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ABSTRACT

The presented paper describes a method developed by MTU
Aero Engines to estimate the mass of turbine blades during multi-
disciplinary conceptual design studies based on a prescribed air-
foil lifetime [1,2]. For a given material, the target lifetime can
be translated into a maximally allowable material temperature
and stress level. While the latter has to be maintained by an
appropriate mechanical design of the turbine blades, the mate-
rial temperature needs to be established by sufficient cooling air.
The predominant life-limiting effects are taken into account to
determine the allowable temperatures and stresses as an accu-
mulation of the varying operating condition over a flight cycle.
The applicable stress levels are then used to calculate the nec-
essary radial area distribution of the airfoil and by this a pre-
diction of its mass is possible. Furthermore, the methodology
estimates the required amount of cooling air per airfoil cascade
from the computed material temperatures. Example calculations
are presented and discussed which illustrate design trends and
the benefits which are gained from the proposed method.
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A Area

a Alternating
cor Corrosion
cr Creep
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cyc Cycle
D Damage
F Force
HCF High Cycle Fatigue
i Index counter
incr Increment
j Stage counter
k Constant
L Lifetime
M Heat transfer parameter
m Mass
ri Mass flow
max Maximum
MOPEDS  Modular Performance and Engine Design System
MDP Mechanical Design Point
MidCL Mid Climb
MTO Maximum Take-Off
N Number
OTDF Overall Temperature Distribution Factor
oP Operating point
D3 Compressor exit pressure
r Radius
ry Airfoil hub radius
R Rotor
R; Degree of reaction
RTDF Radial Temperature Distribution Factor
S Stator
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T Temperature

t Time

Tca Cooling air temperature
TG Gas temperature

v Material temperature
TOC Top of Climb

tot Total

A Delta

Eca Cooling effectiveness
Nca Cooling efficiency

o Stress

Y Stage loading

p Density

(0] Rotational speed

INTRODUCTION

Within the conceptual design phase of an aero-engine each
concept under investigation is typically represented initially as
a performance cycle. Other preliminary design disciplines are
subsequently added in order to include all important inter-
disciplinary dependencies; these disciplines include topics from
aerodynamics, weights and dimensions, mechanics, noise, and
cost. The multi-disciplinary interdependencies are then taken
into account in order to find the best possible engine concept
at a given technology level. In this context many conceptual de-
sign tools feature methods to estimate component masses and
dimensions based on the automated knowledge-based prelimi-
nary design of their simplified parts. Some well-known pub-
lished examples are NASA’s WATE (Weight Analysis of Tur-
bine Engines) code [3], GENERAL ELECTRIC’s CPD (Computer-
ized Preliminary Design Code) [4], ROLLS-ROYCE’s GENESIS
[5], MTU AERO ENGINES’s MOPEDS (Modular Performance
and Engine Design System) [6], and PMDO-LITE (Preliminary
Multi-Disciplinary Optimization) [7] from PRATT& WHITNEY
CANADA. DONUS [8] proved that the accuracy of such sim-
plified methods is generally very high. However, the author also
concluded that a good mass estimation especially of the turbine
airfoils is difficult to achieve with current methods. Even though
the airfoil mass makes-up only a small fraction of the component
mass, it highly influences the mass of the turbine disks, which
typically contributes the largest weight portion to the component,
as illustrated by BRETSCHNEIDER [9].

