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7. FUEL BURNUP AND HOT-FLOM MODELING OF COMBUSTION CHAMBERS 
Ya.P. Storozhuk, V.A. Asoskov 

The process of fuel burnup along the combustion chamber length 
depends on geometric and operating factors (Including the chamber 
diameter, the register construction, the design of the gas discharge 
openings and their arrangement in the register), on the dispersion 
of the atomized liquid fuel, the intensity of the mixture formation 
(air and gas velocities at the exit from the burners), the excess 
air coefficient, pressure and temperature at which the fuel combus¬ 
tion takes place. Alsc important are the thermal loadings referred 
to the chamber volume and cross section, and the chamber hydraulic 
resistance. 

The complexity of the processes which take place in the process 
of the combustion of liquid and gaseous fuel leads to the necessity 
for breaking down the over-all process into individual simpler 
stages. When burning a liquid fuel these stages are: 

1) warmup and evaporation of the fuel droplets; 

2) mixing of the atomized fuel and its vapors with the air; 

3) chemical reactions of the combination of the fuel vapors 
with oxygen; combustion of gaseous fuel is accomplished in the last 
two stages only. 

This breakdown simplifies the theoretical analysis of the 
combustion process and permits correlation of experimental data 
obtained on experimental and industrial combustion chambers. 

Comparison of the parameters of existing gas turbine engines 
[QTE](rTy), and also study of experience in their operation shows 
that in spite of the various geometric and operating conditions, 
the combustion chambers have a definite range of combustion inten¬ 
sities and hydraulic resistances. Table 2.1 presents the operating 
characteristics of the combustion chambers of existing GTE or those 
being readied for production by the Soviet turbine construction 
plants. 

In selecting and comparing combustion intensities we must 
take into account the jombustion completeness coefficient, the 
pressure losses along the passages, the temperature field at the 
chamber exit, the values of the maximal temperature of the flame- 
tube metal, the combustion stability limits and the type of fuel 
being burned. 
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We see from Table 2.1 that it Is practically impossible to 
establish any general pattern on the selection of the parameters 
and the performance achieved. However, for similar combustion 
completeness coefficients the thermal loads referred to the flame- 
tube section, which basically determine the burnup completeness, 
regardless of whether natural gas or liquid fuel is burned, lie in 
the range t/f—5,5* 10#-8.5-10* kcal/m2 •h«»*^ and the hydraulic resistances 
lie in the range 1.2-2.6J, with the exception of the rT-50-800. high- 
and low-pressure combustion chambers, whose resistance exceeds the 
indicated values and amounts to 2.8 and 3.5JÍ. 

We note here the important circumstance that increase of the 

Emf8Sure *os8ea *n fc*16 chamber by 1$ leads to a reduction of the 
GTE specific power on the average by about l%i and possibly even 
more, depending on the compression ratio and gas temperature at 
the turbine inlet. Therefore it is more correct to evaluate the 

^ciency the combustion chamber operation not only on the ba¬ 
sis of combustion completeness alone, but with account for the 
hydraulic losses 

\x = vw (7.1) 

where nt is the chamber thermal efficiency; 

^gidr *8 chamber hydraulic efficiency. 

Comparison of the methods for determining the values of the 
thermal and hydrauli c efficiencies has shown that the best method 
for determining these quantities is the small deviation method. 

= 100 —A,y7—(100-ifc,), %; 
i3.K 

Iriup = 100 — kf-p , %• 

Here AT is the design air temperature rise in the combustion chamber. 

rz.k the turblne Inlet (combustor exit) gas temperature. 

AP/P are the total pressure losses in the combustion chamber, %; 

ki is the power loss coefficient due to thermal losses; 

kz is the power loss coefficient due to hydraulic losses. 

4.A coefficients ki and kz are determined by the small devia¬ 
tion method for each machine separately and are the percentaee 
power loss per 1% thermel and hydraulic lossess respectively Thus 
for the riH-9-750 engine *,=4,9%, ¿^=1,5%. y * 

Consequently, in the nominal load regime for Ar=557°K, 7= 1023°K, 
T 1.7% and Tic-99,5% the combustor efficiency 

(7.2) 

(7.3) 
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\x-[ 100-4,9 -¾(100-99,5)](100- 1,5-1,7) = 96,196. 

For the combustors of other gas turbine engines, whose charac¬ 
teristics are presented in Table 2.1, the over-all combustor effi¬ 
ciency will vary in the range 0.92-0.98, depending on the magnitude 
of the chamber resistance, since the percentage power loss depends 
not only on the thermal losses, but also on the hydraulic losses. 

For acceptable values of the fuel combustion completeness 
(98-99Ï), flametube metal temperatures (750-800°C) and hydraulic 

resistances ^=1,3-2,2%], depending on the construction of the regis¬ 

ter it is recommended that the value of the combustion intensity re¬ 
ferred to the flametube section be selected in the range 5,5-¡O* — 
6,5-106 kcal/m2 »h-'»«K It is recommended that these combustion in¬ 
tensities be used, regardless of the type of fuel burned (liquid 
fuel and natural gas), since operating experience and the tests 
conducted have shown that combustion of natural gas does not yield 
major advantages in comparison with liquid fuel. The selection of 
larger values of the thermal loading ~ (7,6-8,0) • 10* kcal/m* •h»**“*b* 
than those indicated leads, as in the case of the FT-50-800 engine, 

to a significant increase of the hydraulic losses [^-^2,8-3,5%] 

and high temperatures of the flametube metal. However, it should be 
noted that if we intensify the process of flametube metal cooling, 
for example, by transverse ribs, as was done for the TT-2,5-1200 chamber, 
then even with an inlet air temperature of 5^0oC and an exit temper¬ 
ature 1200°C from the chamber it is possible to obtain an acceptable 
metal temperature for combustion intensities of 8.4»10•kcal/m*«h••»■»•b« 
and AP/P * 2.3Ï. We see from Table 2.1 that in a combustion chamber 
of the aviation type used in the ri-5 engine made by the Kolomenskiy 
Plant (and certain other GTE) combustion intensities of 9.0*106 kcal/ 

/m* •h««™ ■*>.are realized with resistances ^«2,7%. We should keep 

in mind, as indicated previously, that such chambers have compara¬ 
tively small diameters (200-350 mm), and the metal of the front end 
of the flametube has high temperatures in these chambers. These 
chambers require special and careful development, and in spite of 
this smoke formation and even coking will occur when using the med¬ 
ium and heavy fuels in certain operating regimes. 

