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Abstract. The micro-turbine unit is intended to provide 100 kW of electric supply. The turbine is small size (turbine 
wheel diameter 150 mm), high speed (65,000 rpm), and should have big enough durability (60,000 hours). Creep in 
stationary regime and cyclic inelastic deformation due thermal stresses at start up and stop restricts the turbine 
lifetime. Numerical analysis of temperatures, the creep strains and cyclic strain range shows that points with 
maximum creep damage and cyclic damage are different. This fact allows estimating the structure lifetime without 
exact knowledge of summation rule for the damages.  

1 Introduction 
Designed micro-turbine unit is intended for de-centralised 
electrical supply, output electric power is 100 kW. The 
fuel is natural gas, chemical energy converts into 
mechanical (rotation of the electric generator rotor) by 
radial turbine. Estimated parameters of the turbine are  
[1]: nominal rotational speed 65000 rpm, life 60,000 
hours, the gas temperature at the turbine inlet 1173K, 
outlet – 873K. 

One of the most stressed parts of the unit is turbine 
disc, subjected to high temperatures, centrifugal forces, 
and variable thermal fields during the turbine start-stop. 
Strength and lifetime of the turbine disc in these 
conditions is restricted by a number of limit states: 
- creep strain accumulation and quasi-static damages 
caused by the creep; 
- accumulation of cyclic damages caused by variable 
thermal stresses (and inelastic strains) at "start-stop" 
cycles; 
- possible residual displacement accumulation due to 
nonisochronic character of inelastic deformation in 
differrent parts of the structure (“incremental collapse” 
or ”ratcheting”); 
- vibrations and high-cycle fatigue, material degradation 
in aggressive gas environment, etc. 

The paper deals with the limit states connected with 
the inelastic strains (including creep) and their influence 
on the structure durability. 

2 Creep and long-term strength 
Circumferential speed of the disc edge at steady state is 
510 m/s, which corresponds to high enough stresses: the 
elastic stresses for hypothetical disc of constant thickness 
exceed 850 MPa (according to the formulas given in [2]). 

Creep of the material leads to stress redistribution and 
decrease. If creep sufficiently developed to provide full 
stress redistribution, then the given angular speed 
corresponds to the stress level of 686 MPa (“limit 
equilibrium” – see, for example, [3]). For such equipment 
russian strength codes demand a safety factor against 
burst speed not less than n� = 1.3 (a bit higher than 1.2 
demanded by [4,5]). To ensure the required safety factor, 
a material of the constant thickness disc must have long-
term strength not less than 1160 MPa. 

Figure 1 shows the long-term strength of some 
currently used turbine alloys [6,7]. The abscissa of the 
graph is dimensionless parameter 

f = T (20 + lg(t)) , 

where T is Kelvin’s temperature and t – time in hours. 
For the designed unit with projected lifetime 
t = 60000 hours of operation and the gas temperature at 
the turbine T = 873…1173K the f parameter takes values 
21000 to 29000. Figure 1 demonstrates that the long-term 
strength of existing materials in these conditions signi-
ficantly lower than necessary for the constant thickness 
disc, and ensuring of the durability demands appropriate 
geometry of the disc. 

After a series of numerical tests, the disc with 
lightweight peripheral part (Figure 2) was proposed. To 
estimate creep and long-term strength, temperature field 
of the disc was calculated using finite-element analysis 
(ANSYS); temperature contours are shown on Figure 2. 
The calculations use the following inputs: heat exchange 
with the environment is convectional only; blades and the 
adjacent surface of the disc surrounded by combustion 
gases with temperature varying linearly along the radius 
from 900oC (1173K) at outer radius to 600°C (873K) at 
inner one, the heat transfer coefficient on this surface is 
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170 W/m2K; back surface is surrounded by cooling air 
with a temperature of 250°C (523K) and heat transfer 
coefficient 500 W/m2K.
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Figure 1. Long-term strength of 3 some nickel alloys depending 
on parameter f. 

Figure 2. The disc outline and calculated temperatures 

Existing creep data appears to be not suitable for 
reliable strain-stress calculation because of two reasons. 
First, usual handbook data (see, for example, [7]) deals 
with secondary stage of creep – not with the tertiary, 
necessary for failure analysis. Second, extrapolation of 
creep strain rates for a time, exceeding experimental more 
than 10 times, leads to significant errors – much greater 
than extrapolation of long- term strength. With this in 
mind, it was decided to replace a creep kinetic calculation 
by calculation using isochronous creep curves,
representing the material as perfectly elastic-plastic with 
“yield strength” equal to long-term strength (for 
appropriate temperature and time). It is easy to see that 
such analysis corresponds to creep strain calculation, 
using a vertical line on the "strain vs time" graph as an 
approximation of tertiary creep. 

