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#£3 AMPITREROALY 7 (ppm)®

1970 1972 1973 1982 19831
5% B At Bt ¢t Dt Et
Ag 10 5 50 5 NS 10 ~02 0.1
As 100 25 50 25 NS 20 2-6 5
Bi 1 1 05 1 05 1 0.1 0.1
Cu 500 NS NS NS NS NS 2-230 NS
Pb 10 10 5 10 10 10 1-0.4 0.25
Sb 25 25 50 NS - NS N§ ~0.3-1 1
Se 100 10 5 10 3 5 0.2-0.7 1
Te 5 3 05 3 NS 5 0.1-0.7 0.5
Tl 3 3 5 3 NS 5 0.1 0.2

* S and P are not usually specified but are generally 25 and 50 ppm, respectively.

1 Manufacturers A, B, C, D, E.
1 Reporting limits.
NS not specified.
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#2 PMEESEDFREMEH®

—IN-100— —Astroloy— —Rene 95— —MERL 76—
G C&W H H&F C&W H H&F C&W H H&G
UTS(MPa) 1592 1412 1367 1498 1369 1651 1677 1585 1557 1674
24°C YS(MPa) 1088 1034 914 1065 986 1226 1283 1200 1087 1191
%E1 25 13 28 22 17 16 16 12 17 12
UTsS - 1447 1309 1233 — 1550 — — 1399 —
538C  YS 1068 1061 854 — 1550 — — 1399 —
%E1 28 10 24 — 10~ — — 12 —
UTS — — — — — — — 1468 1492
621°C  YS — — — — — — — 1061 1136
%E 1 — — — — — — — 12 18
UTS 1330 — 1297 1342 — 1496 1482 1406 — —
649°C  YS 1089 — 936 990 — 1128 1183 1109 — —
%E1 18— 36 24 — 14 12 14 — —
UTS 1254 1233 — — — 1295 1302 1288 —
704°C  YS 1058 1027 — — — 1157 1089 1047 —
%E1 21 20 — — — 9 15 22 —
UTS — — — 1092 1031 — — — — —
7000C YS — — — 919 877 — — — — —
%E1 — — — 23 22 — — — — —

®Abbreviations are as follow. G=Gatorized, C&W =cast and wrought, H=HIP’d, H&F=HIP’d and forged. H&G=

HIP’d and Gatorized.
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A E e ORRATES—DOHBE(L IR TWVLIRY,
XS UMEEADN A Y —E vy VY S OHE
Bz sk, FRE O 5~6 fZ08LF M % 3%
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LWOBERTH 25, ZDOMRZEEL Y Y V5
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ER% 85 5300 AR (70 95%Ni-Si, B, Cr
etc) 73, £/F—ErTL—FRPxR—r DRt/
BEESUERMLY, MBEE TS, TiEE
8 A7z £ Thermal spray K (ff: MCrAlY)
DMER & A, HHE TEIR 20%0T < DU H RAW
FNTWn5b,
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RECENT RESEARCH ACTIVITIES IN CIAM ON
GAS TURBINE TECHNOLOGIES

M. Ja

lvanov

Central Institute of Aviation Motors (CIAM) is located in Moscow, 6km to the east of Kremlin, at
the street named exactly the Aviation Motors. It is responsible for development, design, production
and certificate of aeroengines in Russia. It cooperates with several engine design bureaux and keeps
its test centre in the suburbs where big jet engines can be operated in real size and at high altitude

conditions. They can actually give a certificate for engine operations.
Prof. Ivanov is a dupty director and leads his group in Turbine Department, making a research in
developing a mathematical model of engine performances. (T. Nagashima Univ. of Tokyo.)

FOREWORD

This review paper presents some research
activities in CIAM on the gas turbine technol-
ogies. The considered topics have a close rela-
tion to the maintendencies of gas turbine engine
development. These are thermodynamic cycle
parameters growth and the improvement of
efficiency, capability and economy. In
advanced aircraft gas turbine engines in com-
parison with modern engines the specific weight
must be 1.5-2 times less and the efficiency must
be increased by 30-40%.
present time for civil aircraft engines we can

As an example, at

see the transition to engines with a value of
specific fuel consumption not higher than 0.5-0.
55kg/kgf « h.