The length of the burning zone of the combustion chamber in 

existing GTE (see Table 2.1) lies in the range =1,6-2,8, where 
^n.T 

L „ is the flametube length from the burner to the mixer. The burn- 
og 

ers used for combustion intensities 6/,=5,5-10^-6,5-106 kcal/m* •h-*»^ 

01 = 1,2-1,4, /,=200 - 350^(1 P= 1,5—10 «» «m. and= 1,3-2,2% provide liquid 

and gaseous fuel burnup to an efficiency of 98-99.5)1 over the 
relative lengths indicated above. 

It has been found experimentally that the type of register or 
burner have the greatest influence on the burnup distance in the 
range of operating parameters listed above. Figure 27 shows the 
burnup zones for liquid and gaseous fuel along the flametube length 
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for combustion chambers with plane-conical, conical and semiconical 

registers, and also gas burners. In plotting the curves we used ex¬ 
perimental data obtained on various combustion chambers In the oper¬ 
ating parameter range noted above. We see In Pig. 27 that In the 
forward portion of the chamber the burnup curves for the different 
chambers spread over quite a broad region and have a different up¬ 

per limit for the chemical unburned fraction <?khlm* 

For example, over the relative length LorlDni**0fi when using coni¬ 
cal and semiconical registers and burning liquid fuels the upper 

limit of <7khlm * I?*» when using plane-conical registers qkhlm * 20*J 

over this same relative length when burning gaseous fuel using a 
plane-conical register in the burner qkhlm ■ Toward the rear 

of the chambers the burnup curves converge. Judging from the burnup 
curves, the combustion process terminates for combustion chambers 
with plane-conical registers over a relative length which does not 
exceed £0,/0^-2,0-2,2. for conical and semiconical registers the rela¬ 
tive length is £or?Dn.T—1,7-1,8 and with gas burners /.0r/Ont-1.9-2,2. It 
should be noted that burnup is completed over these disoances for 
normal operation of the spray nozzles and burners, and also for the 
design air distribution among the chamber passages. 

The burnup length may increase if there are any disruptions 
or deviations in the operation of the chamber elements. Therefore 
in designing combustion chambers it is desirable to select the length 
of the burning region (up to the mixer) of the flametube with some 
margin, depending on the resistances and degree of forcing used: 
when using plane-conical registers £or/DnT=2,3—2,5; when using coni¬ 
cal and semiconical registers LorID„,-2,0-2,2, and when using gas 

burners £or70n.t-2,0-2,4. 

In the present state of the theory of the combustion chamber 
working process it is difficult to carry out with the required 
accuracy the analytic study of the burnup completeness for accept¬ 
able geometric dimensions, ¿nd also the analytic estimation of the 
effect of the most important factors on the combustion chamber 
operating characteristics. In particular, Jt is not possible to 
evaluate analytically the effect on the working process in the 
chamber of the air pressure and temperature, the flow aerodynamic 
characteristics, the chamber geometrical dimensions and the tempera¬ 
ture characteristics of the flametube metal operation. Under these 
conditions it becomes very important to establish the rules for 
modeling combustion chambers which will permit conversion of data 
from a model to full scale and will permit solving questions which 

are not subject to analysis. 

The process of fuel burning under actual combustion chamber 
conditions is a complex ensemble of heat and mass transfer pheno¬ 
mena in the presence of mass and heat sources and sinks and takes 
place under conditions of considerable nonuniformity of the gas 

concentrations, temperatures and velocities. These phenomena are 
represented by the basic laws of physics: conservation of momentum, 
mass and energy. These laws are formulated mathematically by dif¬ 

ferential equations: 

1) fluid motion (Navier-Stokes equation) ~ 
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(7.4) 
«Æ +«-TF “ * i) + * [(¾^ + + 

2) mass transfer in the presence of mass sources and sinks 

(7.5) 

3) heat transfer in the presence of heat sources and sinks 

d 
12 

dT 
cn1rw*Jx 

— CplrWr ~ <7Mt« ^ne« + 

(7.6) 

To determine the concentration, temperature and velocity fields 
in the chamber volume it is necessary to solve jointly these equa¬ 
tions with the corresponding boundary conditions. Since the solu¬ 
tion in general form presents considerable difficulties, it is ad¬ 
visable to utilize the similarity method, which permits represent¬ 
ing the solution of the system of differential equations in the 
form of experimental similarity criteria relationships; obtained 
from the given system.This transformation of the equations (7.^» 
7.5 and 7.6) with account for the flow velocity turbulent pulsations 
yields nine similar4ty criteria for the combustion process in geo¬ 
metrically similar combustion chambers: 

1) the Reynolds criteria, Re»idem; 

2) the product of the Mach criterion by the polytropic expon¬ 
ent, Ma ä = idem; 

3) the Prandtl diffusion criterion, Pra=idem; 

M) the Prandtl thermal criterion, PrT=idem; 

5) the turbuDence intensity (Karman criterion), Ka=idem; 

6) the criterion for the similarity of the temperature and 
concentration fields, 

(Çxvu Ç«o)= idem, 

experiment [10, 27, 28, 29, 30, 31] shows that this condition is 
satisfied for the same full-scale and model values of the primary 
and total excess air, inlet air temperature, fuel flame cone angle, 
i.e., Gi = idem, ao6W =idem, /„»idem, ß^idem; 

7) ratio of turbulent mixing time to flow time: 
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Idem; (7.7) 

8) ratio of vaporization time to flowtime: 

(7.8) 

9) ratio of chemical reaction time to flowtime: 

(7.9) 

When burning gaseous fuel the conditions p^-idem and 
np 

»idem drop out. In practice there is no need to maintain all the 
similarity criteria listed above the same for flow-scale and the 
model in simulation, since in the range of variation of the GTE 
operating parameters and in ‘he region of Re self-similarity, on 
the basis of experimental data [1, 10, 28, 30, 31, 32] we can con¬ 
sider that the combustion process is independent of the criteria 
Re, Ka, Prv PrT and Mafc. Then the condition for approximate similarity 
of the combustion process is written as: 

1) geometrical similarity; 

2) do*., oi, p*. and the fuel must be the same; 

-lüSL-3M idem, —idem, _ = Idem. 
J* T«p tnp 

The elementary stages of the combustion process do not take 
place sequentially, one after the other, but with some overlap: 
vaporization and mixing, mixing and chemical reaction and so on 
take place simultaneously to some degree. Consequently, the over¬ 
all combustion time is not equal to the sum of the time for the 
individual process stages, but is always shorter: 

(7.10) 

In this case simple summation of the individual stages leads 
to a large error in determining the combustion time. The slowest of 
these stages will limit the combustion process and determine the 
fuel burnup rate. Depending on the construcción of the combustion 
chamber and its elements, the type of fuel and the fineness of its 
atomization, the chamber operating parameters and loading, the time 
for one of the stages may exceed considerably the time for the others 
and, consequently, the faster stages will be completed during the 
time that the slower stage takes place, i.e., the following rela¬ 
tions must be valid: 

if 
■'m* > \«i + thcb. ‘h*n "rop — ■'mm ■nd % = 

if 
*en > ^„mm + Vn* ,h,n ^rop — 'eit •nd ’ler 

if 
ttfcn > ^xhm +.*01. *h*n "rop — "«cn "x* Tfcr 
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Consequently, In each Individual case the combustion complete¬ 
ness will be determined by the relative time for the slowest stage. 