Within some preliminary design methods, such as described
by KURZKE [10], the material temperatures which are neces-
sary for the design of the airfoils need to be obtained from the
mean gas temperatures. This is done by estimating an amount
of cooling air from empirical correlations. The obtained mate-
rial temperature is then used to get an allowable stress level from
a material database. With some simplified beam theory meth-
ods [11] a first estimate of the airfoil’s radial area distribution
and its mass is made possible. Even though this procedure is a
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FIGURE 1. AIRFOIL DESIGN CONTRIBUTORS [2]

good starting point, it has some disadvantages: If the material
temperature used for the airfoil design is determined from the
mean gas temperatures and the cooling air assumptions only, all
uncertainties of the prediction are directly transfered to the al-
lowable design stress and the estimated mass. Turbine blades are
life limited parts and thus the consequence is that the lifetime of
the turbine alters with the calculated material temperature over a
concept study with varying cycle temperatures. In reality, a cer-
tain lifetime is actually a design target, due to its strong influence
on the projected maintenance costs. From the mechanical point
of view the resulting airfoil mass is thus a result of three major
interdependent contributors as illustrated in Fig. (1): Target life-
time, cooling air and design criteria. The following discussions
will show that the material selection is the true technology lim-
iter which drives the allowable design stress, temperature, airfoil
mass and also the necessary amount of cooling air as a function
of the target lifetime only. With this, the airfoil design criteria
can be gained directly from the material characteristics and the
chosen design mission. The necessary amount of cooling air then
becomes a side product, which is obtained from the difference
between the metal and gas temperatures and the applied cooling
technology. If used in conceptual design, this guarantees that all
turbines investigated during a concept study are compared on the
basis of a common target lifetime.

The authors want to point out, that the intent of the proposed
method is not to deliver an aerodynamic design of the airfoil. The
method was developed to enable a more realistic mass estimation
of the turbine airfoils at a time when no aerodynamic profiling is
performed yet.

DESIGN CRITERIA FROM LIFING ASSESSMENT
Cumulative Damage over the Flight Cycle

During one flight cycle all turbine parts are subjected to a
variable load profile at which temperatures and rotational speeds
are changing dependent on the performance of the engine. At
all phases during each flight, the life-limited parts are incremen-
tally damaged dependent on the current operating condition. For
this reason the turbine airfoils need to be designed for a specific
surveillance time over which these cyclic loads can occur before
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the part’s lifetime is consumed and it needs to be replaced. The
latter is typically given as the number of flight cycles that the tur-
bine part has to survive. The damage Dop caused at each oper-
ating point is quantified as the ratio of duration fpp and expected
lifetime Lop at the occurring stress level

fop
Dop = —. (L
"~ Lop

This formulation was first used by MINER [12] for the design of
parts under cyclic loads, but it can be applied to include other
types of damages into the damage calculation too. In order to re-
duce the number of necessary operating points in the preliminary
design calculation to a reasonable amount, the target mission is
approximated by characteristic sections with constant thermal
and mechanical loads. Some of the mission points which are
typically taken into consideration are Take-off (TO), Mid-Climb
(MidCL), Top-of-Climb (TOC), Cruise, and Approach as shown
in Fig. (2). The overall damage of an airfoil during one flight cy-
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FIGURE 2. TYPICAL DESIGN FLIGHT MISSION

cle needs to be determined from the sum of the individual dam-
ages caused at all operating points over the target mission by
assuming MINER’s theory of linear damage accumulation

Deye = Dro + Dyiaci +Droc + Dcruise + - - - 2

Ito . Midci Iroc i ICruise o 3)
Lro  Lyiaci  Lroc  Lcruise

Dcyc =

The formulation allows to freely extend the amount of operat-
ing points dependent on the available engine performance data
and the desired accuracy. According to MINER it is necessary
to determine the maximally allowable cumulative damage D,;qx
from experiments. However, an often applied simplification is
to assume that the maximum lifetime is reached when the cu-
mulative damage is approximately unity D, =~ 1 (ROBINSON’s
rule). With this assumption the number of flight cycles N,y can
be obtained from Eqn. (2) until when the full part life has been
consumed.