Numerical analysis was done by ANSYS finite-
element software. Angular speed was increased step by 
step to find the burst speed, at which derivative of 
displacement with respect to time tends to infinity.
Thermal strains – small enough – could not influence the 
results of such calculation, so only centrifugal forces 
were taken into account. Such approach coincides with 
static theorem of limit analysis theory (see, for example, 
[3]) and gives a lower (underestimating) value for the 
safety factor. 

Figure 3 shows the distribution of the creep strain rate 
at a moment just before the solution become unconverged 

due to high strain and displacement (i.e. near the limit 
state). In accordance with the theory of limit equilibrium, 
this distribution is determined only to within an arbitrary 
constant factor, so Figure 3 illustrates the fracture 
mechanism, but not the exact values of accumulated 
strains. For VZhL21 alloy (Figure 1) estimated safety 
factor n� = 1.24 is lower than demanded value 1.3. 

Figure 3. Creep strain rates at limit state 

To achieve the required safety factor n� = 1.3
designers offer to change the geometry of the turbine 
wheel, deleting some material at the disc back surface 
(blades and front surface become unchanged) – Figure4. 
Decrease of the mass itself weakly affects the safety 
factor, because the removed mass was located near the 
axis of rotation and produces a relatively small 
centrifugal forces. But those changes in the disc geometry 
provide better cooling of the disc by ambient air and 
increase in long-term strength. Sensitivity analysis 
demonstrates that a uniform temperature reduction incre-
ases safety factor on �n� = 0.12. Calculated temperatures 
for improved disc geometry, shown on Figure 4, 
demonstrates some temperature decrease comparing to 
the original structure on Figure 2 (darker color corres-
ponds to lower temperature). Changes in temperature and 
increase in long-term strength (in accordance with the 
diagram of Figure 1) made it possible to achieve the 
required safety factor n� = 1.3. 

Figure 4. Temperatures calculated for improved disc geometry 
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Achieving the desired safety factor become possible 
due increase of the material properties in the most loaded 
area and thus due a more uniform distribution of “stress 
to strength” ratio through the structure volume. This 
redistribution leads to changes in predicted fracture 
mechanism (Figure 5) and increase in masses of 
potentially separated fragments. Taking into account the 
operating conditions (people resides near the unit), it 
requires a safety assessment – analysis of opportunity to 
stop the fragments by surrounding parts of the unit or by 
a special safety structure. 

 
  

  

Figure 5. Predicted fracture modes for “original” and 
“improved” structures. 
Darker color corresponds to higher strain rate. Dashed lines –
possible fracture surfaces. 

3 Cyclic loading 
The turbine start and stop produces transient stresses cau-
sed by varying mechanical and thermal loads. Mechanical 
loads include both centrifugal forces and torque 
generated by the electric starter. The latter is usually not 
taken into account because it creates small stresses. For 
the given structure a suspicion appears because gas 
bearings, designed for the unit, demands quick enough 
start to eliminate the bearing wear: the angular speed 
must reach 3000 rpm (speed of stable gas layer formation) 
in not greater than 3 turns of the shaft. However transient 
finite-element solution, considering the electric starter 
torque characteristic, shows small enough stresses with 
maximum about 30 MPa. Such stresses do not restrict the 
structure life, because number of start-stop cycles cannot 
exceed 105. 

Thermal stresses in the start mode are much greater 
and can significantly influence the structure lifetime. To 
achieve upper estimation of the stresses the hypothetical 
case of “instant combustion chamber start” was adopted: 
the temperature of combustion gases changes stepped 
from 20 to 900oC (from 273 to 1173K). Transient 
temperature field was calculated using the same heat 
transfer coefficients as for the steady state before. Arrows 
on Figure 6 indicate places of the maximum thermal 
stresses. The stresses reach their maximum values after 
10...12 seconds from the gas temperature change, later 
the stresses decreases due decrease in thermal gradients.  