To determine the limiting stage from experimental data we must 
investigate the influence of the operating parameters (pressure and 
temperature) on the time for the individual stages for a constant 
flowtime. 

The chemical reaction time, according to the Arrhenius law, 
is proportional to: 

E 

F 
f * + 'eft 

(7.12) 

This relation shows that the chemical reaction time decreases expon¬ 
entially with temperature increase, and decreases with pressure in¬ 
crease to a power equal to the over-all reaction order. 

The mixing time is proportional to [31* 32, 33]: 

where i is the characteristic dimension; 

(7.13) 

0 is the diffusion coefficient. 

It is known that mixing in combustion chambers takes place as 
a result of turbulent and molecular diffusion, where both these 
processes proceed in parallel and, consequently, the over-all mixing 
time is [33]: 

, i_¡P 
“ i , i TTTET’ (7.1*0 

*»“11 

(r\3 f 

-yr-j-jT- are, respectively, the turbulent and mole¬ 

cular diffusion coefficients. For combustion chamber operating condi¬ 
tions [33]: 

0T-(20-200) XI0-» mVs; 
D*« (0,05-0,25) X10** mV b, 

and their ratio * (4-8) • 10*. Since is many times larger than 

0 , the molecular diffusion coefficient may be neglected. Conse¬ 
quently, we can consider that the mixing in combustion chambers 
is determined only by turbulent diffusion: 

(7.15) 

According to the Sreznevskiy law, the droplet vaporization time 
equals : 

(7.16) 
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where 6. is the maximal droplet diameter, which may be determined 
using the technique presented in Chapter 4; fc is the vaporization 
constant, which depends both on the fuel physical and chemical 
properties and on the heat- and mass-transfer conditions at the 
droplet surface. 

Experimental and theoretical data obtained by various authors 
[34, 35» 36, 371 show that the vaporization constant decreases with 
Increase of pressure and increases with increase of temperature: 

(7.17) 

where the exponents from various data are: 

n*»2; s-0,1—0,4. 

The flowtime, which characterizes the combustion chamber loading, 
is proportional to the combustion chamber length and inversely pro¬ 
portional to the velocity; in the general form it is written as: 

(7.18) 

where 

= IT' I w‘dr - 

5 

Usually the nature of the velocity variation along the flame- 
tube length and radius is not known in the actual combustion chambers, 
therefore for the practical determination of the flowtime we can 
utilize the average relationship for the individual segments of the 
flametube: 

A,„-iia- = iS^-0,7«5 8, (7.19) 

where w is the average gas flow velocity over a given segment:, 
mar 

ALpl is the length of the given segment, m; 

p . is the flametube diameter, m; 
p.t 

G is the gas flowrate in the segment, kg/s; 
S 

LI is the relative segment length; 

y is the gas specific weight, kg/m*. 
• g 

The total flowtime up to a given section equals the sum of the 
flowtimes for each segment: 

‘'«Pu 
(7.20) 
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BURNING LIQUID FUEL 

The process of liquid fuel conibustion has been studied in experi¬ 
mental and industrial combustion chambers which differ in construction 

and operating parameters. 

The effect of the operating parameters on the magnitude of the 

a domt-ut fXSano b iotmvep-ijstm c dosnme t-tjttr» 

Pig. 48. Distribution of flame temperature, excess air and gas com¬ 
position across combustion chamber sections: a, b, c) p ■ 3.5, 2.6 
and 1.9-»*., respectively; i-co+h,+ch,: »-o,. *-»*:«-« i-co, a) Pressure p ■ 
» 3.5«»^ b) pressure p ■ 2.6 •*»•«>•; c) pressure p « 1.9 A) 
Section; B) chamber centerline. 

chemical and mechanical incomplete combustion along the chamber 
length has been studied in several experimental installations with 
flametubes of diameter 270, 400, 540 and 640 mm [1, 9, 10, 15, 27, 
28]. 

Figure 48 shows curves of the flame temperature, gas composi¬ 
tion and excess air distribution at four sections of the chamber 
of diameter 400 mm, developed for IT-100-750 with pressures of 1.9, 
2.6 and 3.5 and for the same/,=280^, do«««5,9; í/r»6-106kcal/nr •!!•■«■•*>* 

In the central zone, characterized by relatively uniform temp¬ 
eratures profile , the combustion is not intense because of the oxy¬ 
gen deficiency and the fuel decomposition is primarily pyrogenetic. 
Combustion does not develop in the peripheral zone because of the 
fuel deficiency and low temperature. The existence of a radial 
gradient of the concentrations and axial velocity, and also the 



presence of a radial flow causes diffusive and convective mass trans¬ 
fer between the zones and at the location where a nearly stoichiome¬ 
tric fuel-air mixture ratio Is reached the chemical reaction of fuel 
oxidation takes place, and the combustion zone has considerable width 

!-£-->0,5-0,7j because of the presence of large-scale turbulence. The 

combustion zone takes on an increasingly diffused nature in the di¬ 
rection of gas motion and finally the zone merges in the center if 
the degree of forcing is sufficiently high. The curves of the temp¬ 
erature, excess-air and 02 and C02 concentrations are practically the 
same for various pressures, however the width of the maximal CO, H2, 
CH* concentration zone in the chamber head sections increases with 
increasing pressure (for P ■ 0.9 «■»^•r/fi ■ 0.3-0.5, for P ■ 2.6 ,ta 
r/R m 0.2-0.5 and for P - 3.5.*«-»., r/R • 0.1-0.5). Increase of the 
maximal concentration zone width leads to an increase of the flame 
front thickness, while increare of the average liquid and gasified 
fuel concentration leads to an increase of the chemical and mechani¬ 
cal incomplete combustion in the sections, with this increase being 
particularly marked in the head region of the chamber and slight in 
the tail sections [27], which is illustrated in Pig. 49. We see from 
Pig. 49 that increase of the pressure from 1.9 to 3.5 ■,a•b*leads to 
an increase of the chemical and mechanical incomplete combustion 
nearly by a factor of two over the relative flametube length 
4,,/0,.,-0,3-0,4. This situation is illustrated even more vividly in 
the same figure in the form of the curve ner-/(¿or/On.T)- Por example, at 
the section Ior/Ai.tJ»0,4 the combustion completeness for a chamber pres¬ 
sure P ■ 1.9 equals 80$, with increase of the pressure to 3.5 
the latter decreases to 552. Where the fuel has basically vaporized 
and gasified, the effect of the pressure is reduced considerably, 
which is observed in the tail regions of the chamber. The curves 
(see Pig. 49) are approximated by the equation 

A 
Ter “-par. 

where • * 0.4 at section 1, a m 0.2 at section 2 and 0 = 0.02 at 

section 3. 