>

Neye =
ye
DCyC Dcyc

With this, the maximally achievable lifetime L,,, with respect to
the targeted flight mission is obtained from the product of the
number of flight cycles Ny and their duration 7.y, and thus ap-
proximatly equal to

-1

ITo IMidci Itoc ICruise T 6

Lro  Lyiact  Lroc  Lcruise

Ltot ~ tcyc :

where 1., is the overall mission time calculated as the sum of the
durations of all flight sections. From this discussion it becomes
clear that the design of all life-limited parts will be strongly influ-
enced by the desired lifetime, by the targeted flight mission and
by the stress and temperature levels coming from the selected
performance cycle. With the above simplifications and Eqn. (1)
to (5) it is possible to translate the defined design lifetime, into
an equivalent corrosion and creep lifetime, L., and L., at one
mechanical design point (MDP) only. The latter is not part of
the target mission, it is an artificial condition that consists of the
worst case requirements of all operating points and includes ad-
ditional margins, such as the highest temperatures and largest
rotational speeds.

Relevant Damage Types

Hot Gas Corrosion The oxygen in the turbine gas flow
reacts with the airfoil material due to the high temperatures caus-
ing hot gas corrosion. This reaction creates metal oxides at the
surface of the airfoils. The oxidation products are brittle and
cracked so that the erosion of the airfoil is even accelerated and
severe damage is caused. In addition to oxidation, the airfoil
surface is attacked by pollutants in the main gas flow. Typical
contamination involves salt or sulphur compounds. Especially
the latter leads to the generation of metal sulphides of the base
material which are characterized by low melting points. The sul-
phide melts and the airfoil is eroded by the high flow veloci-
ties [13]. Corrosion resistance can be improved by coating of
the base material. A typical treatment to enhance corrosion re-
sistance is the diffusion of chromium or aluminium into the base
material. This treatment creates metal sulphides at the airfoil
surface with very high melting temperatures [14] and enhances
the base material. Another alternative is vapour coating of cor-
rosion resistant materials. Especially ceramics are often applied
to turbine airfoils. Besides their favorable corrosion properties
ceramic coatings have a low thermal conductivity. This advan-
tage can either be used to further increase the cycle temperatures
or to reduce the necessary amount of cooling air while maintain-
ing constant airfoil life. However, the lifetime characteristics are
dependent on the selected base material and coating. Therefore
material data for every material pairing needs to be available.
In general, materials show a reduction of corrosion lifetime L,
with an increase of material temperature Ty, as schematically de-
picted in Fig. (3). Plotted over a logarithmic scale a linear re-
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duction of lifetime over temperature is typical. Once a certain
temperature limit 7;, is exceeded, a rapid decrease of lifetime
is observed. Dependent on the applied combination of airfoil
material and coating this effect is either caused by the the evap-
oration or melting of the latter. For simplicity it is assumed in
the following that maximum life is reached and failure occurs as
soon as the coating is worn-out at one single spot at the surface
of a turbine airfoil. Therefore, it is necessary to limit the maxi-
mally occurring material temperatures to a level that the desired
lifetime can be reached. Corrosion lifetime L, for a given flight
cycle is calculated from the duration #; and the lifetime L,,; at all
N operating points by using MINER’s method of linear damage
accumulation

N

-1
1
Leor =teye - —_— . 6
cor = Leye |le Leor (TM7i)‘| (6)

In order to achieve a unique solution it is necessary to develop
a functional dependency between the peak material temperatures
of all operating points. For this purpose it is assumed that the
achievable peak cooling effectiveness €c4 is identical at all oper-
ating points. With this, the cooling air temperature T4 ; and the
peak gas temperature TA‘G’,- of two operating points are related by

: T6i—Tu;  Tgir1—Tyin
CA = = = < .
1i—Tca;  Tg,iv1 —Teaiv

)

The gas and cooling air temperatures at all operating points are
obtained from performance synthesis in advance. However, syn-
thesis can only predict mean gas temperatures Tg but no peak
material temperatures. For this reason an estimation is described
in a later section which allows to relate both temperatures. With
Eqn. (6) and Eqn. (7) a relationship between the desired corro-
sion lifetime L,y and the peak gas temperatures over the target
mission is obtained. This is used to calculate the maximally al-
lowable airfoil peak temperature at all operating points so that
the lifing requirement is fulfilled.

