; Pc — area
of cross section of the housing according tc the internal diameter of

the chamber DK, less the area of section of the walls of the flame
tube; v, T specific volume of alr on intake to the combustion chamber.
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Velocity wcp is an arbitrary value, since the specific weight is
taken from the parameters of air on intake, but from the value of Fc
the area of cross section of the reverse current zone is not deducted,
where there 1s no direct flow along the axis. Howewver thls is a
convenient average characteristic of the design of the chamber, which
for a given class of GTD fluctuates within rather rarrow limits. In
exactly the same manner it 1is possible to conditionally compute the
average velocity of flow in the interior of the flame tube Vs
determining it according to the entire interilor area of c¢ross section
of the flame tube, the expenditure of primary-GI, and the specific
weight of alr on intake to the chamber,

Pig. 79. Change in basic
parameters along the
length of a combustion
chanmber.

In planning a new design of a combustion chamber the wvalues of
conditional velocities ”cp and w_ are taken within limits character-
istic for chambers of this class of GTD. This permits calculating
the initial interior diameter of the flame tube and the casing.

In Table i1, according to the @ata of a number of completed
designs of combustion chambers of various classes of -engines,
tentative values of the quantities mentioned are given. Furthermore,
in the table, values are shown for combustion intensity H, the
velocities of cooling @ir Wy in the clearance between the flame tube
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Table 11. Basic parameters of GTD combustion chambers.

"Rl —

x
Velocities in w/s "}; =
33
Gas turbine o
Fuel - : et o oe ol s . Lok ,)
engines : : o e 27 (7 P
R
' x
@, -, wy v, )
-] f -4
: T X =¥
e W
- Afrcraft Kerosene | o—100—130) | 17—97| e0—10 | 20—5| 0.3-08 |1.23-17—2,2)] 2-7 2.0 | @3-3,8—
{125~2%0) =
Stationary andjHeav 0=—-80-=(100) | 7-17] 6080 | 1628} 0.3—0,8 1,6-2,3 830 2,6=3.8 | (4)—4.0—
transport 118 d S 133=128) 8.5=(8)
and gas
Stationary and|Coal :
Yﬁ'ﬁm%m Juxt 55-80-(100) 5070 3
with "dry" slag 55-80-(100) | -3 =~ B-21 0808 | 1.4~23 ) =4 | 4.5-00
with "1iquia® = S5-00—(100) | 4-v | ®0=80 |10—0) 0.3-0.8 | 1.1=1,e 3-18 = | 45=00

slag } . (-8)

SFor cannular chambers and circular combustion chambers up to 4.

and the casing (or shield), the excess air ratios %4p for the
expenditure of air going through the swirler, a in the combustion

zone and a; of the total, the relationship of length to diameter of

the flame tube 7 '”. and also velocity w, in the openings of the
.
flame tube.

§ 42. System of Calculation of
Combustion Chambers

‘ In planning a combustion chamber for a given gas turbine engine,
F ! the following values must be known:

. 1) total expenditure of air in the engine G,
2) temperature of air on intake to the combustion chamber tB'

]

3) pressure of a‘r on intake to the chamber Py’
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4) temperature of the gas on outlet from the chamber tr;

5) kind of fuel;
6) class (purpose) of the engine.

Knowing the kind of fuel, it is possible to determine from
handbooks its composition and lower working heat of combustion at
standard temperature. If such data are lacking, the heat of combustion
0», just as the stoichiometric gquantity of air L, kg/kg can be
calculated from expressions (4) and (5).

For a given class of engine a type of combustion chamber is
selected. A sectional combustion chamber is accepted, then further
calculation is conducted on one of the n chambers (sections) on air
expended through it G,=£:.’-. The number of chambers n should be
selected optimally both from the point of view of the arrangement of
the whole engine, its dimensions on midsection, and from the point of
view of operatirg conditions and the characteristics of the chamber
itself. Each chamber should be spaced from the neighboring one by
a distance which ensures reliable operation of the branch connections
for the transfer of flames. Division of the general flow of air into
n parts should not lead to the necessity of using injectors of
excessively small dimensions. The total surface of ducts and the
number of individual working volumes should not increase too much

pressure losses and the nonuniformity of gas temperature after the
chamber.,

The chamber is calculated according to the following scheme.

1. For determination of the composition, heat capacity of the
working gasen, and the expenditure of fuel through the combustion
chambers, a total excess alr ratio Oy is computed a~cording to
expression (57), prelimirarily assigned by the val..e of the coeffi-
clent of combustion efficieacy of the fuel n_. The value of n_, as
a rule, must be taken within limits of n_ = 0.97-0.99. Knowing
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Gps B i1s determined according to expression (58), and °p according
r
to expression (60) and, finally, the weight (mass) expenditure of

fuel Gy = g¢-G,.

2. For determination of the internal diameter of the flame tube,
values are assigned of average conditional veloclty and excess alr
ratio in the combustion zone: v and o (for example, in Table 11).
Then

whence the area of cross section of the flame ture for the midsection

Go,
me=_';7.'

L

and the internal dlameter of the flame tube

e .
bom= V22

3. For determination of the length of the flame tube values are
assigned for the combustion intensity of the chamber <orking volume
H. Then the working volume

Knowling the volume and area of the flame tube, they determine
its length [, = ?— and they check the ratilo (-) ., which must be
selected as characteristic for the given class of engines. If the
ratio (.-’-}x' exceeds the limits characteristic for this class of

enpines, then 1t 1s necessary to reexamine the choice of values of
4y W and M,

4., For the determination of the internal diameter of the casing,

thickness of the walls of the flame tube 8, ,, and velocity v, of
secondary air in the clearance between the flame tube and the casing
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The value of 8§, ., in chauhers of ailrcraft and

transport GTD is usually equal to 1.5-3 wa; in stationary GTD for
remote chambers attains 4-5 mm.

(shield) are assigned.

The area of section of the annular clearance,

-o__;i__'._

Fg-"—"-.

where G, =G, — G,. G — the part of the primary air introduced inside
the flame tube up to cross section on the midsection of the flame
tube, where its diameter is equal to d. ., This part of the air can
be found, having been assigned by the distribution of primary air
along thc length of the combustion zone, for example, as shown in
Fig. 4. This simultaneously gives the law of change in the coeffi-
clent of heat elimination along the length of the combustion zone
(Pig. 48b). First it is necessary from the overall value of [ .,

to separate the length of the combustion gone and the length of the

mixing zone. As a rule, the length of the ecombustion zone comprises
55-65% Of Iy ppr

Further, knowing Pz, they determine the internal diameter of the
casing

D= Vg Fot e g + 200 0.

Thils stage of the calculation is completed by determining
from the cross sections of the flame tube the number and diameters
of the openings for the feed of primary, cooling, and secondary air
allowing for the remarks mentioned above (see Fig. U6b, 5la and b).
Let us remember that the air entering through the openings inside the
flame tube executes various functions, and this determines the place
and the method of supplying it.

Air for internal cooling of the flame tube 1s supplied along the
interior surface of the wall to a depth of several mm, elther by a
continuous circular film, or through a great number of small openings
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(with diameters of 2-5 mm with pitch of 15-30 mm on circumfevence).
These openings frequently are located on special stampings (ridges)
on the flame tube. The primary air which takes part in the oxidation
of the fuel is supplied in this part of the flame tube deeper (to
0.5-0.7 of the radius of the flame tube), distributed in bands. The
diamef;er 61‘ the openings here are greater (,, = lz;ad u).‘ The number
of openings in a band depending on the diameter of the flame tube,
can be taken as ., = #) —6— 12 — 16 — (20), respectively, with

de.pp = (150) — 200 — 300 — 400 — (450) mm. Air i1s fed into the mixing
zone for cooling the gases. The depth of penetration of the air jets

h in the mixer 1is greater still (up to 0.95-1.0 of the radius of the
flame tube).

As indicated in § 35, the expenditure of air through the
openings of the flame tube 1s determined by the expression

o
Gono =1 G, NomdOr

where v, ~ veloclty of alr in the openings.

The depth of penetration of the Jets is determined according

to the empirical equation s =d,, [0,3 +0,4|5(¢“" )J(‘L)'r After

calculation of the openings a design 1s selected for the front device
of the flame tube.

5. Knowing the geometry of all the ducts of the combustion
chamber, temperature rate of the walls of the flame tube are calcu-
lated according to the diagram given in § 39. This calculation
determines the correctness of the choice of value ot Wy If the
temperature of the wall, allowing for the supplementary effect of
the internal film cooling 1s unsatisfac“ory, the value of velocity

W, accepted in 4 must be changed.

6. Knowing the system of the design &nd th~ basic nperating
parameters of the combustion chamber, determine the distribution of
the alrfiows and the total head loss by indlvidual channels and by
the chamber as a whole (according to the diagram shown in § 37).

197




This finishes the calculation of the chamber. Further on the
elements and parts of the design are worked out: the fastening of
the flame tube, the system of connection of its individual shells,
the design of the injector, the fuel feed system, and others. After

planning, the stage of experimental research and modification of the
chamber usually follows.

§ 43, Experimental Research and
Characteristics of Combustion

Chambers

The experimental research on a newly created combustion chamber
should determine whether the actual characteristics of its operation
correspond to those necessary and which were obtained in the calcu-
lations and planning. If the actual characteristics are worse than
calculated, then modification actions are performed, ii. the process
of which, by changing the individual elements of the design, the
distribution of air along the length of the chamber, the twisting
of the flow in the bladed swirler, the velocity of flows via ducts
and in openings and others, the necessary indices of operation are
attained. An experimental installation should have a source of
compressed air and system of equipment for measuring the parameters
which determine the characteristics of the combustion chamber, of

which the most important is the value of the coefficient of fuel
combustion efficiency n..

It is necessary to determine the following values:
1) consumption of air GB in kg/s;

2) temperature of air on intake to the combustion c¢hamber
T: in °K;

2
3) the total air pressure on intake to the chamber P: in kgf/cm”;

4) fuel consumption GT in kg/h;
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5) the temperature of the fuel before the injector T% in °K;

6) the total pressure of gases on outlet from the chamber p} in
kgf/cmz;

7) the temperature of gases on outlet from the chamber T: in °K.

For measurement of alr consumption 1t is necassary to use
standard flow measuring devices, for example, nozzles, diaphragms,
and so on, and to install them on a straight section of duct. GB is
computed according to the known expression

G,= a,!l";'/ 1‘—:—'! kg/s,

where ap — the flow coefficient; € — the coefficient of Jet compres;
sion; Fp — the cross section area of the flow-measuring device in m ;
App — the difference in staticzpressures in front of and after the
flow-measuring device in kgf/m"; vp — the specific volume of air
before the flow-measuring device in m3/kg.

For computing vp, the static pressufe and air temperature are
measured. The air temperature is usually measured at a couple (two
to three) points on cross section, most often by thermocouples (for
example, chromel-copel), and later is averaged. At an even field of
temperatures and velocities on inlet to the flow-metering device its
average arithmetical value can be taken.

