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CALCULATING THE TEMPERATURE FIELDS IN
THE BUCKET OF A GAS TURBINE COOLED
THROUGH SLOTS IN THE ASSEMBLY

Ye. I. Molchanov and A. R. Khenven

The article lists the results of calculating
the temperature flelds appearing in the cooled
bucket of a gas turbine. The effect of limiting
conditions and of heating and cooling regimes
on the temperature drop in the bucket cross-
gection 18 clarified. Temperature distribution
along the elevation of the bucket 1s investigated
and the heating of the coolant alr is estimated.

The increase in the efficlency of modern gas turblnes demands the
use of a working substance with high initlial temperature. The need
arises to use different kinds of cooling systems in order to protect
the components of gas turbines functioning in the high temperature
region. The efficiency of the cooling system adopted is determined
by its functional reliability, consumption of fluid coolant, structural
shape, and a number of other factors.

Despite the use of a cooling system in a number of high-tempera-
ture gas-turbine installations, damage to the most heavlly loaded
subassemblies, partlcularly to the bucket device, takes place. It 1is
assumed that one of the causes of this damage is the high thermal
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stresses arising in the cooled elements of gas turbines.

The present article demonstrates the calculation of temperature
distribution in the transient and steady thermal currents appearing
in a bucket cooled through slots in the assembly and investigates
heat exchange between the bucket with its alr coolant and the gas.

In the present work we have calculated the temperature fleld of
the bucket on the hydraulic integrator constructed by V. S. ILuk'yanov
vhich enables us rapidly to carry out a series of computations to
determine the temperature fields of the components in different work
regimes and at any given configuration of boundary and initial
conditions.

The working buckets, the temperature flelds of which we are
investigating in the present work, are part of the first stage of
a two-stage gas turbine. The stage consists of 80 buckets and the
temperature of the gas in front of it equals 760° under nominal
operating conditions. The turbine plates are cooled through clearances
or slots in the assembly at the base polnts of attachment of the
buckets. Each stage 1s provided with its individual supply of coolant
air.

A bucket of the first stage was chosen for research on the
temperature flelds since 1t exists under the most difficult tempera-
ture conditions. Our work consists of two sections.

In the first section we have determined the temperature fields
which arise along the elevation of the bucket when it 1s warmed up in
a stationary regime. As a2 result of these calculations the cross-
section was made apparent in which we may leave out of consideration
the radial thermal currents — a condition necessary for further

investigation of temperature fields in the cross-section of the bucket.

FTD-TT-62-1568/1+2+4 -2-
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Furthermore, we derived the values of the thermal currents from the
bucket's point of base attachment toward the air coolant, as well
as the temperature distribution along the elevation of the bucket,
for different values of coefficients of heat exchange on the blade
of the bucket and in the slotted channels of the base attachment
and at various temperatures of the alr coolant.

In the second section of the work we investligated the tempera-
ture fields which appear in the cross-section of the bucket in
transient regimes of heating and cooling. 1In doing this we examined
the two-dimensional plane problem, l.e., the problem in which no
consideration was taken of the radial thermal current.

In doing the calculations we allowed for a change in the
geometric dimensions along the length of the blade of the bucket.
When investigating the temperature change there, we divided the blade
into nine blocks; and when making the cross-sectional calculations,
into 29 blocks, also allowing for a temperature-conditioned change
in the physical parameters of the bucket materlal — the coefficients
of heat conductivity A and specific heat c. Table 1 lists the data

on the physical parameters.

TABLE 1
Physical Parameters of Bucket Material.
t,°C 100 200 300 | 400 |500 600 |700 |800
A, _n_.mlfcg} sgres | 8-28| 9.72( 11.15] 12.95[ 14.75/16.55) 18.70| 20.65
T’ iggﬁéifsg—- 0.090| 0.096| 0.105{ 0.115| 0.120§0.130|0.140| 0.145
v = 8400 kg/m3

The result of these calculations was the determination of the

FTD-TT-62-1568/1+2+4 -3-
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temperature drops across the bucket section in regimes corresponding
to different limiting and initial conditions. We ascertained the
temperature drops At as the difference between the trailing edge and

bucket cross-section center temperature.