7,% 

Fig. 49. Variation of chemical and mechanical incomplete combustion 
along chamber length for various pressures but with the same degree 
of forcing, kcal/ma»h«‘«"»»: 1, 2, 3) p ■ 1.94, 2.54, 3.44 
«aal», respectively. 

Whether or not vaporization of the atomized fuel is the limiting 
factor in the over-all process of fuel conversion into the working 
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gas obviously depends on the type of fuel and droplet dimensions. 
In our experiments [1, 27, 28] and in several other studies [31, 
35, 36, 37] it is noted that if the droplet dimension does not ex¬ 
ceed 50-100 microns, the droplets are evaporated in the preheating 
zone and a mixture of fuel vapors and air enters the reaction zone. 
Obviously in this case droplet evaporation will occur practically 
instantaneously, and the process will develop Just as in the diffu¬ 
sion flame when burning gas. When the fuel droplet dimensions exceed 
-150 microns, we will be concerned with the evaporation and burning 
of Individual droplets. This is confirmed by the experimental data 
presented above, which show that with increase of the medium pressure 
the fuel burnup completeness decreases somewhat, while if the combus¬ 
tion took place in the kinetic region the combustion completeness 
should increase. 

Thus, under the conditions of burning liquid fuel (solar oil, 
distillate oil, fuel oil) under pressure, when the average droplet 
dimension exceeds -150 microns, and the maximal dimension of drop¬ 
lets constituting 5-10JÍ by weight equals 350-600 microns, taking 
into account the fact that fuel vaporization is proportional to the 
square of the droplet diameter and the evaporation rate decreases 
with pressure increase, we can assume that from the entire sum of 
sequential liquid fuel combustion stages the combustion completeness 
is limited by evaporation and burnup of individual droplets. Experi¬ 
mental data obtained on various combustion chambers make it possible 
to find the relationship between combustion completeness and the 
parameter which characterizes the relative vaporization time. The 
relative vaporization time with account for (7.16) and (7.19) may 
be written as: 

'Men - &KJ®ep 
Xgp kLa j 

The average gas velocity is 

(7.21) 

GnTç 

^T^C- 

Considering that ¿b.t-WVt, we finally obtain: 

Tmn _ WGn_rr 

top p-vXt 

where m - 1 - a and in accordance with the experimental data, 

(7.22) 

(7.23) 

m = 0,6 for bT - =» 0,37; 

m — 0,8 . -^-=0,87; 

tn *=* 0,98 a ■ K°r ■ = 1,37. 
• "«.T 

6, is the maximal diameter of a droplet atomized by the fuel 
spray nozzle, m; 
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G ia the gaa flowrate up to the given section, kg/h; 
n 

l ia the relative flame tube length up to the given section; 
X 

P ia the chamber pressure, .««•»>•; 

Tf is the flame temperature, °K. 

operating on liquid fuel, 
and when droplet vaporiza- 
completeness is a function 

(7.24) 

valid for geometrically 

similar combustion chambers; nevertheless experience shows that a 
single curve can correlate combustion chambers which are similar 

in construction and operating regimes. 

Consequently, for combustion chambers 
when the modeling conditions are satisfied 
tion is the limiting stage, the combustion 

of W 

Strlctlv sneaking. Relation (7.24) is 

Pig. 50. Combustion completeness ngi versus vaporization parameter 

-200-290*C, f«.t-700-750°C, fuel is solar oil, distillate oil, 
M-20 fuel oil): 1) rT-i«o-ï».oB.t-6«nim; 2) moo-r». pB>T-«omm; 3) block of 
combustion Chambers moo.7».iVT-mmm; 4) rry-i ?» kt3. on.T- 27omm. 5) rr i.s-rao h3/i. 
o^r-nm 6» 7» 8) experimental chambers, * ^00* 360, 540 mm, 
respectively. 

fe-.* 
—ta 

1 rJjJ 
o-f 
á-2 
■-3 

0 4 2 4 4 4 lí 1 1« JJ < 2 t 4 < 
r" 

Õ .lí 2. 

Pig. 51. Relation ’ier-/(n^n) for large-scale models of multiregister 
combustion chambers (type rr-25-700): 1, 2, 3) Models No. 1, 2, 3, 

respectively; mo. »0, fuel is solar oil. 

Figure 50 presents the relations Hcr-/(nBen)for eight experimental 
and industrial combustion chambers, while Pig. 51 shows the relation 
for three large-scale models of multiregister combustion chambers 
[10] (type n-25-700) burning liquid fuel. We see from these curves 
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that the relations for the combustion completeness nsg are corre¬ 

lated quite satisfactorily by the evaporation parameter ni8p and 

are approximated by the equation 

where the empirical coefficient B characterizes the chamber con¬ 
struction and its operation. The quantity B has the same ’"'ilue for 
combustion chambers which are geometrically similar and of ompara- 
ble construction:fl ■ 22 for the chambers of Pig. 50, B ■ 2.d for 
the chambers of Fig. 51. 

The conditions for approximate similarity of the combustion 
process of atomized liquid fuel if evaporation is the limiting stage 
may finally be written: 

1) geometrical similarity of the combustion chambers; 

2) Orta-idem, oi-idem, /,-idem, ß*-idem and the same fuel; 

3) 11**-idem or — idem. 

Pig. 52. Variation of oxygen and carbon dioxide concentration, 
flame temperature, excess air and fuel combustion completeness along 
flametube length for three combustion chamber models nr-100-750 J1M3. 
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Pig. 53. Variation of flame temperature and excess air along radius 
of flametube for three combustion chamber models rT-100-750 JJM3 
(fuel is distillate oil), a) Section. 

To Illustrate the validity of the conditions for hot-flow model¬ 
ing when burning liquid fuel. Figs. 52 and 53 present curves of the 
distribution of the Ox and COa concentrations, excess air, flame 
temperature along the radius and length of the flametube, and also 
curves of the burnup for three combustion chamber models rT-100-750 
when the modeling conditions Indicated above are satisfied. The no¬ 
tations for the experimental points In these figures are given In 
Table 7.1. We see from the curves that the experimental points are 
grouped with only slight scatter around curves which are common for 
the three chambers. This confirms the identity of the flame structure 
and combustion conqpleteness for geometrically similar chambers. 