‘'he static pressure (excess) i1s measured in the annular header,
which 1s connected by drillings with the air manifold. For computing
absolute pressure Pg» the barometric pressure is measured. The
total head of air on intake to the combustion chamber 1s determined
by the total head pipes. Fuel consumption is determined by weighing.

Determination of the parameters of the gas on outlet from the
chamber (P, 9, T;) presents considerable difficulties in view of the
fact that the field of temperatures and velocities of the flow are
usually not uniform here. To obtain accurate values of the average
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values of parameters, a great number of measurements are performed
and the readings averaged, whereby caloculation is made of the
expeniiture of gas passing through that part of the section, where
these parameters were measured., Most often, the tempergture of the
gas is determined as an average weight (T), considering static
pressure for the section of the measuring section as constant. For
determination of this temperature, the cross section of the area of
the measuring section are broken down into a sufficiently large
number of equal sections and on each of them (usually at four points

1r_1 respect to two mutually perpendicuscr diameters) the temperature
and total pressure of the gas are measurid.

The readings of the thermocouples of each section are averaged,
usually arithmetically, Just as the readings of the total head pilpes.

For each section the value of impact head is determined

Rt

m-n?—»--%kxlnz

The welighted-mean temperature of gases on outlet from the
combustion chamber

where (T,), — stagnation temperature of the gases, average for the
given area of section dF; 4G, =

through section dl"i; ")

irtven area in m/s.

".“" — the weight expenditure of gas
i~ the velocity of the gas flowing through a

Consldering that, impact pressure ,q,-%. the value of area )

dt‘i = nd(z-?) and the specific volume of gas q-%—r‘-'-(where p = const),
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The value of (1‘),, is determined from the graph of dependences

[(T'). r—-] and on r2. The value of (T'),, is obtained as
v @ ™

partial from the division of areas under the curves.

The dependence w, == [ {ay). when Ge = const and GT = var, a3 presented
in Fig. 80a (curve 1) serves as the general characteristic of the
chamber reflecting combustion efficiency of the fuel. Greatest
combustion efficiency (n_) with @z, occurs between the blowout

limits of the flame as arr:::ﬁlt of considerable impoverishment (amax)
or enrichment by fuel (amin) of the combustibel mixture. A number
of factors have an effect on the value (W)ea. character and position
of the curve g, = f(a;). The determining ones are the distribution and

the means of supplying primary air GI along the length of the combus-
tion zone.

Elowout limit on
/-uh (fuel) mixtures

V2R
j.- tumm“ljn.

e, | oo
Pl LA
fatm(abs, ) " %
c) d)

. e W 5 e L TR R

Fig. 80. Fuel combustion efficiency in a
combusticn chamber.

%
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"~ Figure 80b shows how, for a given chamber (flame tube) with an
invariable quantity of Gy, changing the length of the section of
primary air supply, it is possible to change characteristic w, = f(ag).
If with an invariable (n).. 8ir G; 1s fed into a short section (version
I), then the process of heat evolution proceeds more intensely, and
the curve of the coefficient of heat evolution £ riges sharply. If
the air is fed into a stretched section (version II), then the £ curve
1s flat, but in turn curve w =f(@)y) 1is flatter, which permits on par-
tial loads (departing from aopr) to have rather high values of n_.
From this example it is possible to make such a conclusion. For
example, having version II, it 1s possible to operate well with
ay < (@du. 1T we change the air distribution, approximating version I,
i.e., to effect an earlier supply of primary air. Otherwise, the
value of n_ will be low because the ailr is supplie. too late, and on

outlet from the chamber the flame will appear, diverging beyond the
limit of the flame tube.

The absolute value of n. depends even more upon the character of
the input of the lateral Jets. Thus, for example, if in the chamber
of version I the depth h of the supply of the jets to the flame tube
is considerably decreased because of the decrease in the diameter of
the openings with a corresponding increase in theilr number, then the
curve n, = [(ay) will go lower (Fig. 80b, dashed curve I'). It is
natural that with an increase in k there is a certain value of hopr
above which the effect will even be negative. Let us remember that
an increase of h can also be attained by an increase in velocity v,
in the clearance between the flame tube and the casing, however, in

this cace, pressure losses in the chamber increase.

The parameters of the working medium have a considerable effect
on the combustion efficiency of the fuel, especially the temperature
and velocity, and also the air pressure on intake to the chamber.
With a decrease in air temperature ta the vaiue of n. 1s also reduced
(Fig. 80a, dashed curve 2), especially at a temperature of
t, < (100-150)°C. In this case, n. drops the more, the greater is ag.
Approximately of the same character, but in respect to the absolute
value, the effect of alr pressure Py is caniderably less. Pressure
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begins to considerably affect combustion efficiency when Py <1
atm(abs.) as shown in Fig. 80c. With a decrease in t, and Py the
blowout limits are narrowed. An increase in the velocity of air Wy
on intake, as a rule, reduces n_ (Fig. 80d), since the time of the
stay of the fuel in the combustion zone 1s reduced the aerodynamic
conditions are changed, and flame stabilization is impaired. However
with a considerable reduction of Vg below calculated in the range

far from optimum operating conditlons there is also observed a certain
reduction of n_. Figure 80e and f shows the character of the
dependence of n_ on tB and flight altitude Hnon (the effect of tB and
pa)' The latter dependence 1is substantial for aircraft GTD.

For the combustion chamber of any GTD, the characteristic of
disruption of the operating process which determines the area where
steady fuel combustion is possible is very important. This character-
istic also basically depends on composition of the mixture Qs s
velocity Wes temperature tB, and alr pressure p, on intake to the
chamber (Fig. 8la). The starting characteristic which determines the
range of values of alr velocities of alr at which can be performed
the reliable starting of the combustion chamber is aiso important. |
The startling range, naturally is narrower than the range of steady 2
combustion (Fig. 81b). )

Very important are the dependences of pressure losses

A2 100 =222 100%
'. * "

on the repgimes and other factors 1n the combustion chamber. A basic
effect, on these losses proves to be velccity W and also the value
of a, determining the thermal component of the pressure losses

(Fig. 81c and d).

During tests of combustion chambers, it is important to know
the field of temperatures of the gas on outlet (Fig. 8le). The
temperature graph is usually constructed along a radius or diameter
of the outlet section of the chamber d“. From this field it is
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Fig. 81. Characteristics of combustion cham-

bers.

possible to determine the degree of nonuniformity of the gas
temperature

g _y o =
8 o 121 mie
—-(?‘-)q— 100%,

which, as a rule, changes considerably, for example, with a change in
the air velocity w_ (Pig. 81f).

An Example of the Determination of
Basic Parameters and Dimensions of
a2 Combustion Chamber.

To determine the basic dimensions of a combustion chamber of =
locomotive gas turbine engine.

hasic data:
1) air consumption G, =28 kg/s;

2) air pressure on intake to the combusticn chamber Pg = 6.0
kgf/cmz;

3) air temperature on intake to the combustion chamber tB = 236°C;
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N eas temperatmroe before Lhe turbine t[_ = Rtey

5) fuel — naval mazut (low-sulfur) M12 corresponding to GOST
1626'"”0

Temperature of preheating of fuel before the injector ty = 120°cC.

Elementary composition of fuel in respect to working mass:
CP = 817%. HP = 1036%; S = 00T%; OF = (0° + N) = 0,77%; AP =0.20%; WP = 3,00%.

Calculation Scheme,

1. Let us select the type of combustion chamber. Taking into
account the purpose of the GTD, for the sake of simplicity of
experimental modification of the combustion chamber and its operation,
we shall select a combustion chamber layout of the sectlional type.

Let us assign a value of the coefficient of fuel combustion efficiency
n. = 0.985.

For conveiience in the arrangement of the GTD and in obtaining
optimum dimensions (for the midsection) of the combustion chamber
and the rest of the assembllies of the engine, we shall take the
number of chambers n = 6. Then the air consumption through each
chamber will be G, = 3.93 kg/s.

2. We shall determine the lower heat of combustion of fuel q‘:
and the stoichiometric quantity of air Lo:

Q@ =81.C° +26-H —-26(0P ~5) —6-W? = 9400 kcal/kg;
- Lo = 0,1149.C7 4 0,3448.H” 4- 0,0431.5” — 0,0431.0” o=

= kg of air
- =B T

3. We shall determine the quantity, composition, and the heat
capacity of the products of combustion:
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a) the quantity of "pure" products of combustion (where a = 1.0):

e —— = 4 ——— e e ——————

UR0.==°.m I’/u; ' ) '\
Vy, = 0.618-L Ly +0.000-N 3,108 ﬂ/lv:.

o,...o.mv/m SR .. w
’H.o-'“ w/ig; .

(V14,0)0009 = 0,001 - Lo-d, = 0,001 -13,30-8 —.;o.om kg

b) the weight composition of "pure" products of combustion

Y

c) the average weight heat capacity of "pure" products of

combustion

-3

("p)c am Zm

whiTe r, — welghk’ portion of each eiement. The average welght heat

capacity of air 1s taken from tables.

4. We shall determine the value of overall excess alr ratio Irom

expression(57): a, = 5.15.

5. We shall determine total fuel consumptlion

0,,-——;;7-- 128 kg/h.

- e -
Fuel consumption in one combustion chamber a,-—.'?--m kg/h.

6. We shall determine the basic dimensions of the combustion .

chamber. The erea of cross section of the flame tube Fo. ,,=L“n’ 6
From Tabic 11 we take the value a =2.0; w. = 10 m/s and # = 12-10 )

ke

:i/(m*-h-nim( aba,)). Then the consumption of primary air o,—;a.-._.n
L.56 kg/s. SGrecific volume of ailr (according to 1its parameters on
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intake to the combustion chamber) v.;ﬁs-‘--o.z »/kg. Consequently,

Fr.mp=250%5 = 0001 & and the internal diameter of the flame tube

Qo mp=02% u.

In accordance with the accepted value of combustion intensity H,
the complete length of the flame tube I, .,=085» In this case the
overall length of the casing of a combustion chamber with branch
connections will be enproximately equal to 910-930 mm. The
determined value (%) 3 should correspond to the values shown in

.
o

Table 11. The value (T) ".a,s.
=. ||
Given the thickness of the wall of the flame tube and velocity

Wy it is possible to determine the diameter of the casing of the
combustion chamber.
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CHAPTER XI

FUEL SUPPLY SYSTEM

§ 44, Liquid Fuel Supply Systems

The fuel supply system must ensure keeping ol a certain quantity
of fuel and supplying it with defined parameters into the combustion
chamber in quantities which correspond to the operating condition of
the engine. A very simple schematic dilagram of a fuel supply system
of an aircraft gas turbine engine system [GTD] (F'TA) is represented
in Fig. 82. The fuel tank 1, shown schematically in the form of one
volume, which ensures the necessary engine operating time for a
calculated load, as a rule, is divided into several tanks lccated in
various parts of the aircraft. By switching the valves, 1t is
possible to take fuel boosted by pump 2 from any tank.