log (LOx) [h]

T (K]

FIGURE 3. CORROSION LIFETIME CHARACTERISTICS [2]

Creep Damage If materials are subjected to heat for a
longer period they start to slowly deform under the influence of
stresses. This occurs even if the stress levels are way below the
yield strength of the material. For this reason the creep prop-
erties of airfoil materials are of special importance to the de-
sign of turbines [15], because they are not only subjected to high
temperatures but also to severe mechanical loads caused by the
centrifugal forces. Creep material data is typically available in
form of LARSON-MILLER curves. However, in case of this work
MTU’s material database was used to deliver the relationship be-
tween tolerable creep stress G, mean material temperature Ty,
and creep lifetime L.,. The necessary mean material tempera-
ture is obtained from an empirically known temperature differ-
ence ATHPP between the maximally tolerable peak temperature
- which is defined during the corrosion life assessment - and the
mean temperature inside of the airfoil at the same radial position
at MDP. This difference is best formulated as a function of the
mean cooling effectiveness

ATyP" = k[K]-Eca ®)

whereby the parameter k has to be empirically determined from
existing reference turbine designs. The mean cooling effective-
ness €cy4 is determined by

~MDP _ FMDP  fMDP _ (MDP MDP

éCA:T — TPt TGP - (TP - ATPT)
FMDP _ pMDP —
I —1Icy

= )
MDP _ 7 MDP
167 — Ty

The temperature difference between the peak and the mean ma-

terial temperature ATPF is directly obtained from Eqn. (8) and

9).

MDP_k(A(j;uDP_TAZ/‘ldDP)

~ $MDP MDP :
TMDP _ TMDP _ |

(10)

This formulation has the advantage that ATYP? is nullified in

case of an uncooled airfoil, where Té”DP = ﬁ,,”DP . The scaling
of the peak material temperature between the individual mission
points is again based on the assumption of a constant mean cool-
ing effectiveness €4 over the operating range [see Eqn. (7)]

€ca = Toi— T, - Tng _ T MDP

(11
With this, the temperature differences ATy;; and the mean ma-
terial temperatures 7j; at all mission points can be determined.
Again, the damage caused by creep is accumulated with ROBIN-
SON’s rule. The mean temperature at each operating point is cal-

culated from Ty, = Tjy — ATjs. Once the material temperature is
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set, the creep lifetime at each operating point is only a function
of the occurring stresses O

-1
1
-Z Lcr(Gcr,i)‘| . (12)

Lcr = tcyc .
i=1

In order to solve Eqn. (12) it is necessary to define a relationship
between the occurring stresses at the different operating points.
Because the loading of the rotor blades is governed by the cen-
trifugal forces, it can be assumed that the stresses in the rotor
blades scale proportional with the square of the rotational speeds
n*. With this, the stress levels of two operating points can be

related

2
Ocr,i _ [ n; :| . (13)

Ocri+1 nijt+1

Because stator vanes are only subjected to aerodynamic forces,
it is assumed that the stresses within their airfoils scale propor-
tional to the pressure at the exit of the combustor p3

C;i  P3i
Cit1 P3i+1

(14)

It was already mentioned that performance data and rotational
speeds are available prior to the execution of this method. The
maximally tolerable stresses at all operating points can be calcu-
lated from Eqn. (12) to Eqn. (14) in an iterative process. With
this, the design stress at the position of the peak material temper-
ature is obtained from the lifing requirement.