The first problem, which is developed and
illustrated in this paper, concerns activities on
designing gas turbine engines of variable ther-
modynamic cycle for manoeuvring turbojet
aircrafts and perspective supersonic/hyper-
Here should be
applied a high level modelling, which allows to

sonic transport systems.

simulate not only main steady regimes, but also
off-design and transient regimes. This model
includes 2D and 3D simulation of steady and
transient regimes taking place in whole gas

(CPECT F 10 A 11 BERRAT)

turbine engines. During last several years
CIAM’s staff has developed a large number of
These
researches are carried out under the supervi-
sion of Dr. R. Z. Nigmatullin, Dr. A. P. Tchias-
ton and the author.

The second one is the increasing of gas

investigations in this direction.

dynamic efficiency of engine components. Here
for making trustful recommendations on the
decreasing of losses it is necessary to have
precise experimental and numerical 3D viscous
simulation with employment of very accurate
turbulent models. Experimental gas dynamic
investigations of individual engine components
(both model and full scale tests) at CIAM are
accompanied by accurate numerical simulation
of 3D viscous flows. These studies are carried
out under the leadership of Dr. A. V. Granovs-
ky, Dr. VG. Krupa and the author.

The third of considered problems was raised
due to very high (possible to say extreme)
thermodynamic cycle parameters of advanced
gas turbine engines, especially high tempera-
ture up to 2,000-2,200K. Here the most impor-
tant is the problem of hot section design of gas
turbine engine. Later there will be presented
some results of heat transfer studies for high
temperature cooling turbine modules with

advanced convective film cooling. These topics
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are carried out under the supervision of Dr. V.
P. Pochuev and Prof. K. M. Popov.

The last among the considered problems is
the thermo-stress-strain analysis of gas turbine
engine components, which is very important for
engine life time prediction. This paper demon-
strates the typica(l;results of studies, which are
carried out under the supervision of Dr. Yu. M.

Temis.

1. ADVANCED MODELS FOR STEADY AND
TRANSIENT WORKING PROCESSES IN
GAS TURBINE ENGINES '

It is very important for gas turbine engine
design to take into account correlated opera-
tion conditions of different engine components,
their interaction within the engine as a whole
system and prediction of required engine per-

formances (such as altitude-speed, partial, cli-

matic performances and etc.). These problems
are critical especially for advanced gas turbine
engine design for manoeuvring
aircrafts or for combine cycle
powerplants in supersonic/
hypersonic transport systems.
Wide application of various gas
turbine engine simulation levels
is required for solving these
tasks. The level of correspon-
dent engine simulator is defined
by depth and completeness of
gas turbine engine components
presentation and -their interac-
tion.

Until recently the agreement
of engine components, its draft

and testing design were ac-
companied mainly by mathemat-
ical models of zero and - first
levels. The zero level corre-
sponds to description of engine
parameters and performances

with help of tables, formal
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Fig.1 Flow structure on the engine passage S,

ECER )

approximations and statistic dependencies.
This level presents the interest only for probles
where gas turbine engines have been included
as one of subsystem for more complex system
(for example, for performance prediction of
whole aircraft).

The first level models are based on 1D proc-
ess simulation. Here the connections between
engine components are described with help of
integral balances of mass flows, powers and
others. This level required different empirical
information. Aplication of the first level gets
only approximate engine preformances and
component efficiency.

At present time the perspective engine design
must accompany high level engine models. In
the following it is emphasized very shortly
major peculiarities of the second and third
levels for engine steady and transient working
processes simulations.

Now the 2D engine flow passage modeling on

The bypass engine with 500 kg thrust

Absolute total temperature contours

surface.
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s -

Intermediate regime

fl/ I 3

Regine of autorotation

Fig.2 Transient process caused by sudden fuel injection break off

S, surface is used very widely (here we use the
traditional terminology of the turbomachine
theory). This model bases on unsteady 2D
Euler or Navier-Stokes (Reynolds) equations
averaged along circular direction, including
real effects of viscous losses, leakages and air
cooling effects. The figure 1 presents typical
results of S, surface modelling for a small
bypass engine with 500kg of the trust. Static
pressure and total temperature contours in
meridional plane of engine flow passage are
shown for the steady cruise regime.

The figure 2 demonstrates some results for
transient regime caused by sudden fuel injection
break off.
between high and lower pressure parts are

Here the unsteady interactions

predicted very well.

The another engine simulator of the second
level bases on the flow passage models on S,
circular surface in various thickness layer and
uses also unsteady 2D Euler or Navier-strokes

(pressure distribution).

(Reynolds)
direction with the same real effects. These S,

equation averaged along radial

models allow to simulate unsteady -circular
nonuniform flows in engine and to predict rotat-
ing stall and surge of internal engine flows.