Fipg. 82. Diagram of an engine fuel system.
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On the intake to the pump there is usually installed a preliminary
fuel f1lter.  Furthoer along‘on the pipe, the fuel by-passing valve 1§
of the fire emergency cutorfigoes through the first-stage fuel
filter 4 and enters the low pressure pump 5. Depending on the
resistance of subsequent parts of the system and of the gquantity of
fuel consumption, part of 1t returns through bypass valve 6 to suction
pump 5. The remaining part during the starting of the engine with
valve 10 orpen enters starting injectors 11, on the intake of which
there usually are the secondary fuel filters. After starting the
chambers, valve 10 is-closéd, and the fuel from pump 5 goes to the
basic secondary fuel filter 8 and further on to the high pressure
bump 7. From pump 7, passing through distributing valve 9, the fucl

reaches the corresponding stages of the operating two-channel centri-
fugal injectors 12.

Depending on the engine load established by the pilot or by the
system of automation, part of the fuel from valve 9 passes to pump

7. The high pressure pump [NVD] (HBA) is usually actuated from the

.shaft of the engine, and the low pressure pump [NND] (HHA) has a

separate electrical drive from on-board batteries; after starting,
the NND 1= actuated from an electric generator. As NVD usually gear
or plunger pumps are used, and as NND — gear, rotational, rotary, and

others. . The filters used are mesh, slit, felt, mesh-paper, ribbed
and so forth.

Stationary and transport GTD operating on heavy liquid fuel of
the mazut type have in the fuel=-supply system a number of auxiliary
elements. Figure 83 shows one of the versions of the diagram of the
fuel-supply system of a factory test stand for testing combustion
chambers operating on mazut. On the stand provision is made for the
simultaneous installation of two mazut combustion chambers and one
auxiliary chamber which operates on kerosene. This combustion
chamber can be used for preheating the air which goes into tne mazut
chambers. The fuel-supply system includes mazut tanks 1 and 2, and a
tank 3 for solar oil and a tank 4 for kerosene. Fuel is supplied to
these tanks from reservoir tanks by corresponding pumps 7-9. Kerosene
1s used in the preheating chamber 10 for the starting system and as
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Fig. 83. Diagram of a fuel system of a test stand for com-
bustion chambers. [MNap = Steam].

the basic fuel. The starting system of the preheating chamber has an
igniter unit with an electric igniter and starting injector. Kerosene
is supplied by pump 11 and on the way from the tank to the injector
it passes through the primary filter 13 and the secondary filter 12.

Regulating valve 19, located before the injector, directs part
of the fuel back for suction to the gear pump 11, ensuring a fuel
pressure of 2-3 kgf/cmz. Kerosene 1s supplied to the working injector,
by-passing the primary filter [FGO] (#r0) 14, and is supplied with
the low pressure pump (NNC) 6 and NVD 15, after which 1s located ihe

necondary filter [FTO] (¢#T0) 16. Part of the fuel for the NVD passes
Lhrough valve 20 back to the suetion pump.

For measurement of the consumption of kerosene, a flow-gauge
[(ShP] (W) is used. In basic chambers 25 and 26 the mazut is ignited
which is first heated in tanks (1 or 2) to 30-60°C by means of a coil
through which steam is passed. This ensures easy pumping through of
the fuel by pump 17 through FGO 18 and the part of the manifolds up
to NVD 27. Depending on the load, part of the fuel through valve 23
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i1s directed back for suction by NVD 27. The rcmaining fuel before
admission in the injector is additionally heated vo 100-150°C or in
an electric preheater [EP] (3N), or in a steam preheater [PP] (NN).

Valves 22 shut off the supply of fuel in the case when only one
. chamber 1is operating. Further the fuel passes through FTO 21, afte-
which 1t enters the first stage of the injector and with an increase
in the load (and correspondingly in the fuel pressure) through valve
24 — the second stage of the duplex nozzle. For measuring the
consumption of mazut service tank [RB] (PB) is used, mounted on
E scales 28, from which during measurement the fuel is supplied to NVD
27.

Before cutting off the fuel supply and shutting down the
combustion chambers, the system must be freed of mazut to avoid its
congealing in the system. To do this, before a chamber is shut down
it is switched tc a supply of solar oil (tank 3). After a certain
time, after exhausting the mazut remaining in the system, and having
filled it with sclar oil, the fuel supply can be cut off. Subsequent
starting of the basic chambers is made on solar oil. After a
; successful start, the system is switched over to operate from one of
i the tanks with mazut. The overflow of fuel from tanks and the
discharge of residue are performed, using pump 5.

E The engine of the gas turbine locomotive produced by the Kolomna
Diesel Locomotive Plant has the fuel-supply system, the schematic
diagram of which is shown in Fig. 84. The capacity of the heavy fuel
mazut tank 13 equal to 9000 kg; the tank for light fuel (solar oil)
has a capacity of about 200 kg. Before the injectors, the mazut is
heated to 120°C. Prcheating 1s carried out by steam which enters
from n peclal boller, at first in the main tank up to 30-4G°C, and
then — in the primary preheater 5 up to 60-80°C, and finally, in the

. main preheater 9 — up to 120°C. The primary and secondary filters
are duplicated in order to provide for their cleaning without stopping
the GTD.
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Fig. 84. Diagram of the fuel-supply
system of a locomotive GTD: 1 -
fuel-sampling device; 2 ~ tank for
magut; 3 — switch; 4 — tank of 1light
fuel; 5 and 9 — preheaters; 6 — low
ressure pump; 7 — primary filter;

— high pressure pump; 10 —
secondary filter; 11 — temperature
regulator; 12 — pressure regulator;
13 — control system valve; 14 —
cutoff valve; 15 — regulating valve;
16 and 17 — collectors of the two
injector stages; 18 — working
nozzles,

The gear type pumps have bypass valves which do not permit an
excessive Increase in pressure in the system.

Elements of the Liquid Fuel-Supply Systems

The main fuel tanks of stationary gas turbine power plant [GTU]
(F'TY) are designed usually for 20-25 hours of operation. When using
mazuts the tanks are fitted with heating devices with coils, which
are heated either by steam or Lty gas or electric heaters. A diagram
of a device for measuring the level (consumption) of viscous (heavy)
liquid fuel is shown in Fig. 85. The fuel level in the tank 1s
recorded by a column of water being displaced from tank 3 into a
glass tube with a scale 2. The tank is filled witb fuel through
branch connection 1; the fuel is heated by a steam coill 4. With a
change in the fueli level to a value of AHy, the water level in the
measuring tube will change by a value of AH, whereby AHyp= AHuy,
Consequently, the quantity of fuel consumed

e e

Gt;idhﬁﬁ’45£b;iﬂﬁn

where F — the fuel surface area in the tank; ¥ and ¥s - the specifie
weelprhts of fuel and water respectively.

The primary filters frequently are reticular, have meshes of
0.1-0.5 mm. The secondary filters should hold particles larger than
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" Fig. 85. A heavy liquid
fuel service tank.

0.07 mm. These filters are also mesh, but more frequently are
lamellar or with a filling of fibrous or porous materials. A design
of a lamellar fllter 1is schematically represented in Fig. 86a. By
turning flywheel 1, the slots between plates 3, divided by cross
pleces 4 are cleaned by cleaners 2. A design of a mesh filter is

represented in Fig. 86b. Here in housing 6 with cover 5, a cylinder
7 with grid 8 1s installed.

E Fig. 86. Diagrams of fuel filters.

A diagram of a gear pump 1s given in Fig. 87. Driving gear 1
1 is 1dentlcal with the driven one set in rotation either from the
shaft of the GTD, or from an electric motor. Fuel moves from the
suction cavity into the cavity located along the walls of the housing
in the notches between the teeth of both gears. 1f the number of
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Fig. 87. Diagram of a gear pump.

Suction

teeth for every gear 1s s, and the volume being displaced by one

gear tooth entering the notch of another is equal to ¥, then the
theoretical pump capacity

Q. '.,‘V” x’fmin,

where n — the number of revolutions of the pump shaft. Volume V 1is
equal to the product of the section of a tooth times its width.
Because of the escape of fuel into the clearances between the teeth
of the gears and between the teeth and the housing, its actual
capacity Q, = Q,.«n. The value of volume efficiency n for big pumps
attains a value of 0.8-0.9 and for low capacity pumps wu = 0,65--0,75.
The power consumed by the pump can be determimned from the expression

n-:m% kW

where Q, — the actual volume feed of the pump in m3/m1n; p — the
pressure of the fuel after the pump in at; w,—the efficiency of the
gear pump; usually g, = 0,55-0,72.

A diagram of a very simple steam preheater of fuel is indicated
in Fig. 88. For preheating the fuel it is also possible to use the
heat of the gases coming out of the turbine.

Construction and Designing of InjJectors

In GTh, mest frequently centrifugal injectors are used. A very
simple diagram of such a nozzle is represented in Fig. 89. From the
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Fig. 88. Diagram of a
#’-‘ ' steam fuel preheater.
‘ Steam

ﬂ& Condensate

\IP—'W
Puel. .
annular duct the fuel via a series of tangential openings enters the
swirl chamber 1 at velocity vye From this chamber the fuel through
nozzle 2 with radius r. flows out into the combustion chamber in the
form of a conical film with an angle at the vertex BT and it breaks
up into minute drops. A scheme for designing a very simple single~
channel injector for an ideal incompressible fluid was proposed by

G. N. Abramovich.

Fig. 89. Diagram of a single-stage
centrifugal injector.

L.et the value of R define the distance from the axis of the
nozzle to the axis of the tangential ducts supplying fuel to the
swirl channer. The velocity of the fuel flowing through these ducts,

nn—"ﬁr:-. (67)
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where Gy — the flow of fuel per second; vy — the specific volume of
fuel; n and r_. — number and radius of the tangential inlet channels.

This velocity W is also the peripheral velocity (w),, of the jet
stream of fuel moving at a radius R from the axis in the swirl
chamber. The moment of the quantity of motion of a particle of a

fluid relative to the axis of the nozzle must remain unchanged and
equal to initial value

R = vy, (68)

where r — the distance from the axis of the nozzle to the particle
which 1s moving inside the interior of the swirl chamber and the
nozzle; w,— the tangential component of velocity of this particle.

Let us note that the flow of the fluid will be vortex-free,
since rotation of the particles around its axes is absent. From
expression (68) it follows that with a decreasze in the current
radius r of value w, should grow unlimitedly. FNowever, in actuality
the growth of w, is limited. The law of conservation of energy in
the form of a Bernoulli equation

or+ g R+ 0 = (69)

where pj;, — the total excess fuel pressure before the inlet to the
injector over the pressure of the medium where it is injected; p, —
the local static pressure of the fuel in the nozzle; w, —the axial
component of velocity of the flow in the nozzle.