Figure 6. Thermal stresses (12 seconds after start). Arrows
depict places of maximal stresses 

Available literature does not contain the low-cycle 
fatigue characteristics of the VZhL21 alloy, used for the 
designed disc, so characteristics of the similar alloy 
ZhS6K [7] were used as a benchmark. Low-cycle lifetime 
was estimated using approach and safety factors 
regulated by the Strength code [8] (the safety factor is 
nN = 10 with respect to number of cycles and n� = 2 with 
respect to conditionally elastic stresses). Estimated 
allowable number of cycles is 200, which is certainly too 
little for the designed high-resource unit. This means that 
start-stop regimes demand a regulation, restricting 
thermal gradients and the stress levels. However this task 
is complicated by the conditions of combustion chamber 
stable work [9] and still is under consideration. 

4 Cyclic loading and creep interaction 
There are at least 3 aspects of the problem: mutual 
influence of the creep and cyclic loadin on mechanical 
behavior (hardening curve, cyclic hardening-softening, 
creep rate); summation rule for the cyclic and creep 
damages, and possible appearance of specific fracture 
mechanism: displacement accumulation due alternate 
plastic and creep strain increment (plastic – in transient 
start-stop regime, creep – in stationary one). 

Some data on mechanical behavior of nickel alloys at 
a combination of creep and cycling are given in [10]. It 
was found that alloys with isotropic cyclic hardening 
demonstrate decrease of the hardening in case of creep, 
and for long enough cycles the cyclic hardening can be 
neglected: stress-strain diagram in arbitrary cycle is 
similar to the diagram in the first one (excluding some 
cycles prior the fracture). This fact simplifies calculation 
of stress-strain kinetics, eliminating the need for 
hardening accounting. 

Summation rule for the creep and cyclic damages 
could be highly nonlinear (see, for example, [10] –
contrary to the linear summation rule according to the 
Code [8]). But exact rule, obviously, is not important for 
this particular task, because the strength of the structure 
restricted mainly by the long- term strength. It means that 
the creep damage is close to the limit value of 1, and 
different summation rules give in this case close results 
(results in [10] demonstrate significant difference 
between linear summation rule and experiment mainly 
for the cases of comparable cyclic and static damages). 
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Progressive displacement accumulation due alternate 
plastic and creep strain increment (“incremental collapse” 
or “ratcheting”) can be estimated considering the “con-
traction” of the material yield surface at creep by the 
value, determined from the analysis of elastic-plastic 
deformation at start-stop. The Code [8] describes this 
procedure in detail, but for shell structures mainly. Paper 
[11] demonstrates that such type of deformation can be 
realized in a disc even without mechanical (centrifugal) 
load – at thermal actions of certain types. Preliminary 
analysis for the disc under consideration shows, that 
stresses, caused by thermal gradients at start-stop, and 
caused by centrifugal forces have different directions and 
signs (Figure 7), and thermal stresses can decrease the 
“yield surface” (i.e. the creep limit) and increase the 
accumulated strain. However exact analysis of this fact 
demand more precision creep description that used in this 
paper. 

Figure7. Principal stresses, caused by thermal gradients and by 
centrifugal forces  (one half of the disc cross-section and a 
blade). 

5 Conclusion 
1. The improved disc geometry provides necessary 
lifetime with nominal safety factor n� = 1.3. The main 
reason of difference in the safety factor between “source” 
and “improved” disc geometry is changes in cooling 
conditions: increased cooling surface in the second case 
provides some decrease in temperature, corresponding to
increase in long-term strength. Decrease of the disc mass 
and changes in the volume of material subjected to high 
tensile stresses are less important. 

2. Fracture mechanism for the disc can produce large 
enough fragments with high kinetic energy and so 
demands a safety analysis, proving the ability of the 
surrounding structure to stop the fragments and exclude 
people injury opportunity. Such analysis is planned as a 
next stage of the unit design. 

3. Transient thermal stresses limit cyclic durability by 
a small enough value of 200 cycles in a case of “stepped” 
change in temperature of  combustion gases from room 
temperature to the temperature characteristic for the 
nominal exploitation conditions. This means that thermal 
gradients on the start regime must be restricted and  a
procedure of “gradual” start  must be developed. Such 
development, however, is not simple because of 
numerous additional restrictions connected with the work 
of gas bearings, stability of combustion process, critical 
frequencies of the rotor, etc. 

4. Effects of possible interaction of creep and cyclic 
deformation were examined but found to be non-
significant for the structure under consideration. This 
question should be possibly re-considered after the 
gradual start regime will be worked out. 
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