With the aid of the relation T)cr=f(!!,*„), constructed from the 
data of model chamber tests on an experimental stand, we can deter¬ 
mine the combustion completeness in the full-scale combustion chamber 
operating in the QTE arrangement. To do this we must determine the 
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values of the parameter niSp for full-scale conditions and from the 

curve tier-/(nh-ji) constructed for the model we determine the combustion 
completeness. 

TABLE 7.1 

06o3iiaicHHe 

T04CK 
a 

OtlMTa 
b 

D„.r «ofi-jj «1 *yt P "p 

- 1 
2 
3 

30 

17 

11 

610 

400 

270 

5,53 

5,97 

5,35 

1,56 

1,53 

1.« 

276 

275 

302 

732 

750 

736 

1,82 

2,62 

3,54 

5,56 

5.40 

5,03 

3.26 

3,76 
2,97 

a) Point designation; b) experiment. 

Table 7.2 presents the sequence and a numerical example of the 
conversion of combustión completeness from model to full scale. 

The parameter nlsp Is approximate and therefore does not take 

Into account the entire complexity of the phenomena of heat and 
mass transfer during relative motion of the evaporating droplets, 
therefore for a more complete determination of the relative evapora¬ 
tion time we must take into account the droplet deceleration time. 
In the following, we present a theoretical derivation of the time 
for complete droplet evaporation. 

When leaving the fuel spray nozzle the droplets travel rela¬ 
tive to the air, and if the droplet velocity is greater than the 
flow velocity the droplet is retarded; If the droplet velocity is 
greater than the flow velocity the droplet is accelerated. After 
equalizing the flow and droplet velocities, the latter moves to¬ 
gether with the gas stream and droplet evaporation and combustion 
are described by diffusion theory [38, 39]. 

During droplet motion relative to the stream (dynamic region) 
the evaporation and combustion process is described by the equations 
of motion, heat transfer and mass transfer: 

(7.26) 

(7.27) 

(7.28) 

The quantities appearing in (7.26, 7.27, 7.28) denote: 

R*‘CllFHis the droplet resistance; 

is the droplet mass; 

-§- 
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is the droplet surface area; 

NutX 
is the heat release coefficient; 

Nu D 
is the evaporation coefficient, referred to the dif- 

“ ference of the partial pressures. 

On the basis of the analogy between heat and mass transfer [35, 38, 
40], we can take 

Nut-Nuf-dReM, 

~rrz ^ 
where PM-e '' is the partial pressure of the vapor at the droplet 

surface [31, ^0]. 

Pn £ is the vapor partial pressure in the combustion region 

(may be taken equal to zero). 

After transforming (7.26, 7.27, 7.28), we obtain 

dv 3 ( V \lA 
* “ 4 ■ 4Tt I : 

a, 2Nu^(r*-r*) »¿(TW*) / 
■IT--Í33Í---u Itt) 5 

WU'DAP'.u-Pu.*) • , v 
^-is--W • 

(7.26a) 

(7.27a) 

(7.28a) 

Prom (7.26a) and (7.27a), we find the relation between droplet 
diameter and velocity 

(7-29) 

where 6« and Vo are the initial droplet diameter and relative velo¬ 
city; 6k and v are the instemtaneous diameter and velocity. 

, »MTW«) 
“■aZtfvT“ • 

Substituting the value of v from (7.29) into (7.28a) and integrating 
over the limits from 0 to t and 6% te ¿k, we obtain 

(7.30) 

where *| — —""ls dyna®ic evaporation constant; 
Tf>*o 

a = 1,5-jj- iß the exponent. 

- 16 - 



T
A

B
L

E
 

7
 

S 
i 

, i H U 
C* O a 
s 
a C 

4h 

i. 
'ï s ► b = 2 *!§!• i 

? 

14
.1

 

11
50

0 

17
03

 

43
 8

00
 

0
.4

 

1,
37

 

0
,9

6
 

2
.1

0
 

9
3

,8
 

8 * 
Il 1 5 aS 

<3 * 
bO 

S 2 <2 S S § g S 6 8 s % 
W « S ^ S 2 Z S S ° — o ci 8 S 

6 — 

i t 
il £ 
Ja Q bO 

to 
8 c 

w à 0 ■“ ® ï 1 
¡3 S Si 5 & 8 I- ^- 
2 «• © - o oí 8 g 

«V «5 

i 

>> >> «s . ■ ' JL 
t S t £ 1 § 2. a^S . 
a S, a SS ^ 1 6? SS ¡=8 != 
î|2 "I „ • f S +.3.5;; 35® “ 
° ^ u §2 * . + =« a 8^Q a° ‘ 2 
222§ü£ Í = ü ã ^ ^ 3t: S** o 5 S o a t- S.=34.oajl £«. .5 S xïxga^ ‘'ïS.^p.'J a o<o5 **u 

■iiisl8 i l!° ¡I b‘lJ 
i§ssa ®*fS iS êâll 

a 
8 i 

sâ 5 
Qe 1 

I 
1. s-s 

c c O s 

S* £ 
•oS § 

£ * 
1 ^ ^ 1 i Ja “ 

' E 

S 8 S i X 
O 6 

8^ fV i 1 4*8 

o' 

X > 
St 
1 at at 

* 

9 
X 

ü 5 
V 
X 
X 4» r 

Û.bl“ - *a. ? 8.* « S*« b 
Q, «J Oq~* ^ g 

w t ■' 
¡ 

V 
X 
X 

3 O 
»° § a 

X • 
• £ 

= 1 • 1 § i 
= 1 3 >. I 1 i S 
5 s ! ! r « 3 § § X ? « 
6 1 5 s 3 Si § 1 5 i 
2»"* § §H"~ “-i V = 5.a 5 S ° 2 3 .r 5 5 g ° 

S •= g 5 6 " i ••& 5 1 =i ë sãs “a 5 5' - ? _^SSS g oS- 
■52.1 s ■gô.sgs8^ = §c 
.. iS"t,niir£>o.e:Xo? a. u 2 n >- * g T b t Q. 2 ° b b" _ <0 ï ®xs S*— S^*"o!Z ï» «ai 
¡J î i 11 i i s i 1 i| 5 ¡ I § 
Sjg^ S'* s S îlil5!' « §§ ciStâss, h- |2 h u e{ o c ccç 

"«g — ctn 'r >o » t» oo ci o — o» «' <r us 



a) No.; b) item; c) symbol: d) dimension; e) formula; f) example; 
g) model; h) full-scale; i) j) from analysis of GTE cycle; k) 
from spray nozzle analysis; 1) from thermal analysis of combustion 
chamber; m) kcal/kg; n) the same; o) kg/kg; p) from heat balance 
equation; q) kg/h; r) from combustion chamber thermal analysis: s) 
from experimental data, L/D - 0.37. 0.87' and 1.37, m - 0.6, 0.8 and 
0.98, respectively; t) kg/h-‘»rt»m»®K; u) from curve of Pig. 50; v) 
from experimental data. 1) Chamber pressure; 2) maximal droplet dla- 
meter; 3) air temperature; 4) excess air at section; 5) fuel lower 
heating value; 6) theoretical air flowrate; 7) heat Introduced into 
chamber; 8) flame temperature; 9) average gas flowrate up to sec¬ 
tion; 10) flametube diameter; 31) relative length to section in 
question; 12) pressure exponent; 13) vaporization parameter; 14) 
theoretical combustion completeness; 15) experimental combustion 
completeness. 