HCF - High Cycle Fatigue High cyclic, stochastic loads
are generated within the airfoils by aerodynamic and acoustic os-
cillations during the operation of the turbine. Even though their
amplitude is small, such loads lead to structural damages after
only a limited amount of cycles. This damage type is often re-
ferred to as high cycle fatigue (HCF). Unlike to what was de-
scribed in the previous sections, turbine blades are designed as
HCF endurable. This eases the design calculations because no
damage accumulation needs to be considered. Within the context
of the this method the alternating stresses caused from HCF are
approximated as sinusoidal oscillations. Furthermore, the max-
imal tolerable material temperature Ty is already known from
what was calculated in respect to corrosion. Typically materi-
als can survive an unlimited amount of load alternations below a
critical stress level. The corresponding stress amplitude, called
fatigue strength, is dependent on the oscillation’s mean stress oy,
and the material’s temperature. The fatigue strength is typically

depicted in HAIGH diagrams. However, a HAIGH diagram is
only valid for a single material temperature, consequently a set
of diagrams is necessary to assess HCF at different temperatures.
The expected HCF stress amplitude o, is defined from experi-
ence with existing designs. With this the maximally acceptable
mean stress 0, can be obtained by interpolation between this
set of HAIGH diagrams in every operating point at the defined
material temperature Tj;. The maximally occurring airfoil stress
needs to be restricted to this value.

TEMPERATURES AND COOLING FLOWS

Estimation of Cooling Flows From the previous dis-
cussions it becomes clear, that the maximally tolerable material
temperature and stress level is not to be exceeded if the lifetime
requirement needs to be fulfilled. In case the peak gas tempera-
ture T exceeds the calculated limit, enough cooling air is nec-
essary to establish the desired material temperatures. Hence, it
is suggesting to include a methodology which also allows to es-
timate the necessary amount of cooling flow from the lifing re-
quirement. A method based on the work of AINLEY [16] and the
simplifications introduced by HALLS [17] is implemented to es-
timate the cooling flow from the difference between gas stream
and material temperature. Only the peak gas temperature at MDP
is relevant for the definition of the cooling flow, because this
is also the operating point where the highest thermal loads oc-
cur. The cooling flow is adjusted so that the maximally tolerable
mean material 7y, is met at the hottest section of the airfoil. It
can be shown that together with the mean cooling effectiveness
€ at MDP from Eqn. (9) a simple formulation of the heat transfer
parameter M in the airfoil is obtained

1 sMDP

&
M= G (15)
nea 1847

which is directly related to the necessary amount of cooling air;
see GRIEB [18]. The cooling efficiency 14 is a descriptor of the
applied cooling technology. Based on the experience from exist-
ing engines a linear correlation is often used to describe the ratio
of cooling air ritc4 and compressor inlet flow 7155 as a function
of the heat transfer parameter

mca 1 égL‘DP
e :k1+k2'M:k1+k2'7'7—MDP' (16)
M35 / plade NMca 1 —&cy

Some authors have published values for the parameters k; and
kp: GRIEB quantified k; ~ 0.007...0.018 und k&, =0.017, HOR-
LOCK et al. [19] suggest k; = 0 and k» = 0.035, YOUNG und
WILCOCK [20] give k; = 0 und k, = 0.045, and HOLLAND and
THAKE [21] have used k; = 0 and ky = 0.025. The variety of fig-
ures illustrates the dependency on technology level and cooling
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technology. A further refinement of the method is possible if dif-
ferent values for rotors and stators are used. Additional cooling
air flows are used for platform cooling or as sealing air. In gen-
eral, the required cooling air needs to be taken into account for
each airfoil cascade, because the flow is mixed into the main gas
stream and thus lowers the temperature of the succeeding blade
row. This has the additional advantage that also the distribution
of the cooling flows over the turbine component is obtained.