The effect of gravity can be disregarded since the fuel pressure
iz relatively great. FPFrom expressions (68) and (69) it follown that
when r 0 Lhe value of wy, -+ 400, and py - —es, which is physically
imponilbel, since tensile forces cannot appear in a liquid. 1In
practice, in proportion to its approach to the axis of the nc3zle and
with a decrease in r, the value of W increases until the simultane
simultaneously decreasing value of pr becomes equal to the pressure
of the medium where the fuel is being injected. Further, the value
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of py cannot be changed, since closer tu the axis of the nozzle there
1s no fuel; here through the nozzle of the injector enters a gas
(air) forming an axial air swirl with radius r,. In this way, at

radius r. the fuel pressure p; = por =0. Consequently, in the nozzle
the fuel moves along an annular section and

F= “(f:—’a’u) =0 3

where oeel-—(%!yf- the coefficient of filling the transverse section
(3
of the nozzle.

For the flow characteristic on the nozzle of the injiector we
find the distribution o: a pressure over its section, using conditions
which determine the motion of a swirling flow. We will examine an
element of a ring of liquid with interior radius r and external (¢ + dr).
The lerngth of the arc of the circular element dl =r.dg, where 8 — the
central angle between two radii r. We take the width of a circular
element as equal to one. The centrifugal force should be balanced

by the difference of pressures on the internal and external surface
of the ring, 1i.e.

o
V-dl-dpy = = dm, (70)

where the mass of the element dm=;,%df¥di-l.

Since according to the law of conservation of moment, the
quantity of motion, specifically,

then equation (70) can be rewritten thus:
! 2, . dr
dPr"’;;r (ra) (e«

Integrating thls expression, we obtain
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Pucs = gio, ' @A + const.

Wee determine Lhe constant of integration from the condition that
on the boundary of the air cable {r =r) excess pressure (ppa =0, 1l.e.

const 8%;(..)’.,

Consequently, the general expression for distribution of
pressure iIn the cross-section of the nozzle will be

e = g [ —sl]. (11)

The substitution of expression (71) in equation (69) gives an
expression for the axial component of flow velocity for the section
of th2 nozzle:

Wy = Vﬂgv,p'r,— (.IE . (72)

Hence it follows that wm, = const over the section of the injector
nozzle. Knowing the axial rate of flow, the per second volume flow
rate of fuel through the injector can be calculated from the

expression Qp = arlow, The value (@), =.._‘;'“; from the flow rate equa-
-
tion we determine

Consequently,

hence
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2
From an expression for o, we determine the ratio 7}-==1::;.

Let usc decignate :’f = At. The value of A4 1s called the geometric
ox

characteristic of a centrifugal inj:ector. After substitution we
obtailn

. - S
Qr= _/—'_7—'!—‘___| V 2ev,p;, = np }/ 2gusry, . (73)

Vis+a

The weight flow

ar=nép]/§%,h. (74)

The value —7;7%===f:=il is called the 1injector flow coefficient.
Vismts

With a change of ¢ the value cf y passes through a specific maximum
value. With small o, the value of u is small, since the section of
the nozzle is small. The value of y is reduced with very large
values of o, since in this case r, 1s small and a considerable part
of the energy is spent on the achievement of high tangential velocities
which lowers w,. A steady flow process 1s obtained when Uoax (at
maximum flow rate). The value of ¢ at which u = Moax €20 be obtained
by differentiating the expressior for u with respect to ¢ and assuming
-%}-10. In so doing

A=Yil—0

o-Veo °

After substitution of thls value of 4 in the expression for u,
we obtain

Panx =

19
I
a

With a change of A frum zero to infinlity, coefficlent p is changed
from one: to zero, Flgure G0a shows a graph of dependence of p and o
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Fig. 90. Characteristics of a centri-
fugal injector.

0 TV F T em Filea
a) b)

on the geometric characteristic A. On the same graph there 1is

indicated the dependence of the angle of expansion of the fuel cone f;
on the value of A.

On outlet from the injector nozzle, the pressufe on the section
of the stream (1f we do not take into account the forces of surface

tension) 1is unchanged and equal to the pressure in the medium where
the fuel 1s injected.

The excess pressure In the 1njector nozzle 1s converted on outlet
into impact pressure because of the fact that the axial component of
the veloclity of the stream 1s increased, moreover unevenly. At the
boundary of the alr swirl it will have least value, but on the
clrcumference of the stream — 1t 1s greatest. However durlng the
flow of an incompressible fluld the growth of axial velocity with
unchanged consumption should be accompanied by a decrease 1n the
area of cross-section of flow. In this case the flow coefficlent
is not changed. The external radius of the air swirl on outlet from
the nozzle 1s greater than 1n the interior of the swirl chamber.

The values of the axlal components of velocity on outlet from the
nozzle can be obtained from equation (69) under a condition of

equality to zero of the static pressure of the fuel in the stream
(py=0). Then

W} 4 1} = 290,07, (75)

Analogically to expression (68) IL=-1?1. and since

Qr - "’3"' 2""'0'

o = anid, axrd,
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Substituting w, in equation (75), we obtain

. R % )
P VA 1V v (76)

Consequently, with the increase in r, w, increases.

The angle of expansion of the fuel cone emerging from the
injector nozzle (f,). 1s determined by the ratio-%%. This ratlio changes
radially, and at the boundary of the air swirl the angle (ﬂ;)u>($;)m
of the angle on the periphery of the stream. It is customary to
determine the average angle ﬂ; according to the values of veloclitles

on the average radius of the useful cross-section of the stream:

o= 5= =G (140,
where
g [/
s=~ﬁ%.
Then

B\ (%
e(-3) = (52, (77)
Using the general expressions w, and w,, i1t is possible to obtain

@) = g V 2goior,

(wl)tl o P 1+ a‘%‘;?‘/zpfpfo

and
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and consequently,

tg(—’*L)" V(l'+‘_s*‘m?‘- Sk

The glven method of calculation, based on the analyuls of a
stmplitled model of an ideal 1iquid, can be used with a sufficient
approximation for practical -=lculations. Computation of the friction
of the liquid on the walls complicates the dependences.

A simple centrifugal single-stage single-nozzle injector has
hydraulic characteristic of type I, shown in Fig. 90b, where Grzz‘/;;.
Since the value of p; 1is limited by the capabilities of a given pump
and rarely exceeds 60-90 atm(abs.), then the range in change in the
flow rate of fuel in this instance 1s small. It should be borne in
mind that with low pressures (for kerosene below 3-5 atm(abs.) and
solar oil 7-10 atm(abs.)) the quality of the fuel atomization becomes

unsatisfactory. Consequently, the actual range of ratios of
consumption

= %:"I'E

is narrowed even more — to 3-5. In gas turbine englnes, especially
vehicular, as a rule, it 18 necessary to ensure considerably 2zreater
consumption ratios (about 10-15 and more). For this, systems either
are required with a large number of, in proportion to the need,
parallel connected simple sprayers, or more complex designs, for
example duplex (one or two-nozzle) injectors (Fig. 91a, the charac-
teristics of the action of stages I and II are given in Fig. 90b),
injectors with supply control because of the partial removal (bypass)
of fuel under incomplete loads (Fig. 91b), etc. 1In duplex injectors
(Fig. 9ia), the fuel under small loads is supplied only through the
first stage (1), and under big loads both stages (1 and 2) operate.
In so doinp, the total characteristic takes the form 1-2-3-4 (Fig. 90b).
When usingn centrifugal injectors with controlled fuel removal

(K. 91h), the range of change in the fuel consumption 135 also
cxparndled because of the decrease in (pg) ., and furthermore, the
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Fig. 91. Diagrams of injectors.

qualiity of fuel atomization under small loads 1s improved. In such
injectors, through tangential ducts 3 to the swirl chamber 4 under
all loads = quantity of fuel 1s supplied, corresponding to the con-
sumption of fuel under full load. Depending on the engine mode, a
greater or smaller part of the fuel, through channels 6 and a special
valve 1s drawn off back to the suction pump.

Under all loads, even when a small quantity of fuel is supplied
through nozzle 5, the quality of atomization remains good, since an
identical quantity of fuel reaches the swirl chamber and the energy
of rotation of flow is not changed. This permits reducing the value
of (Gr)mie-

The withdrawal of fuel can be carriecd out by different methods.
There are designs of injectors in which it is possible to completely
shut off the supply of fuel to the combustion chamber without stopping
the pumping of fuel through the injector. This is necessary during
operation on a heavy liquid fuel when after switching off the com-
bustion chamber, the fuel residues can congeal in the manifold and
hinder the subsequent starting of the engine.
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The composite pneumocentrifugal injector should be neted, which
is shawn ir. Fig. 91c, the operating principle of which 1s clear from
the figure. The use of compressed air avallable to the GTD, permits
even with an inslgnificant expenditure of it, not exceeding fuel
consumption in weight, to sharply imprcve the action of the injector.

An Example of the Determination of
Basic Parameters and Dimensions of
Centrifugal Injectors.

To calculate a single-stage centrifugal injector wlth a fuel
cone angle §r-- 60"

Basic data

¥Yuel consumptlion G, - 40.5-10-* kg/s with a pressure drop Ap,=3%Xx 10"

kgf/me.
Fuel — kerosene; -;'r- = 830 kg/m3.
Calceulation scheme
1. Let us select the diagram of an injector shown in Fig. 82.

2. From the graphs (Fig. 90a) for angle Br=60" we find the value

of the peometric characteristic A4 = 0.90 and the flow coefficient
= 0.461.

3. From the expression for weight flow of fuel (74) we determine
the diameter of the nozzle:

“y/ Sy
Rp or

We take in round numbers 4. :=12ss
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k, Let us select the elements of .he injector in accordance
with the value of A:

a) we take the number of intake tangential ducts n = 3 (usually
n = 2-4);

b) the arm of twist (radius R, determining the position of the
intake ducts) can be taken as R=~2,. Then R =-2-1.2:=24 an.

5. We determine the diameter of the intake tangential ducts:
os = 2 ]/f—’_jc 147 am;
we take in rounded figures du =15 as’
6. Let us select & number of supplementary dimensions:
a) the diameter of the swirl chamber D, =2(R+ ra) =630 ax;

b) the height of the cylindrical swirl chamber h is made somewhat
greater than d,; we take h = 1.8 mm;

c) the length of the nozzle Zc {the thickness of the front wall

of the nozzle) is usually taken as equal to approximately 0504, we
take I =06 ax;*

d) the length of the intake tangential ducts ZK is usually taken
as equal to approximately 2dax; we take ZK = 3 mm.

Hydraulic calculation must be determined more accurately,
allowing for rounding off of a nuwiber of the calculated dimensions.