We obtain the deceleration time from (7.26a) by replacing 6, 
by its value from (7.29): k 

M’1 r 
57Í7.?<UJ v'Mk-"dv. 

After integrating for t> * 0, we obtain 

(7.31) 

_JW_ w 
3¿V^(3A-l) ^ ’ 

(7.32) 

During the deceleration time the droplet dimension decreases to 
the value 

.V-iV-W*. (7.33) 

The axial component of the droplet relative initial velocity is 

v.-c,-«,, 

where the axial component of the fuel dis¬ 
charge velocity from the spray nozzle; 

—w-cmí-Ç1—«jjcos-Tjr is the axial component of the air velocity 
' at the register exit; 

is the ratio of the spray nozzle discharge 
T coefficient to the effective section coef¬ 

ficient [22]; 

», are the cone angles of the flametube and 
the register vane; 

0« 
* = ■y1"1—— is the air velocity in the intervene space. 

During the deceleration time the droplet velocity equalizes 
the flow velocity (v ■ 0), and in this case with some approximation 
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we can consider that the droplet travels together with the flow, 
the droplet combustion process la diffusive and symmetric relative 
to the droplet center [38, 39]. The droplet combustion scheme is 
then the following: oxygen diffuses from the surrounding medium to 
the droplet surface, and fuel vapors diffuse from the droplet sur¬ 
face. In the zone of approximately stoichiometric fuel-oxygen mix¬ 
ture ratio, a spherical combustion zone is established and, since 
the chemical reactions take place practically instantaneously, the 
thickness of the combustion zone is negligibly small and the fuel 
vapors and oxygen do not pass through the combustion zone. 

The system of equations for heat and mass transfer is then 
the following. 

1. Heat flux from combustion zone to droplet surface 

(7.34) 

2. Fuel vapor mass flux from droplet to combustion zone 

(7.35) 

3. Heat flux from combustion zone to surrounding space 

(7.36) 
Qr 

A n <IT 4*r\ -j¡r 

4. Oxygen mass flux from surrounding medium to combustion zone 

O.-tor'&í- (7-37) 

Additional relations must be introduced to solve this system 
of equations. 

The heat expended on evaporation is 

The heat released during fuel combustion is 

Ql + Qi*“ Orfrop- 

The stoichiometric relation 

0,—0,23¿vO, —1,1(0,. 

(7.38) 

(7.39) 

(7.40) 

In the above equations the diffusion and heat conduction coef¬ 
ficients are as follows [31, 35, 40]: 

D - 0#("7t) "T“ ’ = (7.41) 

Solving the system of equations presented above and considering 
that the vaporization rate equals 
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o, dP 
dx 

(7.42) 

we obtain the time dependence of the droplet diameter for static 

vaporization 

(7.43) 

where fiv. * Is the droplet diameter at the end of the deceleration 

time; 

kt le the static vaporization constant: 

where 

^..0,Jb-iftg kg/kg is the relative oxygen weight concentration. 

(7.45) 

The total vaporization time in the static region is 

The total vaporization time equals the sum of the deceleration 
time and the evaporation time in the region of "static" particle 

motion: 

(7.47) :aca "XTopii 'er 

To verify the validity of the relations presented above a cal¬ 
culation was made of the deceleration time and the static vaporiza¬ 
tion time on the basis of experimental data for various combustion 
chambers. The resulting values of the relative total vaporization 
time (t^8 /Tpp) were correlated by the relation 

(7.48) 

Figure 54 presents this relation for three n-t00-750 combustion 
chamber models with flametube diameters 640, 400 and 270 mmj 
ÍTy-4 KT3 with D t - 270 mm; rî-700_H3JI with 0p>t - 505 mm and an 

experimental fuel oil chamber with Op t ■ 400 mm. 

The experimental curve is approximated by the relation 
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Pig. 5M. Relation Her = /(~) for-1 = 1.2-1.5:/,,-200-210^^^:-700-75^0: 1, 2, 3) 

rT.ift).750.o„.T-6w. 400. a» m®, respectiveljTJ 4) nry-4 KT3.ou.f-iio—: 5) rr-roo 
Han./)«.,-«» ■=>; 6) experimental chamber, mm. 

Pig. 55. Comparison of theoretical and experimental burnup curves: 
a) Chamber moo-7M /im3. o,,.T-w mm; b) chamber kts.d„.t-27o ) 

Theoretical; -) experimental. 

Table 7.3 presents the scheme and an example of the calculation 
of droplet evaporation time and combustion completeness for any 
flametube length. On the basis of this calculation we can plot the 
burnup curves for an analogous chamber for various operating para¬ 

meters . 

Figure 55 shows as an example for several experiments the re¬ 
sults of a comparison of the burnup curves obtained in experiments 
and those calculated using the scheme described above for complete 
droplet burnup. 
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1) Item; 2) symbol; 3) dimension; 4) calculation formula; 5) remarks; 
6) calculation example; 7) basic data; 8) chamber pressure (abs); 9) 
kg/cm2; 10) from analysis of the GTE cycle; 11) flame temperature; 
12) from heat balance equation; 13) pressure drop across spray noz¬ 
zle; 14) kg/cm2; 15) from spray nozzle analysis; 16) maximal droplet 
diameter; 17) from spray nozzle analysis or from the formula; 
air velocity at register exit; 19) m/s; 20) hydraulic analysis; 21; 
fuel specific weight; 22) kg/ms; 23) from thermal analysis; 24) gas 
specific weight; 25) oxygen concentration in flame; 26) kg/kg; 27) 
determination of physical constants; 28) fuel vapor kinematic vis¬ 
cosity; 29) m2/s; 30) vapor molecular diffusion coefficient; 31) 
fuel vapor heat conductivity; 32) kcal/m»s*deg; 33) fuel boiling 
temperature; 34) solar oil; 34') fuel oil; 35) saturated vapor 
pressure; 36) kg/cm2; 37) distillate oil; 38) fuel vapor specific 
heat; 39) kcal/kg«deg; 40) from tables for Tk; 4l) heat of vaporiza¬ 

tion; 42) kcal/kg; 43) fuel vapor enthalpy; 44) ignition temperature; 
45) vaporization in dynamic region; 46) coefficient; 47) exponent; 
48) droplet absolute velocity (along chamber centerline); 49) m/s; 
49') and;50) A is the geometrical characteristic of the spray nozzle; 
51) air absolute velocity (along chamber centerline); 52) m/s; 53) 
$k is the cone aperture angle; 54) is the vane inclination angle; 