Gas Temperature Distribution It was already shown,
that the determination of the peak gas temperature TMPP is sig-
nificant for the estimation of the cooling flows. Furthermore, a
relationship between the peak and mean gas temperatures is re-
quired in all operating points to cumulate the incremental dam-
ages of corrosion and creep. In general, the difference between
peak and mean temperature originates from the radial temper-
ature profile which is generated over the the cascade as it is
schematically shown in Fig. (4) for a generic mid stage turbine
cascade. However, only the mean gas temperatures can be pre-
dicted by performance synthesis. In order to also obtain the peak
gas temperatures, an approach based on the work of GAUNT-
NER [22] was chosen: If a recovery factor of unity is assumed,

S
e R ~uy
o - ATipers ;AATRTDI'; AATHOL3
8 - - L
3
n ATca

: ATorpF

T Ts + ATiners Ts T[K]
= ‘
= [
;1 &)
S ATiper,
é -

AATrel _

TRA,rel TR fR,rel T [K]
FIGURE 4. ESTIMATION OF PEAK GAS TEMPERATURE [2]
the peak gas temperature of the j-th stage’s stator vane 7A"G7 s,j can

be obtained by adding the increments ATj,,.s; und ATprpr,; to
the mean gas temperature at the entry of the component 7g ;

T6.5.; = Ts.j + ATyers.n + ATorpr,j - 17

Behind the stator the mean gas temperature 7 ; is slightly re-
duced by ATy, because the stator’s cooling air is mixed into the

main stream. However, an analogue expression can be used to
derive the peak gas temperature of each rotor blade by

Torj=Trj—ATG ret,j + ATinerr j+ ATrrprj.  (18)

The difference between peak and mean gas temperature is de-
scribed by ATgprpr. In addition to that, a variation of the cir-
cumferential temperature exists in the stator cascades which is
caused by the positioning of the burners in the combustor. The
thermal worst case for the design of the stator vanes occurs if the
airfoil is located in a combustor hot spot. Therefore, the gas tem-
perature is additionally incremented by ATy,,. Both increments
ATy, and ATgrpr are combined and written as ATprpr. Both
increments ATgrrpr and ATprpr are described as a fraction of
the temperature increase over the combustor [23]. With this, the
increments of the j-th stage can be written as

ATorpr,j =OTDF; - (Ty — T31) , (19)
ATRTDF,j :RTDF]' . (T4 — T31) , (20)

whereby the circumferential temperature profile is not relevant
to the rotor blades, because they only face an averaged tempera-
ture peak because of their rotation. The two coefficients OT DF;
and RT DF; are technology descriptors which are dependent on
the design of the combustor. While GRIEB suggests values of
OTDF = 0.30...0.35 and RTDF =~ 0.08...0.10, YOUNG and
WILCOCK [20] have published OT DF =~ 0.10 and RT DF =~ 0.05
for the first stage of an high pressure turbine. Values of low pres-
sure turbines are smaller, because the temperature profiles are
diminished by preceding cascades. Furthermore, a temperature
increment AT;,;.s, j is added to the mean temperature of each cas-
cade which emulates effects such as uncertainties, deterioration,
production scatter and random temperature peaks. Typically the
increments are known from experience at the inlet and outlet of
the component. In order to obtain the increment of each stage
from these values a linear distribution proportional to the rela-
tive enthalpy drop over each stage is assumed. Because it is the
temperature in the rotating system which is relevant to the rotor
blades, the increment of the rotor AT}, g j needs to be accounted
in the rotating system. A good estimate is to multiply the stators’s
increment by the ratio of the mean temperatures of both systems.
For the same reason an additional difference ATg .. ; needs to
be applied to the mean temperature of the rotor. With some de-
gree of simplification, this can be expressed as a function of the
stage’s temperature drop AT}, its aerodynamic loading factor ¥
and its kinematic degree of reaction R [18]

1 1

ATGrej = |5~ 7.
j

(2R; —1)| AT;. Q1)
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The temperature of the cooling air is known from its off-take po-
sition in the compressor. However, increments 7,..c4 may also
be applied to the cooling air temperature because of the above
mentioned effects. In addition to that, the cooling air temperature
can be altered by pumping effects or the application of pre-swirl
nozzles.