§ 45. Solid Fuel Supply Systems

As a result of experimental research on the combu “ion of solid
fuel in GTU, were found more rational types of elements of fuel
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supply devices and of the fuel supply system as a whole were found.
To supply fuel to the injector of the coal dust combustion chamber
shown in Fig. 71 a mesh type dust feeder (Fig. 92a) was used. Its
rotor 1 is driven by an electric motor and in the lower part it has a
ring with spokes 4 to which a metal grid 5§ i1s fastened. Coal dust 3
1s placed over the grid in bin 2. Over the output opening a blowoff
duct is installed with cone 6, via which condensed air 1s supplied
for transportation of the coa.. A layer of dust caught by the rota-
tion grid is blown off by compressed air and the aeromixture enters

the 1njector. The fuel supply 1s regulated by changing number of
revolutions of the rotor.

Fig. 92. Diagrams of dust feeders.

A dlagram of a combustion chambexr based on the design of the
Baumann Moscow Higher Engineering School [MVTU] (MBTY) for a gas
turbine locomotive of ¥ = 6000 h.p. in two sections working on
bonets grade ' coal dust is shown in Fig. 93. The basic airflow
IT enters the chamber through an upper branch connection and is
divided into two parts. One part goces upward to a bladed register
6, the other turns downward to the mixer. Along the length of the
telescoplc flame tube 1 there are openings to introduce primary alr
and circular slots for air which cools the shell. Ignition 1s carried

out by igniter 2, which has an electric igniter and a liquid (starting)
fuel injector.
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Fig. 93. Diagram of the
combustion chamber of a
gas turbine locomotive
(MVTU design).

Coal dust from mesh dust feeder 5 by airflow I in a 1l:1
proportion (by weight) enters the injector located in the center of
the front device. The chamter operates with dry slag. Part of the
heavy ash and slag sinks to the lower part of the chamber. The
working gas with particles of ash on outlet form the chamber at first
falls into a louvered type primary purifying stage and fu.'ther on
into the secondary purifving stage — a turbocyclone. Here, particles
larger than 20 um are retained and the purified gas enters the
turbine. Dust feeder 5 1s attached to the upper part of the chamber
housing 7 and the pressure inside its bin is the same as that in the
combustion chamber. The rotor of the dust feeder 1s set in motion

by electric motor 3. The fuel is loaded into it by conveyer U from
an intermediate bin which 1s also under pressure.

Fipure 94a gives a longitudinal cross-section of the first
section of the locomotive where the gas turbine plant 1is located.
The combustion chamber 1 has dust feeder 2 which is loaded by con-
veyer 3 from intermediate bin 6 which connects through a valve
device with dispensing bin 4. Into the dispensing bin with a capacity
of 4 t, the fuel is fed by conveyer 5 through a second valve device

from the main bin with a capacity of 15 t which is located on a
traller tender.
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Fig. 94. Diagrams of the installatior of solid fuel GTU
on locomotilves.
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The fuel consumption during operation of the plant at rated load
is equal to 1200 kg/h. When bin 6 is loaded, the upper valve of
bin 4 is closed and the pressure in it is built up to the value of
the air pressure in the chamber; in so doing, the lower valve 1s
opened and the fuel is delivered to intermediate bin 6. When bin 4
is loaded the lower valve is closed and the upper one is opened,
connecting bin 4 with the atmosphere.

Figure 94b shows a diagram of a GTD and fuel supply system of
the gas turbine locomotive of the Alco Allis-Chalmers firm. Fuel
consumed by this locomotive amounts to 1500 kg/h; the maximum size
of coal dust particles is equal to approximately 150 um. When idling
the fuel consumption amounts to approximately 600 kg/h. Starting is
carried out by means of an electric igniter and liquid fuel supplied
by the starting injJector, which during the transition to solid fuel
is not shut off and operates as a pilot.

In the initial layout lump coal, which was supplied from the
main bin by a stoker and by a worm conveyer, was directed towards the
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back section of the bin where it was zZround up in a crusher to sizes
of pileces less than 50 mm. Further or, the coal dropped onto two
parallel belt conveyers, which shifted it through the drying section
being warmed by escaping gases. After this, the coal is directed by
worm conveyers to the intermediate bin from which a transverse worm
conveyer loads it into a mill with a capacity of 2000 kg/h.

The mill was driven from an electric motor of about 50 h.p.
From the mill the coal dust was supplied by worm conveyer to two
pipes, through which it was transported by compressed air into the
dispensing bin of the cellular (gear) dust feeder. Atmospheric
pressure is maintained in the bins.

After tests, the fuel feed system on the locomotive was changed
and made according to the diagram in Fig. 9Ub. Fuel is loaded into
the main bin 11 with a capacity of 8 tons and crushed into pieces in
size up to 5 mm. The bottom of the bin is warmed by gases coming out
of the regenerator. From bin 11 the coal is shifted just as in the
previous diagram into intermediate bin 13 with a capacity of 4.5 tons,
which 1s mounted on a scale device 12, which is utilized for measure-
ment of the fuel consumption.

The coal drops into mill 9 with the aid of feeder 14 in a

g_ stream of compressed air which enters from the main compressor on
through manifold 16 and is additionally compressed in a special
compressor 15. Further on, the coal dust under pressure drops into
a speclial bin from which cellular dust feeder 10 directs the aero-
mixture via manifold 8 towards the two combustion chambers 7.

Cellular (drum) dust feeder (Fig. 92b) consists of a cogwheel 8,
turned by an electric motor. With the rotation of the wheel, in the
cells between the teeth and the housing the coal dust is transported
from the bin to a slot 7, where dust 1is caught by the flow of com-
pressed air. This siwmplifies the fuel supply system, but, as
operational experience showed, does not guarantee prolonged and
reliable operation of the device. After a certain operating time,
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the clearances beiween the rotor and stator are enlarg:d as a result

of wear of the parts, and the losses disrupt the normal supply of

fuel. Special sealing systems eliminate this defect, but severely
complicate the design of the dust feeder.

§ 46. Gas Fuel Supply Systems

In gas turbine plants both artificial and natural gas fuel can
be used. The ertificlal fuel is obtained in the gasification of

liquid or solid fuel in gas generating plants or as the technological
product of another product.on.

Figure 95 shows a diagram of a GTU ~nerating with a solid fuel
gas generator, giving - mixed gas. A steam-alir mixture 1s supplied to
blowing device 11; the ccal enters the shaft through the loading
device 1. Ailr for blowing is supplied from the main compressor of
the GTU arter additional 10-15% compression in blower 8. The
quantity of this air comprises 5-10% of the total consumption of air.

Fig. 95. Diagram of a GTU with
generation of combustible gas
under pressure: 1 — coal loading
bin; 2 — steam collectcr; 3 — gas
scrubbing; 4 — gas flow rate
regulator; 5 — combustion cham-
ber; 6 — turbine; 7 — compressor;
8 — blower; 9 — generator grid
drive; 10 — slag remcval bin.

Additional compression 1s necessary to overcome the resistance
of iLne gas generator, the gas scrubbing system, and the pipes for
ensuring mixing with air in the combustion chamber. The system

for producing steam simultaneously serves for cooling t..e housing of
the gas generator.
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From the generator, the gas enters the gas scrubbing system 3
where the dust particles are removed, and then it 1s supplied t» the
combustion chamber. 1If the physical heat of the gas 1s not lost in
the systems of gas scrubbing and pipes, the layout will be rather
effective and the efficiency of the gasification process will attain
95-96%. It should be noted, however, that the power supply system in

this case will be rather inertial and starting and stopping the GTD
is complicated.

Ensuring normal operation of a gas generator under pressure
presents certain difficulties, particularly, fuelling, slag elimina-
tion, and others. Furthermore, the gas contains a certain quantity
of tar, which settles on the walls of the manifolds and the elements
of the control system, which impairs their action.

The fuel supply system of a GTU is simplified considerably, if
the system is fed by gas from a ges line system. But this, naturally,

is possible only for stationary plants. Figure 96 shows a diagram of
such a GTU fuel supply. '

Gas from the system enters the gas compressor 4 through filter 1
through the gas-flow regulator 3. Automatic valve 2 shuts off the
plant in the event of a dangercus drop in the gas pressure in the
system. By compression in the compressor (two-stage with intermediate
cooling) there i3 ensured an excuss of gas pressure over the air
pressure in the combustion chamber of approximately 0.2-0.5 atm(abs.)
and more, depending on the system of carburetion.

During, operatlon on partial loads, part of the gas will pass
baelk throursh gate 5 to the intake of the compressor. Before entering
the combustion chamber the combustible gas can be heated by spent
gases in regenerator 6. The control system unit 8 determines the flow
rate of the gas and provides for emergency shutdown of the GTD. During

prolonged shutdowns the piplng system is blown thrcough valve 7.
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Fig. 96. Diagram of a GTU fuel sys-
tem, operating on gas from a gas
main.

§ 47. Materials of Combustion Chamber Parts

A number of parts and assemblies of the basie combustion chambers
and of the combustion chambers for the intermediate preheating of
gases operate under severe conditions. This applies particularly
to the flame tubes, the elements of the front device, gas collectors,
shields, the parts of the inJector, and so forth. The gases washing
them have a high temperature and contain, besides oxygen, some
substances acting aggressively on the materials, such as steam,
carbon dioxide, suifur dioxide, and sometimes the particularly
injurious compounds of vanadium, sodium, and others. The action of
the gases causes gas corrosion and in certain cases destroys the
parts of the flow-through part of the GTU in very short periods of
time. To reduce corrosion and increase the service life of parts,
apart from the special requirements imposed on fuels and the number
of special measures for purifying it, it 1s necessary to also impose
special requirements for the materials from which the parts themselves
are manufactured. The materials from which the basic parts of the
chamber are made, should be oxidation-resistant, i.e., resistant to
corrosion in a gaseous environment at high temperatures. Heat
resistance for these parts is frequently not 3o important. However,
it 1s necessary, for example, that the metal of the flame tube be

sufficiently high fatigue 1limit at high femperatures and be able to

operate for a long time under conditions of high temperature. The
individual parts of the injector, for example the nozzles, the
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elements of the swirl chamber, should resist abrasion and wear.

Apart from this, it is very important that the materials of all parts
be rather easily mechanically machined, stamped, etc. A rather
important role is played by the cost of the material. 1In each
specific case it is very important to select the metal which meets
the requirements mentioned. Detalled data on.the properties of
materials are indicated in appropriate handbooks. Here we shall
limit ourselves only to polnting out some of the grades of steel and
approximate recommendations for thelr use.

The material of the flame tube must usually operate at wall
temperatures of 600 to 900°C. In stationary and transport GTD,
frequently the flame tubes are manufactured from chrome-nickel steel
EYalT (1Kh18N9T), EI417, and low-alloy steel EIL1lS.

For high-temperature aircraft GTD, steel of the type EI435,
EI402, EI417 (Kh23N18), EI602, EI652, ET696, EI437, EI437B is used.
Nickel alloys EIi#37, EI437B, and others contain up to 70-80% nickel;
they are scarcer and their cost 1s great.