Calculation of the Temperature Field Along the Bucket

Elevation

Investigations of the heat exchange between the butket and the
gas and the alr coolant were conducted for s wide value of heat

exchange coefficients along the blade of the bucket a and in the

't
slots of the base attachment . (500, 1000, 2000, and 4000
kcal/m2-hr-degree) . On the faclal surface of the bases the heat-
exchange coefficient is assumed to be constant and equal to 600
kcal/m2.hr-degree. Calculations were made for a number of values of
the temperature of the air coolant passing through the slots at the
base attachment t, = 170, 300, and 450° in order to explain its
effect.

All the calculations to determine the temperature fields along
the elevation of the buckets were conducted with an instantaneous
rise in the temperature of the gas and the alr coolant to a nominal
value ('cg = 760, t, = 170, 300, and 450° €). In doing this it is
assumed that the thermal current to the plate from the base attach-
ment of the bucket is lacking and all the heat going through the
bucket hinge is transferred in 1its entirety to the alir coolant. This
assignment of limiting conditions 1s most favorable from the point
of view of uniformity of temperature distribution along the elevation
of the bucket.

In order to select a section in which 1t would be possible to
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neglect the radial thermal current we examined a transient problem of
temperature distribution along the elevation of the bucket with a
maximum value of the coefficient of heat exchange in the slots of the
basal connection (ar = 4000 kcal/m2.hr.degree) and minimum value
toward the blade of the bucket (aft = 500 kcal/m®.hr.degree) . The
temperature of the air coolant was, moreover, taken as minimum

(ty = 170°C).

Under these conditions the greatest portion of the blade of the
bucket will have a non-uniform temperature.

When we calculated the physical parameters (A and c) we se-
lected them by starting from the block temperature to be determined
under a steady heat regime.

Figure 1 shows the results of calculating temperature distribu-
tion in transient and steady heat regimes along the elevation of the
bucket. The section chosen for the transient regime in which it
would be possible to neglect the radlal thermal current was situated
58 mm from the root section. In the second section of the work we
investigated heat distributions at different transient regimes for
this section.

The same graph shows the results of calculating the temperature
field along the elevation of the bucket in a steady heat regime for
the case t, = 300 and k50° C.

From the cited calculations it follows that on a substantial
portion of the blade of the bucket in the steady heat regime the
temperature 18 close to that of the gas and only in the regions near
the basal attachment are there observed radial temperature gradients.
For heat-exchange coefficients in the slots of the basal connection

o, = 4000 kcal/m2-hr-degree the temperature of the end of the base



of the bucket 1s close to that of the air coolant. When this coeffi-
clent 1s decreased eightfold the base temperature increases 30-70°.
The lesser difference can be referred to the higher temperature of

the air coolant. A change in the coefficient of heat exchange in

the flow-through part also alters the character of temperature distri-
bution along the bucket in the steady heat regime. With the rise

in the coefficlient of heat exchange in the flow-through portion

the temperature of the basal connectlon also rises, and under these

circumstances the higher the value of a_, the less the effect of Qpy

T
on the temperature of the base. We may draw the conclusion based

on analysis of the data obtalned that in the empirical investigation
of temperature filelds in a cooled bucket of a gas turbine it is
desirable to have the lowest possible temperature of the air coolant.
This enables us to estimate with greater accuracy the coefflcients

of heat exchange 1n the different regions of the bucket.

L

y/
a 0

0 20 &0 &0 6 000 20 40 60 80 lam

Fig. 1. Change in temperature along elevation of bucket when
t, = 170°. Steady heat regime (a): 1) Gpy = 500

kcal/m’-hr-desree: 2) 10003 3) 2000; 4) 4000 (solid line — a_=
= 4000 kcal/m®-hr.degree; dashed‘ 500) ; transient heat reg
(b): aps = 500, a_ = 4000 kcal/m*-hr-degree; 1) T = 2 sec}

2) s Sf 6;74) 10] 5) 15; 6) 203 7) k0.