55) relative droplet velocity; 56) dynamic vaporization constant; 
57) m*deg/s; 58) droplet deceleration time; 59) s; 60) droplet dia¬ 
meter after deceleration time; 61) static vaporization constant; 62) 
m2/s; 63) static vaporization time; 64) s; 65) total vaporization 
time; 66) determination of flow time; 67) length of flametube seg¬ 
ment up to section; 68) assumed; 69) section; 70) average gas velo¬ 
city over segment; 71) m/s; 72) flow time up to section; 73) s; 74) 
number of segments; 75) ratio of vaporization time to flowtime; 76) 
combustion completeness up to given section (theoretical); 77) from 
curve (Pig. 54) or from formula; 78) combustion completeness up to 
given section (experimental); 79) from experiment. 

There is considerable discrepancy between the theoretical and 
experimental curves in the head region of the chamber, where con¬ 
siderable concentration nonuniformity is observed and it is diffi¬ 
cult to make an exact determination of the burnup completeness. 
Nevertheless, the general agreement of the curves is quite satisfac¬ 
tory, the discrepancy between the experimental and theoretical points 
for all the experimental data processed does not exceed 20-25# in 
the head region and 5-10# in +he chamber tail regions. 

BURNING GASEOUS FUEL 

The process of gaseous fuel combustion takes place in two stages: 
mixing and chemical reactions. Experimental data and direct observa¬ 
tion of the flame show that for separate fuel and air input the 
gaseous fuel combustion process in combustion chambers usually takes 
place in the diffusion region, which is indicated by the bright- 
yellow flame coloring and the weak dependence of the flame length 
on the loading. High pressure and high flame temperature lead to the 
situation where the chemical reaction rates are excessively high and 
the combustion process is limited by turbulent mixing of the gas with 
the air. Only in combustion chambers with burners providing partial 
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premixing (for example, burners with hollow vanes of the type IT-50- 
800 XT3 im. S.M. Kirov) under suitable conditions will combustion 
take place in the kinetic region, since the mixing of the gas with 
the air in burners of this type takes place more intensely than in 
diffusion burners. For all types of burners transition of the process 
into the kinetic region can occur for partial chamber loading, when 
the flame temperature decreases sharply because of the excess air 
increase. 

Separate fuel and air input, most widely used in burners of 
the diffusion type, has definite advantages in comparison with fuel 
input in burners with premixing. Stable burning of the fuel which 
is not completely mixed with the air takes place over considerably 
wider limits with respect to excess air without the occurrence of 
flameout and pulsation. Gas input into the combustion zone through 
a large number of holes in the center of the burner creates individu¬ 
al fuel "islands,” which burn from the surface, creating a highly- 
developed and varied flame front. 

The presence of this sort of igniting centers increases the 
over-all combustion stability. This combustion process has been 
termed "microdiffusion" by Frank-Kamenetskiy [35, 38]. 

Observations of the gaseous fuel combustion process in com¬ 
bustion chambers show the existence of a continuous luminous flame 
which is symmetrical about the chamber centerline. A blue flame can 
be observed only in the peripheral region. The distribution of the 
flame temperatures, excess air and gas composition along the chamber 
radius has the same nature as for the burning of liquid fuel. 

The central portion of the flame in the head sections is occu¬ 
pied by a reverse flow zone, indicated by a high temperature which 
is constant along the radius and low excess air. The oxygen concen¬ 
tration in this region is minimal, while the carbon dioxide concen¬ 
tration is maximal. The flame is located around the reverse flow 
zone, and the combustion front has considerable thickness along the 
radius. Toward the periphery of the chamber the temperature and 
CO2 concentration decrease, while the excess air and oxygen con¬ 
centration increase, which is caused by swirling of the air flow 
by the register and entrainment of air from the cooling slots. Ex¬ 
perimental data and direct observations indicate that the length of 
the gaseous flame is usually no less, and sometimes exceeds the 
length of the liquid fuel flame for the same burner construction and 
similar operating parameters, which is seen from the burnup curves 
for liquid and gaseous fuel shown in Fig. 27. The complexity of the 
entire combustion process, associated primarily with breakdown of 
the combustion volume into a large number of diffusion microzones, 
in which the burnup proceeds from the surface of individual "moles," 
makes it difficult to obtain an analytic relationship for determin¬ 
ing the combustion completeness, therefore it is more convenient to 
correlate the experimental data in dimensionless form. 

Considering that for the combustion of gaseous fuel the limit¬ 
ing stage is the mixing, the combustion completeness is expressed 
in the form of a function of the relative mixing time: 
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(7.49) 

As Indicated previously, the turbulent mixing time, which determines 
the entire mixing process. Is 

(7.50) 

where /MwroA Is the turbulent diffusion coefficient; 

w Is the characteristic velocity; 
gor 

Dr Is the register diameter; 

A Is a factor; 

d Is the characteristic dimension of the gas channels. 

The average value of the gas flow time up to the given section 
Is 

8, (7.19a) 

where G Is the average gas flowrate up to the given section, kg/s; 
K 

Y Is the average gas specific weight up to the given section, 
8 kg/m*; 

is the relative distance to the given section. 

Substituting in place of T8m and t their values, we obtain the 
mixing parameter: p 

n (7.51) 

In correlating experimental data on burners of different construe 
tions, we take as the characteristic velocity the stoichiometric 
velocity of the air and gas flows at the burner exit: 

OpWp T LÿB^XOr 
“W “ Gf T LB, 

«|t»p -r vr . 

•l+ 1 
m/s. (7.52) 

As the characteristic dimension of the gas channels for correlating 
the experimental data we have used: 

a) for burners with slot-type gas distribution (type rtH-9-750 
and rr-25:700 JIM3) (/-Ö«; 

b) for burners with "hole-type" gas distribution (type 
m00.750 JIM3! and fTy-6-750 CTM3) (/« Jot.; 

c) for burners with partial premixing (type rT-50-800 XT3) d—dw.tr 
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Pig. 58. Variation of combustion completeness with mixing parameter 
(burners with hollow vanes; «,-^1^5-2,5: /.=100-300-0: /^=400--700-0, fuel 
is natural gas): 1) rr-so-wo (experimental), 0^,-905-m; 2) rr-soaoo ikcbji. 
Dn. ,-905 nun; 3 ) rTM«» (KCHfl). 0„. ,-1005 bib* 4) 17119-750-,/-17-25-700 (1), experimental. 