The shlelds of the combustion chambers, and also the reducers
and gas collectors most often are manufactured from steel of the
type EYalT (1Kh1l8nN9T), EI402, and others. The casing of the combustion
chambers of stationary Gi1D 1s often made from material of the type of
regular carbon steel 10. For more overloaded engines and for the
housing steel of type EYalT is used. The palrs of injectors
(reducers, atomizers, nozzles, etc.) are manufactured from steel
of types ShKhl5, Khl2, 38KhA, and so forth. Fuel lines are often
made of steel EYalT (1Khl18N9T).

Individual elements of the casings (diffusers, reducers, and
others) of the combustion chambers of aircraft GTD are manufactured
from various aluminum alloys.
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CHAPTER XII
GAS REHEAT COMBUSTION CHAMBERS

One of the most important means for significantly raising the
elffectiveness of a gas turbine engine cycle 1s the reheating of the
gas in the process of its expansion. 1In a stationary gas turbine
power plant [GTU] (IFTY) it is more expedient to combine reheating
with the intercooling of air in the process of compression, and
sometimes by heat recovery of exhaust gases.

Such a working cycle in a Ts-diagram is shown in Fig. 97a, and a

layout of the plant is represented in ¥ig. 98. Line 0-1, 0'-1', and
0"-2 shows the alr compression in the low, medium and high pressure
compressors [KND, KSD, KVD] (HHA, HCA, HBJ). Sections 1-0' and
1'-0" represent the processes of cooling of alr in intermediate
coolers [PKh] (NX) between the compressors.

a) 5 t) s

Fir. 97. Cycles of GTD with gas
reheating.
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Fig. 98. Diagram of a compound gas turbine
pPlant.

DESIGNATIONS:

OHC = OKS = main combustion chamber;

T84 = TVD = high pressure turbine;

HCAM = KSPP = reheat combustion chamber;
THA = TND = low pressure turbine.

Section 2-2' represents the reheating of air in the regenerator,
and 2'-3 — the supply of heat to the air in the main combustion
chamber. Line 3-U4 corresponds to the expansion of gases in the high
F pressure turbine [1VD]; on a section 4-3' heat is additionally
supplied to gases in the reheat chamber; 3'-4' represents expansion
in the low pressure turbine [TND], and line 4'-5 — the output of heat
by the gas in the regenerator, and 5-0 — the arbitrary line of heat
elimination corresponding to the elimination of the working medium
in an actual cycle.

In some aircraft gas turbine engines [GTD] (FTA) zas reheat 1is
also used, whereby elther the auxiliary combustion chamber is
installed between tucrbine stages (Fig. 99), or the fuel burns
additionally after the turbine in the afterburner located in front
of the jet nozzle (Fig. 100). A working cycle of such GTD ic
represented in the Ta-diagram in Flg. 97h. Here after compreassinn
(1ine 0-2) and preheating of the air irn the main combustion chamber
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Fig. 99, Diagram of an aireraft GTD with a
two-stage combustion: 1 — main chamber; 2 -
reheat chamber.

Fig. 100. Diagram of an airsraft gas turbine engine with after-
burner: 1 — compressor rotor blade; 2 - compressor housing; 3 -
stator blade; 4 — flame tube of the combustion chamber; 5 — combus-
tion chamber housing; 6 — turbine nozzle box blade; 7 — turbine
rotor blade; 8 — turbine housing; 9 — turbine wheel; 10 — external
cone; 11 — internal cone; 12 - afterburner fuel injection nozzle;

13 — flame holder (exploded view); 14 — afterburner housing; 15 —
adjustable nozzle.

{line 2-3) expansion follows in the high pressure turbine (line 3-4).
Further, the gas is heated in the auxiliary combustion chamber
(reheating) (line 4-3'). The gas can expand partially in the low

pressure turbine (line 3'-4'), and partially in the jet nozzle (line
4*-5) or entirely in the jet nozzle.

In aviation, the most widely used 1s a version, with an after-
burner. In statlionary GTD the reheat chambers operate continuously
as a result of which the effectiveness of cycle is increased. 1In
aircraft engines, the afterburner operates for a short time, usually
not more than 2-3 min and only under specified conditions where
increased thrust is required: takeoff to reduce the length of the
takeoff run of the alrcraft or during c¢limb, when 1t is necessary to
aln altitude raptdly. In this way 1t 1s posslble to increase the

236

n DL <




thrust of the engine at high flight speeds approximately twice and on
takeoff — by 30-50%. The use of an afterburner lncreases the
specific fuel consumption, especlally durlng operation of the engilne
durlng the start.

§ 48. Afterburners

A schematic diagram of an afterburner of an aircraft GTD 1s
- provided 1n Fig. 101. On the intake of the chamber a diffuser is
installed, in which the velcocity of the gases emerging from the
turbine is reduced to 100-160 m/s, and it is possible to carry out
further combustion of the fuel. These velocities considerably exceed

the veloclties on Intake to the main chamber.

>3,
‘D._-_ .

—

Fig. 101. Diagram of an afterburner:
1 — anaular fuel manifold; 2 — flame
holder; 3 — exterior shell; 4 — anti-
vibration shield; £ — cooling air;

6 — nozzle control mechanism; 7 —
adjustable nozzie; 8 — afterburner
housing; 9 — injector; 10 — diffuser;
11 — cone.

LIS L stiihaiizona b ok i ibediy

bespite a certain decrease In oxygen content in the gases as a
result of the combustion of the fuel in the main chamber, the process
of additional combustion proceeds here under rather favorable

5 condltions since the temperature of the gas flow is higher. Further-
é more, a certain number of active products of combustion in the
i . mixture contributes to the acceleration of the chemical reactions of
L combustion.
£
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It should be noted that in afterburners there are no rigld
requirements for the form of the temperature field on outlet, since
the gases from the chamber are not directed into the flow-through
part of the turbine. Thils makes 1t possible at higher average

temperatures of gas emerging from the chamber to 1limilt the position
of the combustion zone less rigidly.

In the afterburner there are installed flame holders, most
frequently, annular ones, consisting of poorly streamlined bodies:
a cone (an angular profile), a plate, and so forth. 1iuel 1s supplied
to the gas flow up to the flame holders by several centrifugal or
Jet 1njectors. 1In thils way, the fuel evaporates sooner and the
vapors are intermixed with the gas which ensures effectlive combustion
in the combustion zone after the flame holder. To 1improve the
mixing, the fuel is frequently supplied counter to the gas flow.

Inside the nousing after the flame holders, as a rule, an
antivibration shield 1s installed. Usually this 1s a corrugated
duct (longitudinal corrugations) with a large number of fine openings.
The function of this shield — to exclude vibrating combustion of
fuel, which is accompanied by an unpleasant nolse and by vibration
whlch destroys the structure. The shell of the chamber is shilelded
from the flame cone and 1s coated both ¢n the outside and on the
inside with insulating materials. Between the housing and the shell
usuzlly I'iows the ccoling alr flow from the compressor of the engine,
but more frequently appearing tecause of the impact pressure or
the ejection effect of the gas jJet. The length of the afterburner
is equal to 1.%-2 m and more, and depends on the velccity and
temperature of the gas on intake, the diag*am of the working process,
the conditions of arrangement of the engine installation and so
forth. The gases, the temperature of which can attain 1800°C and more,
emerge through the adjustable nozzle. If on switching on the after-
turner, the cross-section of the nezzle is not increased, then
pressure after the turblne will be bullt up and the difference in
pressures before and after the turbine is decreased. To keep the
number of revolutions c¢f the turbine constant, it is necessary fto
increase the temperature of the gases before 1t, but thils is unde-
sirable and sometimes impossitble.,
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The shape of the flowthrough part of the afterburner is of
great significance. In order to decrease pressure losses, it 1is
expedient to make it conical, expanding the chamber. However this
increases the overall dimensions of the chamber, which is undesirable,
since the diameter of the charber becomes greater than the diameter of

the turbine and, consequently, it will increase the cross-section of
the engine.

The shapes of the flame holders of afterburners are very diverse.
To 1ncrease reliability of burning, a flame holder 1s used (Fig. 102a)
engaging the so-called precombustion chamber (or forechamber) with
the flame tube, inside which a pilot flame burns. Often along
the length of chamber there are spaced several annular flame holders
(the exploded view flame holder) (Fig. 102b), which reduces the
blockage of the cross section and reduces the pressure losses and
simultaneously increases the rellability of flame stabilization.
Flame holder systems of the type shown in Fig. 102c¢ are also used.

b)

Fig. 102. Diagrams of flame holders of
afterburners: 1 — bullet; 2 — booster
nozzle; 3 — electrical igniter; 4§ — pre-
combustion chamber; 5 — fuel manifold;

6 — main injectors; 7 — flame holder.
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The total resistance of all elements of the afterburner and,
part teatarly the flame holders, should be minimum since 1t remains
even when the supply of fuel to the chamber is cut off. Usually, the
coefficient of hydraulic loss of afterburners

o A0
8 == "g
-5

does not exceed 3-5, while in the main chamoers this value reaches
8-12. Nevertheless a switched off afterburner reduces the thrust of
an engine on takeoff by approximately 1.5-2.5%.

Along with certain favorable conditions of fuel combustion in
the afterburner (particularly, the increase in gas temperature) the
realization of such fuel combustion encounters specific difficulties.

With a high temperature of gases after the main chamber, the
process of comburtion in the afterburner can be impaired because of
the small quantity of oxygen in the gases entering it. Deterioration
of the combustion process occurs because of the lowering of pressure
in the chamber, which drops below atmospheric as the altitude of
flight increases.

With a decrease in the fuel pressure on intake to the injector
it 1s difficult to obtain sufficiently good atomization of the small
quantities of fuel which the individual nozzles supply. In after-
burners the coefflicients of combustion efficiency of the fuel, as a

rule. are lower than in the main chambers and range from 0.85 to
0.97.

Starting cof the afterburner under any conditions should be
reliable. Therefore, despite the fact that the temperature of the
gas on intake 1is frequently sufficient for self-ignition of the fuel,
there is also used a system of an electrical firing. Self-ignition
¢can be also used in principle, but only in the case when the time of
stay of the combustible mixture in the flow before the flame holders
is sufficient and exceeds the time of the induction period. 1In
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connection with this, fuel injection before the turbine is used.
However, in case of accidental burning of fuel in the flowthrough
part, it wmay put the turbine out of commission.