In the process of solving these problems on the integrator we
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also measured the thermal currents going from the bucket to the air
coolant (Fig. 2). The calculations show that in the case of the
greatest thermal current q = 452 kcal/hr-degree, observed when Qpy =
= 4000 kcal/m®.hr-.degree, a. = 4000 kcal/m2.hr, and t, = 170°, the
temperature of the alr coolant on leaving the base of the bucket will

equal t" = 197.4° C and the temperature of the entrant air t' = 142,6.
a a

L3N s | )

9J!9_
* hrredegres

Fig. 2. Magnitude of thermal current from hinge
of bucket to air coolant depending on coefficients
of heat exchange in flow-through portion and base
connection and on temperature of air coolant.

1, 3, 6) 170° €3 2, 5 7) 3003 4, 8& 9) 450; for
different a_: 1, 2, ) "ho00 kcal/m®-hr.degree;

3, 5, 8) 2080; 6, 7, 9) 1000.

cﬁlculatagg the Temperature Field on the Bucket

Cross-Section

The temperature fleld ahd the drops on the bucket cross-section
were ascertained for different coefficients of heat exchange in the
flow-through portion (art = 4000, 2000, 500 kcal/m2-hr-degree) and
for different times of gas temperature rise At from initial 20 to
nominal 760°. In doing so, At was chosen equal to 0, 5, 15, and 30 sec.

The regime At = 0 corresponds to an instantaneous rise in gas temperature

-7-



to the nominal, The temperature of the gas was raised to the nominal
value in accordance with a linear law. In addition, we ascertained
the temperature fields for the case of instantaneous drop in the

gas temperature from the nominal to 170° C for the same values of Qpys
corresponding to a flame-out in the combustion chamber when the gas
temperature falls to that of the air entering the chamber from the
compressor,

The investigation of the temperature fields on the bucket cross-
section showed that substantial temperature jumps occur in it in
warming up and in cooling.

Figure 3 displays the graphs of the change in the temperature
drop on the bucket cross-section At as a function of time when Cpy =
= 4000 kcal/m2.hr-degree and when At assumes different values. By At
is understood the difference which arises between the center of the
thickest part of the cross-section and the trailing edge.

In the initial period At increases, reaching its greatest value

max
With a rise in the value of At the curves have a more sloping

At at the moment in time Tat » and falls thereafter.
max

character and the maximum value of the temperature change decreases,
nevertheless remaining sufficiently high; the time of appearance of
the maximum temperature change is displaced to the side of the larger
values of T. With the decrease in the coefficient of heat exchange
in the flow-through portion the temperature changes on the cross-
section decrease.
As the calculations showed, the greatest effect of the rise

time of the gas temperature At on the maximum temperature change At

max
is observed in the region of larger values of Qpy3 when art decreases,

Atmax drops; but the degree of the effect of At on the maximum change

-8«



Atmax simultaneously decreases.

Joo \>J ;%_ .!m —
i/ weNEN

S5 0 15 20 % teew

Fig. 3. Change in time of temperature alteration

on bucket cross-section for o = 4000 kcal/m2.hr-degree,
A and ¢ at 300° C, and different Ar: 1) 02 2) 53

3) 15574 30.

J00 | 8L

200

100

l
: Yy, 100 200 300 uIoy/d¢a
Fig. 4. Dependence of maximum temperature change

on bucket cross-section on velocity of gas tempera-

ture rise for various a,.: 1) 500 kcal/m®-hr-degree’
2) 20005 3) 4000.

. With the increase in the veloclity of gas—temperature rise v the

maximum temperature change Atmax increases and at the infinitely

large value of v, corresponding to At = 0, reaches the limit value

Atlim' Each coefficlent of heat exchange of “ft has its own value of

FID-TT-62-1568/1+2+4 -9-
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Atlim’ the latter increasing with the former.

The graph in Fig. 4 makes clear that at a definite velocity of
gas-temperature increase Vo the maximum temperature change Atmax
does not depend on Gpye

When the value of v > Vyo the maximum change increases with an
increase in Qo s when v & v,s & reverse picture 1is presented — larger
valﬁes of Atmax correspond to lesser values of a,

At high velocities of gas-temperature rise v, however, the maximum
temperature change practically does not depend on 1t and 1s determined
only by the coefficlient of heat exchange of Cpye

These calculations also showed that the instant of the appearance
of the maximum temperature change TAtmax depends on both the gas-
temperature rise period (velocity) and the coefficient of heat exchange
in the flow-through section Cpye It may be seen from the calculations
that with the growth of Cpy the instant of the appearance of the
maximum change decreases for all values of v.