The developed third level engine modeling
corresponds to 3D description of the connection
between engine components and engine flow
passage. It bases on the integration of unsteady
3D Euler or Navier-Strokes (Reynolds) equa-
tions. Here there are variations from the just
more simple models with circular direction
averaging on surfaces in the middle of axial
gaps between neighboring rows to the most
complex full 3D unsteady models. The last full
3D models are very complex and their realiza-
tion requires high power computers.

A wide use of high level engine flow model-
ling on initial stages of advanced engine design
allows sufficiency to reduce the time and cost
of new engine development and, in particular,

59—
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to reduce the number of experimental engines
up to a few. The high level computer engine
simulator must accompany the all life of new
engines (including design, certification, produc-
tion, any modification and exploitation).

2. GAS DYNAMICS RESEARCHES FOR
ENGINE COMPONENTS

CIAM has unique test facilities for experi-
mental investigation of different components of
gas turbine engines (fans, compressors, com-
bustion chambers, turbines and etc.). At pres-
ent time the main experimental researches of
full scale and model gas turbine components
accompany numerical simulation of viscous
flows (in 2D and 3D formulations).

The first results demonstrate pressure loss
coefficient for rotor blades of high load turbine
stage. The figure 3 shows profile loss coeffi-
cient distribution for various exit Mach number

M, and entrance flow angle i. Experimental
A
—an° 00
: 5,=60 N n

m.| oo °
0.06 - i Eﬁ%‘%%?(
2°

0.04 ©
o °
ogo Me
0.02
08 009 1.0 11 1.2 13 14
a) Mach number
[ |
M, =1.25
: /
0.07
o— g_/D/ .
7

-10 -5 0 5 10

b) Incidense
Fig.3 Profile loss coefficient & in the blade
cascade.
a) loss coeff. variation with Mach,
b) loss coeff. variation with i.
O—experiment, [ |—Navier-Stokes calculation,

A—-calculation by statistic procedure.

B - B

data are in good agreement with numerical
results.

The figure 4 presents typical 3D results for

turbine stator vanes as the limiting streamlines

on the suction side of a blade, hub and top

3h 3

top surface

Fig.4 The limiting streamlines

— 60—
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surfaces. This is at flow field of high load
turbine stator with exit Mach number 1.4. We
can see the shock location on the hub surface
below vane and complex enough streamline
structure. The 3D separate region is located on
the half part of the suction side near the hub.
After the flow structure analysis the shape of
vane blade can be redesigned. The new
redesigned high load turbine stage with very
intensive air coo-ling system shown good effi-
ciency value 91% on experimental full test
scaling.

The same way for efficiency increasing of
different ehgine components is very widely used

for advanced engines.

3. HIGH TEMPERATURE ENGINE CYCLE
REALIZATION

Fundamental heat transfer researches give
technical base for perspective aero-engine
design with the level of turbine entry tempera-
ture up to 2,100-2,200K and in not so far future
up to level 2,400-2,500K. Developed studies
show that efficient turbine cooling mechanisms

i - et

will allow to realize the temperature 2,100-2,
200K with coolant air mass flow in high pres-
sure turbine near 15-179 and for rotor cooled
blades near 5% (for advanced metal turbines).

The figure 5 presents the temperature field in
rotor blade section with intensive convective
film cooling system (multirow cooling air flow
out) for perspective engine. This engine has
the turbine entry temperature 7 =2,150K,
coolant air mass flow 5.2% with temperature
920K in rotor blade and thermo barrier coating
¢ = 0.2mm with temperature conduction coeffi-
cient Ac=15W/me-grad. We can see the tem-
perature of blade surface no more 1,100°C. The
temperature difference in the blade section is
only 200°.
thermo barrier coating on balde surface, which

The major role is played by the

allows to decrease the temperature on 80°-300°
due to the thermal resistance.

Special research program was carried out for
experimental definition of heat transfer coeffi-
cient in real and model conditions. The effec-
tive technology named “unsteady thin body
This technology

regime” was developed. .

Ty . =2150 K
T,=920 K

126

0=0.2 mm

Fig.5 The temperature field in the middle rotor blade section.

— 61—
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Fig.6 Heat transfer coefficient distributions on
blade surface.
O, [J—static conditions
X, A—rotational conditions

allows to define local heat transfer coefficient
values on blade surface parts no more a few
millimeters (up to 40 parts on blade contour).
By that there is none to introduce into blade
special probes. The calorimeter is itself thin
blade body. In this case we have the possibility
to realize the real experimental turbine condi-
tions. The figure 6 presents the experimental
data for heat transfer coefficient distribution
on rotor blade surface for static and rotational
conditions. Heat transfer coefficient has suffi-
ciently higher value for rotational conditions.