Figures 56, 57, and 58 present the generalized curves for com¬ 
bustion completeness versus mixing parameter- for the three types of 
burners listed above. The experimental relationships are approximated 
by the equation 

*kr = (i 100%, 

where the experimental constant B for each burner type has different 
values: B ■ 10 for burners with slot-type gas distribution (Pig. 56); 
B. *= 116 for burners with gas distribution through holes (Pig. 57); 
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fl ■ 20 for burners with hollow vanes (Pig. 58). It should be noted 
that the relation strictly speaking, is valid when the 
basic modeling conditions are satisfied. The curves presented cor¬ 
relate combustion chambers with similar construction of the burners 
and flametubes, operating in some range of the operating parameters 
(a, ty). This explains the scatter of the experimental points for 

different combustion chambers relative to the average curve. In¬ 
creased scatter is also the result of relative inaccuracy of the 
determination of the combustion completeness in the various chambers 
and particularly in the head sections. 

OfiCOfi/» 

Pig. 59. Variation of oxygen concentration, carbon dioxide concentra¬ 
tion, lame temperature, excess air and fuel combustion completeness 
along flametube length for two combustion chamber models rT-ioo-750 ;iM3 
(fuel is mixed gas): 1) Experiment No. 35; 
,.i.*Vf-KM-. 2) Experiment No. 23; D%j-«,*«-Mfcm-j-mh»r-*•*»- 

Considering the above, we can consider that approximate hot-flow 
modeling for the burning of gaseous fuel in the case of diffusion 
combustion will be satisfied if the following conditions are met: 

1) geometric similarity; 

2) ai, Ootiu, f«"■idem and the same fuel; 

- 30 - 



Pig. 60. Variation of flame temperature, excess air, oxygen concen¬ 
tration and carbon dioxide concentration along the radius for two 
combustion chamber models rr-ioo-750 JM3; 1) Experiment > »; o^T-ioomm ; 
2) experiment No. 23; iron; a) Section. 

As an example. Pigs. 59 and 60 present the experimental curves 
for 0» and COa concentration, excess air and flame temperature dis¬ 
tribution along the radius and length of a flametube, and also the 
variation of the combustion completeness along the length of two 
combustion chamber models moo-750 J1M3 with flametube diameters 400 
and 270 mm, obtadned with the modeling conditions mentioned above 
satisfied. The experimental points for the two models are grouped 
with slight scatter around common curves, which confirms the iden¬ 
tity of the flame structure and combustion completeness for geome¬ 
trically similar combustion chambers operating on gaseous fuel. 

Table 7.4 presents the scheme and an example of the conversion 
of the combustion completeness obtained on a test model to a full- 
scale chamber operating in a QTE cycle. 
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1) Item; 2) symbol; 3) dimension; 4) formula; 5) calculation example; 

6) model; 7) full scale; 8) chamber pressure; 9) ■‘"•"S 10) from analy¬ 
sis of QTE cycle; 11) register diameter; 12) register structural 
analysis; 13) flametube diameter; 14) from combustion chamber thermal 
analysis; 15) relative length up to section; 16) characteristic di¬ 
mension of gas channel; 17) average gas flowrate up to section; 18) 
kg/h; 19) air excess at section; 20) from thermal analysis; 21) al^ 
temperature; 22) from GTE cycle analysis; 23) flame temperature; 2^1) 
from heat balance equation; 25) gas specific weight; 26) kg/m ; 27) 
air velocity at register exit; 28) m/s; 29) from hydraulic analysis; 
30) fuel gas velocity at burner exit; 31) from burner analysis; 32) 

characteristic velocity; 33) mixing parameter; 34) theoretical combus¬ 
tion completeness; 35) from curve of Pig. 57; 36) experimental combus¬ 
tion completeness; 37) from experimental data. 

Manu- 
s cript 
Page 
No. 

2 

2 

2 

2 

2 

2 

3 

3 

4 

5 

5 

5 

5 

5 

5 

5 

6 

6 

Transliterated Symbols 

k.c * k.s ■ kamera sgoraniya ■ combustion chamber 

T * t » teplovoy ■ thermal 

rimp « gidr » gidravlicheskiy ■ hydraulic 

3• K > z.k ■ za kamera * combustor exit 

ct - st * staticheskiy * static 

cr * sg = sgoraniye - combustion 

or ■ og = ognevoy ■ burning 

n.T ■ p.t ■ plamennaya truba » flame tube 

XHM ■ khim ■ khimicheskiy ■ chemical 

T = t ■ turbulentnyy * turbulent 

Hen » isp - ispareniye » vaporization 

A « d ■ diffuzionnyy * diffusion 

$ - f = fakel ■ flame 

o6m ■ obshch * obshchiy » total 

b » V - vozdukh ■ air 

rop ■ gor - goreniye ■ combustion 

cm » sm ■ smesheniye = mixing 

np = pr ■ prebyvaniye ■ flow 
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7 

7 

7 

7 

8 

8 

8 

8 

8 

11 

15 

15 

15 

16 

16 

18 

18 

18 

18 

18 

18 

18 

18 

18 

18 

18 

19 

22 

23 

T ■ t » [not specifically Identified] 

K ■ k ■ [not specifically Identified] 

T ■ t ■ turbulentnyy ■ turbulent 

M ■ m ■ molekulyarnyy • molecular 

K ■ k ■ kaplya ■ droplet 

cp ■ sr ■ srednyy ■ average 

nji ■ pi ■ plamya * flame 

r ■ g ■ gaz ■ gas 

n • p » polnyy ■ total 

n ■ p ■ par ■ vapor 

yx ■ ukh • ukhodyashchiy ■ exit 

UK » pk ■ [not specifically identified] 

n.$» p.f ■ [not specifically identified] 

H.K« n.k ■ [not specifically identified] 

h.$- n.f - [not specifically identified] 

h ■ n ■ nizhnyy ■ lower 

BH ■ vn ■ vnesennyy ■ introduced 

p ■ r ■ raschetnyy ■ theoretical 

on ■ op - opytnyy ■ experimental 

m* shch ■ shchel’ « slot 

p■ r ■ registr ■ register 

T■ t ■ toplivo ■ fuel 

Ji ■ 1 ■ lopast ■ vane 

Büx * vykh * vykhod ■ exit 

K■ k ■ kislorod » oxygen 

rop ■ gor ■ goreniye ■ combustion 

CT ■ st ■ staticheskiy - static 

*■ m - maksimal’nyy ■ maximal 

K« k ■ kipeniye ■ boiling 
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23 h ■ i * ispareniye * vaporization 

23 b ■ V = vosplameneniye ■ ignition 

24 K = k * konus a cone 

28 OTB * otv * otverstiye ■ hole 

28 cp * sr * srednyy ■ average 
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