The especlally great influence of the veloclity of the gas-
temperature rise on the instant of appearance of the maximum change
is observed at small values of v < 200 deg/sec, the maximum change
entering the period where the gas temperature attains the nominal
value. At larger values of v this effect 1s less pronounced and the
instant of appearance of maximum temperature change on the cross-
section is close to the moment which corresponds to instantaneous
gas=temperature rise to nominal value.

Similar relationships for Atmax and TAtmax have been derived
also for the regime of instantaneous gas-temperature drop from nominal
to 170° C.

PFTD-TT-62-1568/1+24+4 -10-



English Summary from Original Article

The investigation of temperature fields appearing in a cooled

> bucket of a gas turbine was carried out.

REFERENCES

1. V. S. Iuk'yanov. Izv. AN SSSR, OTN, No. 2, 1939.
2. A. V. Iykov. The Theory of Heat Conductivity. Mashgiz, 1956.
3. E. I. Molchanov. Teploenergetika, No. 1, 1956.

F. E. Dzerzhinskiy All-Union Heat-
Technological Institute, Moscow.

FTD-TT-62-1568/14+2+4 -11-~




A STUDY OF THE ngGTRICAL CONDUCTIVITY OF A FLAME
BY THE MICROWAVE METHOD

E. P, Zimin and V. A, Popov

This work examines the microwave method of
measuring the electrical conductivity of a flame,
The results of experiments conducted in a methane-
alr flame with additions of potassium are glven.

The importance of the study of the electrical conductivity of
‘weakly lonized gases, in particular of combustion products, 1s
explained by the fact that chemical reactions 1n gases are accompanied
by the formation of charged particles. Knowledge of the mechanism
of the formation of these particles and of the quantitative relation-
ship between thelr concentration and the reasction parameters woyld
place in the hands of researchers a method no less valuable than the
spectroscopic method.

Study of the electrical conductivity of flames is important also
because of the advent of 2 new direction in the area of power engineer-
ding: .magnetohydrodynamic power engineering.

A flame, obviously, 1s the most likely source of high-temperature
condugting gases, which are the working substnace of an MHD genqrator.

EYRNYIIN

FTD=TT=62-1568/1+2+4 /2



The required electrical conductivity of the flame in such a generator
can be provided either by nonequilibrium chemical ionization, or by
introducing into the flame additives with a low ionization potential.
Up to the pressat time, however, no effective methods of ioniza=-
tion and reliable means for measuring experimentally the electrical
conductivity of a flame have been developed.
This work studies ionization in methane-air flames with additions

of easlly lonlzed substances.

Experimental Apparatus

A mixture of methane and air was burned over a flat burner of the
type described by Spalding [3], which 1s a porous disk with pores on
the order of 0.1 to 0.15 mm. By previous formation of the fuel mixture,
and also by uniform supply of 1t to the combustion zone, a flat flame
1s created over the surface of the burner. 1In this flame all param-
eters vary only along the axis perpendicular to the plane of the flame
front (the plane of the burner). The low burning rates of methane-air
mixtures allow the flat flame'tdrbé raised above the burner to a
distance of 6 to 8 mm.

In a flat flame, along the axis perpendicular to the flame front,
there occurs a change in temperature, concentration of charged particles
and chemical composition. Pressure over the entire region of the flame
1s constant and equal to the pressure of the surrounding medium,
However, in the region beyond the flame, at a sufficient distanpe
from the front, it 1s possible to isolate a certain plane above which
the medium is in a state of equilibrium, and, in addition, its tempera-

ture and chemical composition do not vary, for all practical purposes.

FTDVTT-62-1568/1+2+4
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An. sdwantage of the method of studying the properties of conduct-
ing gases in a flame 1s the fact that the electron concentration and
the frequency of their collision with other particles, two fundamental
values which determine the electrical conductivity of the gas, can be
assigned independently of one another.