The next experimental results demonstrate
the influence of film hole size in leading edge on
blade heat transfer (all another conditions were
the same). The figures 7a, b show the data for
cooling deepness 6= (T&—T,)/(Te — Ty),
where 7y — gas temperature, 7, — blade sur-
face temperature, 7, — coolant air tempera-
ture. The temperatures on blade surface are
shown in figure 7c, d for different hole diame-
ters 0.bmm and 0.3mm correspondently.

Also heat transfer problems of engine design
are solved numerically using finite element

methods. This is the important part of interdis-

s - B

Calculation
Oled Ga=1%
0i8%
0.6 0.6% a)
0.5
0.4 d, mm
, 0.2 0.4 0.6
Test
®l‘ed
loo ©
0.6 S o oo 0
- ﬂ.AAAAA AA
X A
A
0.4 =
b)
A%
[}
0.2 3
0 Gaa%
0.5 1.0 1.5 2.0
o d=0.5 A d=0.7

832

Fig.7 The influence of film hole size in leading
edge on blade heat transfer.

ciplinary design, where are together considered
the fluid dynamics, heat transfer, chemical
reactions, stresses, strains and displacements.
One of such solved interdisciplinary problems is
2D and 3D thermostress stéte of cooling turbine
stator and rotor components. Recently many

interesting results of thermostress analysis for

— 62 —
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gas turbine components were published by
CIAM'’s researchers, but here is not presented.

4, SOME STRUCTURE ANALYSIS PROB-
LEMS

Modern structural analysis gives a possibility
to predict the engine components stresses,
strains and displacements. Here we present
some problems of engine structural analysis.

These solutions are required to develop spe-
cial finite element models for thermal and
stress-strain analysis simultaneously with gas
dynamic or heat transfer analysis. In figure 8
stress-strain analysis of the hot section of the
compressor rotor is shown. The aim of such a
kind of analysis consists in the definition of the
stress-strain state and in the influence of the
rotor’s displacements on gas dynamic flow in
the compressor. Interaction of similar models
with the models of flow in the gasdynamic
passage gives possibility to determine compres-
sor parameters and to search the new optimal

A«

designer solutions without expensive experi-
ments. One example of such optimal solution is
presented in figure 9. The optimal blade sur-
face was determined for a fan on the base of
previously calculated gas dynamic flow param-
eters. This solution gives a designer a possibil-
ity to find the initial airfoil surfaces that will
give a blade with minimal stresses and displace-
ments. Similar approach allowed to obtain the
new fan blade with stresses on 15% less than in
the original. Displacements of the new blade
add up to 60% from displacements of the origi-
nal one.

The stress-strain state of engine components
gives the initial data for the life time prediction
of engine structure. The fillets, the holes, the
roots, the contact places between different
engine parts are the critical points of engine
structure defying its life time. The main
designer’s problem is to minimize the influence
of above critical points on engine reliability.

The strategy of this investigation is based on

initial state

working state

Fig.8 The stress-strain analysis of hot section of compressor rotor.
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\deformed blade

undeformed
blade

A -

Fig.9 The finite element grid and deformed blade of the fan.

the development of mathematical models of
material and structure behavior under nonisoth-
ermal high level cyclic loading. The results of
these studies will be used for development of a
finite element based damage accumulation
models which are capable to predict both the
stress and strain distributions in cyclically
loaded components, and the time to failure in
critical regions of high stress and strain concen-
tration.
CONCLUSION

Presented results and additional research
activities in CIAM on gas turbine design create
very good base for advanced Computer Tur-
boengine Simulator. It is based on complex 2D
and 3D numerical joint solutions of aer-
odynamics, heat transfer, stress, strain, dis-
placement, burning problems and increase
greatly the possibilities of natural test rigs.

Let the real measurements of having limited
number of points (usually, about a few hun-
dreds) coincide in the limits of demanding
accuracy with their calculated values on the
identified mathematical engine Simulator. In
this case we can with a sufficient confidence
believe that the united system of real and
mathematical cells presents itself the new high
level quality test facility (measuring points
number, equal points number of numerical gird,

Download service for the GTSJ member of ID , via 216.73.216.204, 2025/07/04.

used in Simulator). Here, at any point of
measurements (in any computational cell) are
registered all the parameters (for example, in
flow passage points-pressure, temperature, den-
sity and three components of velocity). At that
time the proposed system allows to make trans-
parent the all engine and to observe the physi-
cal process in any region, at any point on
display using impressive color graphic system.
This can be related as well to gasdynamic
process and also to heat transfer, stress, burn-
ing, deformation processes.