§ «9. Gas Reheat Combustion Cha..uers

Intermediate reheating of gases began to be used in GTU compara-
tively recently. In this case, the design of the gas reheat chambers
usually repeated the designs of main chambers. Figure 103 shows a
diagram of a reheat combustion chamber of a compound GTD with a
power of 10,000 kW, made by the firm of Brown-Bovery for an electric
power station nperating on gas fuel. Experimental operation in the
period from 1946 to 1951 showed sufficiently reliable operation of
the plant. Gas fuel for firing and simultaneously for tle pilot
burner of the chambur is supplied via a central tube, inside which is
located an electric igniter. Over the circular cavity surrounding
this tube the basic flow of gas fuel is supplied. This gas is mixed
with the primary gas which goes over a circular duct to a blade
swirler emerging from openings in the walls of hollow blades (section
A-A). The quantity of primary gas entering from the basic gas flow
to the swirler is regulated by dampers which are located on ports of
the external duct of the burner device. The telescopic flame tube
consists of a number of finred shells and the mixer has a row of
openings.

Fuel

N

Fig. 103. Reheat combustion chamber for
the natural gas GTD made by the firm of
Brown-Bovery.
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The temperature of gases before the low and high pressure
turbines is identical and equals 600°C, while the pressure is equal
approximately to 11 atm(abs.) and 4.6 atm(abs.) respectively. The
temperature of the gases after the high pressure turbine on intake
to the reheat chamber equals #00-440°C.

The combustion chambers, basic and intermediate preheating, of
the marine zas turbine plant of the firm of Elllott, created in the
period 1644-1951 were made according to the same diagram shown in
Fir, 104. This original elbow chamber is used by the firm for a
number of GTL designs. Alr enters the chamber per arrow A tangen-
tially, whiceh provides rotary mction within the combustion zone.
Primary gas 1 enters through slots 2 and ports inside the conical
front device 3. The chamber operates on diesel fuel which is supplied
to injector 4, and is ignited in starting by a retractable electric
igniter. The section of the manifold between the chamber and turbine
serves as a mixer. The wall of the flame tube consists of a flame
sheet 5. The external housing of chamber 6 is solid and thick, is
protected by a layer of refractory brick backing and special fire-
resistant cotton.

Fig. 104, Elbow combustion chamber.

In the gas turbine plant GT-12-3 of th Leningrad Metal Works
with a complex eycle intended for operation on gas from the under-
rround jruification of ceal and on solar oli, hoth the basic chamber
and the rehent combustlon chamber are made according to the same
prlan. "The pehend chamber has only sliahtly larger dimen:lon:

(V. LoY).
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Fig. 105. Reheat combustlion chamber of the
GT-12-2 plant.

The flow of gas through the branch connection 1 1 ed into the
head part of the chamber. Primary gas enters througa three gas
burners 2, where its quantity 1s regulated by dampers. Fuel gas
from special compressors under a pressure exceeding the pressure in
the chamber by 0.4-0.8 atm(abs.), is supplizsd to burners 2 through
upper valve 3. The temperaturz of the gas after the main chamber
and the rcheat chamber (the Jow pressure combustion chamber) is
identical and equals 650°C. The temperature of the gases before thre
reheat chamber is 460°C. Secondary gas is fed into the nozzles Jf
the mixer between the finned shells of a telescoping flame tube and
the housing. The fuel is ignited by an electric spark. In the
center of each gas burner there are injectors for supplylng 1liquid
fuel which enables the GTD to operate on solar oil.

The examined GTD made by domestic and foreign plants show that
with a moderate temperature of gases before the turbines (up to
650~750°C), when on intake to the reheat chamber, the gases have a
temperature up to 500°C, the chambers can be made according to the
usual plans. 1In so doing, because of the more severe condifions for
cooling the 1individual elements, it is necessary to make the shells
of the flame tube finned and to increase the velocities of the
cooling gas. However, elevation of the temperature of the working
gas 1n prospective deslgns of gas turbines and the necessity of
reduclng, pressure losses on the gas duct require the development of
rpeclal destpns of the gas reheat combusticen chambers.
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Today, the processes of compression and expansion tend to
approach isothermal, and there is also a tendancy to increase the
temperature of the working body on intake to the gas turbine. This,
in turn, increases the temperature of the gases on intake to the
reheat. chamber and the number of steps in preheating, i.e., the
number of reheat chambers. Therefore domestic plants are installing
2-3 reheat chambers on the new gas turbine plants; in the future,
layouts are possible with a large number of reheating steps. 1In
this instance, the heating of the working body in each reheat chambe.
will be comparatively slight (to 100-200°C).

When developing special plans for the reheat chambers it is

necessary to take into account the following characteristics of their
operation:

1. Sufficiently high temperatures of gas on intake to the
reheat chamber, which facilitates the process of fuel comvustion and
intensifies it.

2. Higher temperatures of %he elements of the reheat chambers,
which can reduce the service 1life of the construction.

3. Greater relative effect of the pressure losses in the gas
reheat chambers on the parameters of the working body.

4, Considerably smaller quantities of additionally burned
fuel than in main chambers, which complicates the designing of the
injectors and the burners.

5. Smaller oxygen content in comparison with iar in the gases
which enter the reheat chamber. This 1s especially important to
take into account with high temperatures of the working body and a
large number of reheat chambers.

Theso fentures determine the necessity for development of
speclal plans: for gas reheat chambers. In this case, in order for
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a process of expansion to approach isothermal, the problem may be
posed of sequential combustion of fuel between the individual steps
of the turbine, directly in the flowthrough part. 1In this direction
appropriate developments are being conducted; however, the general
solution to this problem has not yet been found, since it has not
been possible to ensure the necessary service 1life and reliability of
operation of the gas turbine blades.

Combustion of the fuel in the flowthrough part of the turbine
must be carried out so that local ccmbustion centers (flames) will
not be formed with the temperatures exzeeding the average permissible
from the point of view of proper worlking order and durability of the
material of the blades. Such microflame combustion should go on in
the whole volume of interblade space of a given stasge and simul-

taneously and in sequence on the stages of the flowthrough part of
the turbine.

Such schemes have not yet been achleved in practice; however,
a nmunber of intermediate solutions are already known, particularly,
the schemes of so-called bullt-in direct-flow annular reheat chambers.
A diagram of such a chamber is given in Fig. 106a. The flowthrough
part of the turbine in turn 1is divided by the reheat chamber intc
a high pressure part and a low (medium) pressure part. The reheat
zhamber includes elements of the afterburners, but has insignificant
length as a result of the low gas velocities (in comparison with
afterburners) in the combustion zone, although greater than in the
main chambers (w, = 70-120 m/s and more).

Just as in the afterburners, the housing 1s protected from
emission by a shield. In the clearance va2tween the housing and the
shtield the same gas passes through, vhich enters the reheuat chamber
IT tis temperature 1n 200-300° lower than the temperature permissible
forr Lhe material of the wall of the shield. 1In this inst.nce, the
housing, 1:: coated with thermal 1insulation,

245




Fig. 106. Diagram of gas reheat
combustion chambers: 1 — fuel;
2 — exterior interior shields;

3 — exterior housing; 4 — in-
terior housing; 5 — gas reheat
combustion chamber; 6 — in-
Jector; 7 — cooling air feed;

8 — cooling air tap; 9 — cooling
fins; 10 — housing; 11 — shield;
12 - flame holder; 13 — branch
connection for supplying cooling
alr to the interior shield.

Gas

For more reliable cooling or in case of high gas temperature on
intake, the reheat chamber 1s cooled with air bled from the GTD
compressor. The cooling scheme can be closed (the upper half of the
diagram in Fig. 106b) or open with the emerg2nce of the cooling air
into the flow of gases (the lower half of the diagram in Fig. 106b).

The reheat combustion chamber can be not only circular, but
also, for example, sectional. In this instance, the layout of the
cooling air channel (Fig. 106c) is simplified, since the necessity
of -he feeding air to the interior screen (to the housing) is
eliminated. For protection of the housing and more intense cooling
of the shield, its external surface finned (Fig. 106c). The con~
sumption of alr of such cooling schemes is insignificant (1.0-2.0%
of the gas consumption) and the pressure losses are moderate.

The special cooling system of the reheat combustion chamber can
be used in a complex cycle GTU for the regenerative preheating of
ate (Fihy<o 107). Alr from the low pressure compressor {KND) through
an Intermediate cooler (PKh) enters the high pressure compressor
(KVD) and then roes into the main combustion chamber (OKS). From
this chamber, the gases first go Into the high pressure turbine (TVD)
and after that into the gas reheat combustion chamber (KSPP No. 1) of
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Gases to TND
No. 1

f
a to XSPP No, 3

Covling air btap
Ko. 2

Flg. 107. Diagram of a G1D with the regener~

ative reheat combustion chamber.

DESIGNATION: TC4 = TSD = medium pressure

turtine.
regenerative type. This chamber 1s cooled by alr specially bled
from the corresponding KVD stapge, which 1s further led into reheat
chamber KSPP No. 2. Heated air is used as primary air and partially
makes up for the lack of oxygen in the gas on intake to the reheat
chamber KSPP No. 2. Such a layout has even greater significance for
reheat chamber KSPP No. 3 where the oxygen in the gases 1s stlll less.
If there 15 no chamber KSPP No. 3, then the cuvoling alr of chamber
KSPP No. 2 1s mixed with the gases on cutlet from it as indicated
for KSPP Mo. 2 (Fig. 107).

The supply of smal guantities of fuel with insignificant pre-
heating of gases 1in the reheat combustion chambers is carried out
by the corresponding injection devices. One of the diagrams of the
supply of liquid fuel is shown in Pig. 1U8. This device, which is an
air injector ccmbined with a flame holder, is located cn the intake
to the reheat combustion chamher.

The baslc part of the gases flows arcund thls device and a
cortaln part of primary gas 1, swirled by vanes 3, 2s indicated hy
arrow A, catehe:n the stream of fuel which iscues frem a central
Lube under excess pressure Ap = 0.2-0.4 atm(abs.) and 1s intermixed
with it. Further, the intermlxture of gas and fuel flowing around
cone 2 and passing through bladed register 1 flows out in swirling
flow II into the combustion zcne of the chamber.

2h7
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Fig. 108. Diagram of an
air injector.

Tne flow rate of the fuel is regulated by a bypass. Good
atomization and carburetion 1s determined by the high velocity of the
gas flow and by its high temperature. Despite low flow rates of
fuel, the openings 1n the tube supplying the fuel, can be large,
since the pressure drop between the fuel and the gas 1s small.
Injectors of this type can be used even in the main chambers.

The plan of the compound injector for supplying both liquid and
gas fuel (Fig. 109) is made on this principle. Fuel here 1is supplied
via tube 1 te the annular duct and flows out into the gas (air) flow
according to the arrows with subscript G; through a number of
openings. Primary gas (air) moving in the direction of arrow Gl and
being swirled by vanes 2 catches the fuel and emerges iInto the
combustion zone in the direction of arrow 63. Such a diagram for an
annular reheat combustion chamber (or main chamber) 1is shown in
Fig. 110. Fuel manifold 1, Just as central cone 2, are annular.
Around the ring of the fuel manifold there are borings 3, through
which the fucl exhausts into the flow of gas (air).