Measurement of ionization in & flame 1s done by the method of
microwave attenuation, which is based on a calculation of the param-
eters of the mediygm through which the electpomagnetic wave passes, by
the weakening offgﬂ;“;oﬁéfugf the latter.

An essentlial advantage of the microwave method 1s the possibility
of determining the electron component directly.

In order to make measwrements in a flame, we introduced a wavegulde
section which satisfied, on the one Hard, . the requirement of electro-
magnetic hermeticity for high-frequency oscillations, and, on the other
hand, did not introduce substantial osclllations into the hydrodynsmic
pattern of the flow of combustion products beyond the flame front.
These requirements were satisfied by a wavegulde whose two opposite
wide walls were made in the form of grids of platinum wires with a
diameter of 0.2 mm.

Heat deformation was prevented by shielding the wires with quartz
capillary tubes with a diameter of 0.4 mm; the capillary tubes lay
freely in grooves in the framework of the waveguide, which was made of
stalnless steel. The grid spacing was 3> mm, which ensured skectro-
magnetic hermeticity of the working section. The waveguide working
section, with a cross section of 25 X 1 mm, was connected to a standard
waveguide line (23 X 10 mm) by transition sections with oblique walls,

- The working section of the waveguide operated stably for approxi-
_ﬁntel& 30 min, after which it was replaced because the quartz bqrned

AP, .
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Eaplly lonized additives were introduced into the fuel mixture
in the form of a mist created by atomization of an aqueous solution

The measuring system included an oscillator, a wavegulde circuilt

and a receiver,

Attenuation of Electromagnetic Waves in a Homogeneous

Conducting Medium

An electromdgnetic field in a medium consisting of neutral

molecules and free electrons 1s described by the Maxwell equations
crot.E-i-pH.

1
crotH= —i{mE, ( )
where s =g, + 4 xno/w, .

HeH,exp(—iwt), E=E,exp(—iwt). (2)

For a plane wave propagated along the z-axis, Eqs. (1) reduce to

the system .

P4 | #Am0 (AmE.,E,. He, B,

F+-k. --0 ( ... .'. v Xy t)' . (3)
where - '

’l'-(¢+il)'-£r(-.+us'-l).
. [ ~ -
The solution of Eq. (3) has the form

Am A=t

where a 1s the refraction index,

lt= [""‘_l/mu__%)']]"' : (%)

g 1s the attenuation factor,

pmfe [—t /e T ) (5)

By examining the equation of motion of an electron in a harmonic
eleetromagnetic field in the form

/5
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e
] +F = - Eyexp(—iwi)

and bearing in mind that at low degrees of ilonization, in practice, it
is necessary to take into account collisions of electrons only with
neutral particles, i.e., with polarized molecules, when the potential
energy of interaction and the collision frequency are not functions

of welocity (i.e., ® = vy), it is not difficult to determine the

polarization vector for electrons

—o4iy
om(ed4v)

Similarly, we can determine the polarization vector for ions.

P=ne

However, if the medium is quasi-neutral, they can be negligib2e in
comparison with the polarization vector for electrons, since the mass
of an ion considerably exceeds the mass of an electron.

The dielectric constant of a medium consisting of s forms of
"quasizing" molecules, q forms of solid molecules, and free electrons

with density n, is determined by the relation

s q
C s r 87""—' My |-t ng ' (6)
s,miy,+ 4 n(g qf] 3”.’-2' ,1,) )

where ] = ni/h; 73 = nS/n.

A gas containing molecules and free electrons in a high-frequency
field 1is equivalent to a dielectric with complex dielectric constant
(2), the real part of which is determined by relation (6), and into
the imaginary part of which enters the alternating-current electrical
conductivity, determined by the empression

o= ngtvim(e® 4 v,

The direct-current conductivity % is linked to o by the following
‘relation:

’ G =s(l + o'/,

/%
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oo, GRlewlation of the frequency of collision o electrons with
neutral molecules is made by the formula (at Q ~ 10715 cm® [4] and
p=0.981 - 106 4)
'-'_if,Q 1/;% = 3.48.10% -%..
p

In the combustion products of a methane-air flame, the solid
dielectriss are only water molecules (M = 1,87 + 10*® CGSE) and CO
‘molecules (M = 1.18 - 1071® CGSE). The mean polarizability of air
‘molecules 18 & =& o 80374 [4].