Such complex simulations of engine or tur-
bine power unit can essentially influence over
their competition capacity. There is open the
new advertisement possibilities. So all impor-
tant performances can be presented very
impressively using the transparent computer
model.

Moreover, the supply of engine or unit with
its color 3D model will allow to get essentially
clearer and more comfortable instructions,
description of components and going processes.

The author is very grateful to Ms. Tatiana
Weigandt for being so helpful and irreplaceable
during preparation of this paper.
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Abstract

Serviced gas turbine transition pieces made
of both Hastelloy X and Nimonic 263 were
analyzed. Those of Hastelloy X were suffered
from heavy creep deflection with material deg-
radation, whereas those of Nimonic 263 were
not, but material degradation was also obser-
ved. ;

This paper describes degradation behaviors
of microstructure and mechanical properties in
Nimonic 263 and the relationship between them
as well as previous paper did those in Hastelloy
X. By using the samples aged at temperatures
of 750°—900°C up to 24,000h, v’ and 7 phases
were preferentially observed at temperatures of
800° and 850°C. Time and temperature depen-
dency of 9’ coarsening and temperature depen-
dency of # interlamellar spacing were analyzed
and formulated.

Effects of precipitates on creep properties,
which were minimum creep rate and rupture
life, were also investigated. 5’ phase was found
to be good relationship with the creep prop-
erties as a function of mean diameter and inter-
particle distance, but » phase was not found to
have any relationship with the properties.
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Abstract

A spray combustion simulation for the pre-
diction of the combustion characteristics in a
gas turbine combustor is described. Thermal
and prompt NO formations are considered in
this simulation. As for prompt NO, we have
developed the prompt NO formation model to
describe its formation in the turbulent spray
flame.

In this study, the profiles of gas composition
and temperature in the practical gas turbine
combustor were measured, and the measured
data were compared with the calculated results
to examine the accuracy of the simulation.
From the comparisons, it was clear that this
simulation could predict reasonably the overall
combustion characteristics in the combustor.
In the quantitative comparisons of the tempera-
ture and NO concentration profiles, however,
there were the evident discrepancies especially
near the exit of the combustor. It was inferred
that the discrepancies were caused mainly by
the error in predicting the combustion gas flow
field.
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Abstract

This paper presents the result of experiments
undertaken to investigate the heat transfer
characteristics on a shroud wall with changing
of tip-clearance to the axial direction. An
axial-flow real turbine of single-stage was used
to measure the local heat transfer coefficients
and the static pressures on the surface. All heat
transfer measurements were performed under
uniform heat-flux conditions. It is shown that
from the results the local heat transfer coeffi-
cients increased from near the middle of the
wall opposite the rotor blade row and reached a
peak value near the trailing-edge. The location
of the peak value corresponded to that of the
minimum value of static pressures. It is also
indicated that the mean heat transfer coeffi-
cients in the region opposite the rotor blade
were correlated with the blade-chord Reynolds
number and were little affected by the blade
tip-clearance and the incidence flow angle.
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Abstract ,

Detailed measurements by use of a hot-wire
anemometry are performed about boundary
layers on a flat plate that is subjected to inci-
The objective of this
study is to examine whether the velocity fluctu-

dent periodic wakes.

ation associated with the wake passage, so-
called negative jet, might have any effects on
the wake-induced boundary layer transition. A
spoked-wheel type wake-generator is used to
generate periodic wakes coming from upstream
blades in turbomachines. Directions of the
negative jet with respect to the plate surface
can be changed by changing the direction of
rotation of the wake-generator. A noticeable
difference in time-resolved transitional behav-
ior then appears due to the change in the rota-
tion direction. In the case of the normal rota-
tion of the wake-generator where the negative
jet is directed toward the plate surface, wake-
induced turbulent regions occurs quickly in the
On the

contrary, in the case of the reverse rotation

boundary layer beneath the wake.

where the negative jet is direction away from
the plate surface, wake-induced turbulent
regions do not appear until the wake moves far
downstream from the leading edge. Effects of
the direction of the negative jet upon the bound-
ary layer are also confirmed by checking the
boundary layer characteristics, i. e., shape fac-
tor. In general, the negative jet associated with
the normal rotation case tends to cause earlier
transition than that in the reverse rotation case

does.
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