§ 50. Principles of Calculating
Reheat Combustion Chambers

The general approach to planning and calculating reheat com-
bustion chambers and the plan of the seguence of calculation remains
the same 2s {or the main combustion chambers. To calculate reheat
chambers the rollowing should be given:
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1) total gas consumption of the GTD, Giyi

2) temperature of gas on intake to the reheat chamber &
3) pressure of gas on intake tc the chamber, Pa

4) temperéture of gas on outlet from the chamber, &,

%) fuel (its form and grade);

6) the class of the engine.

Fig. 109. Diagram of a com-
pound injector.

Fig. 110, Diagram of an
annular injector: 1 -
annular fuel manifold;

2 — flame holder; 3 —
fuel,

Just as in calculating the maln chamber, initially according to
the design of the engine and to the requirements imposed on 1it, the
layout and the number of chambers are selected. If a section design
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has been accepted, then dessgn of one of n chambers of the block is
calculated for consumption -%i.

For simplicity, Iin the future we will consider a GTU with one
individual main chamber and one individual reheat chamber. Then on
the intake to the reheat chamber G, = G,. In the absence of any
additional taps of the working medium

G,=G,+ Gy =G, (1 +ugl), (79)

where G, — total air consumption; G; — tctal fuel consumption in the
main combustion chamber; L, — stoichiometric quantity of air;
az==7§tj-— overall excess air ratio in the main combustion chamber.

In the overall quantity of gases G, entering the reheat chamber
there are pure products of combustion of the fuel which burned down

in the main chamber in a quantity of G.,. and a remainder of air not
used G,.

The quantity of pure products of combustion cowprises

Gon=Gr(l +LJ. (80)
The quantity of air remaining

Goo =Gr(l +asL)) —Gr(1 +L)=Gil,lax — 1) =
=G, —G;L, - (81)

In the reheat chamber, to ralse the temperature of the gases

from . to &, it is necessary to burn a thus far unknown quantity of
fuel Gy, kg/s.

To burn 1 kg of fuel it is theoretically necessary to have L, kg
ir. But the alr does not enter the reheat chamber and the gas
with a lesser content of oxygen. Let us assume that for the oxidation
of each kilogram of fuel there will be required L, kg of gas. The

of
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value of L, kg is determined in the following manner. 1In the flow of
gas G, for each kilogram of alr remalning 1t is necessary to have pure
products of combustion

B el e ety

consequently,

1 L
Lu= L[+ ey | = 2 )

"n this way, the overall excess alir (gas) ratio in the reheat
chamber

68 ) 1+ (]
9% =T6n r((l +?';..)) (“‘ ) =—(a‘— D- (83)

Since in this expression the values of Gr and an; then it 1is
necessary to use the heat balance equatlon for defining first the
value of ax., and then Gn. The heat balance equation of the reheat
chamber , relative to 1 kg of fuel supplied and 0°C:

’: ': + szl-oxl;u' +Q=(1 +anla)la t". (84)

The right-hand part of the equatlon expresses the heat content of
the intermixture of gases on outlet from the chamber at a temperature
of t;,. The first member of the left part of the equation — this is the
heat content of 1 kg of fuel at the temperature of fuel on intake
to the chamber, the second member — the heat content of the gas

entering the chamber in a quantity which is necessary for 1 kg of
fuel.

The value of @ 1s equal to the part of the heat which was given
off in the combustion of the fuel which goes to heating the working
medium. It 1s defined Just as during the analysis of the heat
balance equation [expression (52)] for the main combustion chamber:

Q-_-%-— QH,(')'—'Qoxp“Qm'év (‘35)
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where Quy,0 — the heat spent on evaporation of molsture in the products
of comtustion; Qs — the heat returned to the environment: Q,, —the
heat lost as a result of incomplete chemical and mechanical burning.

It 1s especilally necessary to explain the value Q4 In the
given expresslon this should be the higher heat of combustion of the
fuel relative to 1 kg of fuel in the mixture at 0°C, of a mixture
analogous 1n compjsition in the rcheat chamber. Teking into account
what was pointed ott above (see § 38), it is permissible here to

determine the value of Q% during the combustion of fuel in pure air.
Then

Q% =Q, +Quo+ [(l +ar,La) lal—
—azLalily — 13 [¢). (86)

Further, the index to — the standard temperature at which the
heat of combustion of fuel @ 1s determined, will be cmitted.

Substituting expression (86) in equation (85) and designating
Q@ — Qup — Quwr = M Qs

where n, — the coefficient of combustion efficiency of the fuel in the

reheat chamber, it 1s possible to rewrite the heat balance equation
in this way:

"' r: + anlals t’ +Qma+ (1 + ?&L.‘) L I:._.
- anLuI: t. — l;‘ |:. - (a+ ﬂde) I;| tcl. '

Adding the corresponding members of the equation, we obtain

11Q% == (1 -- anla) In ::' — atl_l-ol'; |:: _— l;':: (87)

From this equation it is not possible to directly obtain the
value of ajp since the heat capacity of the intermixture of gases
on outlet from the chamber <, is unknown. Therefore, by analogy

TR b e el 2 ok = T T T Sy v S Bl U TR p—
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with the solution of the heat balance equation for the main chamber
we determine separately the quantity of pure products of combustion
and air 1n the gases after the reheat chamber. It is known that on
intake to the chamber, for each {l 4+ asL) kg of gas there was (az—1) L,
kg of air. This means in (apn-L.,)kg of gas, necessary in the chamber

for 1 kg of the fuel entering, thce alir will be

(ax — ') loa!l"nl 55
1 (t +agl) ke”

After combustion in the gas after the reheat chamber, for each
burned kg of fuel there remains air

(88)

@z~ ') Lo“!l“n - L liE'
(1 +9:L,) *°l kg

Analogically to this, of the pure products of combustion on
intake to the reheat chamber for each (1 + azl) kg of gas there was
g+L)

3 Then for (agzi-La) kg of gas of these products there will be

(' + L)axly 1.‘.5_
(T-ayl) kg

After combustion, for each kilogram of fuel there will be

(1 + L)enly

k
arery - +a+L) . (89)

of pure products of combustion. It 1is obvious that the sum of these
components of the working medium on outlet from the chambers,

& calculated according to expressions (88) and (89), should give the
total amount of gas which 1s necessary for 1 kg of fuel being burned.

’ This quantity 1s equal to (1 + anly,) kg. Consequently,

(ag— ) Lagly L,

(1 +L)only
(' + a!"a)

(i + “z"o)

4-(1 + L) =1+ anla. J
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Then equation (87) can be rewritten thus:

Q4 -‘%&‘L—“h CL“+(i +Lo,':al:‘ +

—fr e T, P .
sl g, 4k —-L.l.l_ ~antal)) — £[". (90)

[

In the composition of expressions (88) and (89) it was already
consldered in what quantity the air and pure products of combustion
enter into the composition of (ay-L,) units of the working medium on
intake to the reheat chamber. Teking this into account, it is
possible in equation (90) for the next to the last{ member of right
hand part to be expressed by the sum of the quantities of air and
pure products of combustion. Then equation (90) takes the form

R i R (R L jgs

(r—Nisnly ofa . ofn _fl+l,}u,_._&_,.,_ J
* " -+ .z'-J '.‘: L.,. ii J";?'t) ,:. OL -
—‘)h’ L » :
i (.x(l 1-.:‘.: = ’:L— I;I:I

Summarizing, we obtain
0 +Lysgl n . e -
et =S g a0 [+
—I)L..,.L“ - r
+_‘f_3;1'—(+ 3 r UZ[_‘ L (91)
After conversions

m@+ L 4 57—+ L[ - B x
= [(l +LL, .l::' +(oz— 1)1..02‘2'],

whence
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T na@—(+L) QL "m + L’,:ru + l;lrr 1
x o & . ‘.- o o B (92)
(- L)+ E-yenl,)

and 1n expanded form, using the average welght heat capacities, we
obtain

1+agl, St

) [‘bl" P (1+L,) (c ‘,,-c, l“)l-L (e, t,,-c,t’) +{e, t,- = o)] (93)

( “')(p.. ‘P..') Gr— YL (6 ta =5 t)

Let us remember that the values ¢, and ¢, , have already been
é=2termined in general form in Chapter XI.

Knowing the value of @y, the calculation of the reheat chamber
is rontinued according to the system examined in § 43. However,
in this case 1t will be necessary for number of values and parameters

to be piven. The average values of these quantities are given in
Table 12.

Table 12. Average values of basic parameters of reheat combustion
chambers.

phuliaiidial

' Vel s o 230
ocity in n/s
Chambers Fu 1 %.» o | kea® (_thm’ .x
”, . s ”.3 = ata{abs.)
Atrerafs o
afterburner..{ Kerosene ||%~#%0]| 70126 | 70125 |{02—05}| 1.1—1.5 20--150 1.5-2,0
Reneat chambers (16/—419)

of stationary
and transport

GTD Heavy 20-50 | 50--100 | 00—§10}| 03—0,7 | 1,6-2.5 625 1440
liquid (25,1 —-106)
and gzs )

Notc. The values shown in the table in brackets for certain combus-
t.lon chamber layouts are not characteristi:. 1In view of
relatively meager experience in the operation of reheat com-
bustion chambers, the values of a number of characteristic
values are as yet 1lnsufficiently reliable and are given as
tentative.
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In statlonary GTD provision can be made for not single, but
repeated supplementary preheating of the pas. In this instance, the
calculation of the second and subsequent reheat chambers will not
differ from the calculation of the first chamber. It 1s necessary
only to pay special attentlion to the fact that for reaiization of
complete fuel combustion it 1s necessary to provide a sufficient
concentration of oxygen in the gas on intake to each chamber. 1In
determining the composition of the working medium in any consecutively
placed reheat chamber with repeated preheating of gases 1t 1is
necessary to take into account the followlng.

After the combustion of fuel in the first reheat chamber, in
the working gas after this chamber there remains air

Ger =G, —LGr—LABn =
=G, — L, (Gr + G

corresponding to pure products of combustion after the chamber

&"'=Gf(‘+L).+
+6Gn( +L)=(0+L)x
X (Gp + G-
In sum, the quantity of gas (working medium):
Gll =‘0.+01 +on- )
=Gr(l +arl)+Gn =
= oal"f‘a';tﬂ‘
In tne calculation of the second reneat chambetr we consider the

first two combustior chambers (the main one and the first reheat
chamber) as one fuel~burning device.

The total quantity of fuel which burned in 1t will be

Cy =Gy + G Kg/3.
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The total quantity of gas before tne second reheat chamber is
determined from the expression
Gu = G, =G, +Gr kg/s.
E The total excess air ratio in the first fuel-burning device
3 L[]
- g."
Gy = .
1, LG,
E
These data a'« taken as initial, and following the method of
calculation of the first reneat chamber, the second reheat chamber is
1 calculated, and so on.
)
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