Calculations show that at g < 1072 mhd/cm, p = 1 atm (abs) and
w=5,7 ¢ 10*° gec™*, the term c/vt-n,c‘/m(i'-}—'v') in expression (6)
can be ignored. - |

Then, 1f the effect of CO molecules is ignored, the dielectric
constant of the medium is determined by the relation

fe-l+&.+An..
where Ag; = 0,156p/T; Aez = 780 PH#O/Te-

Figures 1 and 2 show graphs of the functions Ae;(p) and Aeg(pnao),
and Fig. 3 shows a graph of the function Ae/Ag; = vpggo/p at various
temperatures from 1000 to 1000°K.

From these figures it 1s apparent that at low values of pH,O' in

the temperature pange under consideration, we can assume .~ 1.

Fo: a8

Since B, which is determined by Eq. (5), is the attenuation
factor for the strength of an electrical fleld, and the power of a
ve N ~ E2, then

- " N=Noexp(—2ps). ‘ (7)

CSTOYFE MHEL ST e
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For all practical purposes, in a flame we can assume u ~ 1,
Then, taking into assount that e, ~ 1, under the condition Ywo/w << 1,
we pbtaln

-3, 1
pmdr, L (8)

From relations (7) and (8) we obtain the relationship between
the attenuation factor in decibels B = 10 log NO/N and the conductivity
of the medium
% =616-10-(1 + «'M)Mz  mho/cm.
The limit of applicability of the microwave method for determining
the electron concentration, obviously, 1is that concentration at which
complete reflection of electromagnetic radiation from the boundary

of the conducting medium occurs

By = Me'dxes,

/¥
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Results of Experiments

By the method of microwave attenuation we measured the conductiv-
ity of the combustion products of a methane-air flame with addition
of potassium at a partisl pressure p, = 2,64 + 1073 atm (abs) in the
temperature range from 1450 to 1550°K.

¢ | The results of the experiments,
. /o»og,/ processed in accordance with the
/o method described above, are shown in
Fig. 4, The line on the graph is
',a‘m 000 7 the theoretical dependence of
ztg&u2£1v?:§eggegg;b3£t- conductivity upon temperature,

ion products of methane-
alr flame upon tempera-
ture,

calculated by the equations of
Saha [5] and Chapman [6]:

= 100KD /p., a~xp,, cymmnL/MYy =
=3,85-10% QYT

The constaht of ionization equilibrium is determined by the

expression

10g K(T) = — 6,491 — 5041 —‘1’,!- + g.mr.

The experimental values of the electrical conductivity of a
methane-air flame at T ~ 1500°K with addition of potassium (pg ~ 1073
atm (abs)) measured by the microwave-attenuation method are in satis-
factory agreement with the calculated values, which were determined
assuming the existence of thermodynamic equilibrium,

The work was done in 1960 in the laboratory of member-correspond-
ent wof the Academy of Sciences of the UBSR L. N. Khitrin, to whom the

authors are grateful.
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1s the angular frequency of the field;

the dielectric constant and permeability of the medium,
r2spectively;

the conductivity;
the mean velocity of an electron;

the concentration of the 1-th form of quasi-elastic
moleculer;

the concentration of the J-th form of quasi-elastic
molecules;

the total number of particles per unit volume;
the polarizablility of a quasi-elasfic molecule;
the electric moment of a solid molecule;

the dielectric constant of a vacuum;

the frequency of collisions of electrons with neutral
particles;

the effective collision cross section;
the pressure;

the contribution to the dielectric constant of the quasizing
alr molecules;

the contribution to the dlelectric constant of the solid
water molecules;

the water-vapor partial pressure in atm (abs);

the power of the incident radlation;

the power at distance z (the coordinate origin lies at the
boundary of the flame)j

the degree of ionization of potassium and the mixture,
respectively;

the ionization potential in ev.
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