ESTIMATION OF AIRFOIL MASS

In order to estimate the weight of the turbine airfoils, it
is required to perform a preliminary mechanical design based
on physical design laws and loads. In general, turbine blades
are subjected to a variety of loads which have to be consid-
ered during their design. Typical airfoil loads are centrifugal
stresses, bending moments, torsional moments and cyclic loads
from aerodynamic or acoustic oscillations. However, at the time
when conceptual preliminary design studies are performed, the
detailed aerodynamic shaping of the turbine airfoils is not known
yet. Typically, the airfoil is only represented by an aspect and ta-
per ratio within an annulus. Some published methods employ flat
plates [24] or prismatic airfoils from standard profiles [9] to gen-
erate a blade mass. Even though it becomes obvious that twisting
moments and bending moments cannot be included, it is possible
to assess the loads from centrifugal forces and from oscillations
by simplified correlations. The schematic of a turbine rotor blade
is shown in Fig. (5). The stress distribution in the airfoil is depen-

FIGURE 5. TURBINE AIRFOIL DEFINITIONS [2]

dent on the centrifugal load which is caused by the blade’s own
mass [11]. An incrementally thick slice of the airfoil of mass dm
causes a centrifugal load dF which is dependent on the radial po-
sition r, the rotational speed ®, and the cross sectional area A(r)
of the slice itself

dF = row*dm = pro’A(r)dr. (22)

If Eqn. (22) is integrated starting from the airfoil’s tip at rr, a
functional dependency between the centrifugal force F, the ra-
dial stress o and the airfoil’s cross sectional area at every radial
position between r and rr is obtained

F(r)y=pow /A Yyrdr  and o (r) /A Yrdr. (23)

If a radial area distribution can be found which satisfies the al-
lowable stress criteria at all radial positions the determination of
the airfoil mass becomes possible too. The airfoil’s tip area Ar
can either be defined from aerodynamic profiling, or in case of
a shrouded rotor, it needs to be large enough to carry the addi-
tional load of the shroud. From here, a certain increase of the
airfoil cross section is typically necessary just because of manu-
facturing reasons. This generates a linear increase of airfoil area
and centrifugal stress. Once the allowable limit is reached, a
larger growth rate is required to not further increase the stress
level. In case a constant maximum stress is used for the design,
an analytical formulation is of the area increase is possible, such
as given by KAWAIKE [25]. However, using only the stress limit

£ A - — —Creepstress limit "5 A

o | - HCEF stress limit -
—— Occuring blade stress
‘ T

FIGURE 6. STRESS AND AREA DISTRIBUTION [2]

which was obtained from the hottest cross section, would create
a very conservative and too heavy a design. With the knowl-
edge of the temperature profile a local design stress criteria from
HCF resistance and creep life is obtained at every radial position.
Whereby it is the smaller stress of both which is used to calculate
the area increase if the gain from evaluating the manufacturing
taper was not sufficient enough to not exceed the allowable limit.
This procedure has the advantage that a smaller growth rate of
the cross sections is acceptable, because the lower temperatures
increase the acceptable stress levels. An example of a possible
radial distribution of stress and area is shown in Fig. (6) show-
ing a taper-driven section at the top and local design limits from
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HCF and creep. At this stage, corrosion is not an issue because
the airfoil’s peak temperature was already selected to suit the ap-
propriate lifetime. The final mass m of the airfoil can be obtained
by the integration of the computed radial area distribution

SOME RESULTS AND EXAMPLES

Airfoil Redesign In order to evaluate the quality of the
described methodology, it was applied to conceptually redesign
three rotor blades from existing low pressure turbines. The first
example is characterized by high temperature levels, hollow pro-
files and a cooled trailing edge. It is thus dominated by design
stresses from corrosion and creep. The other two examples are
uncooled and have lower material temperatures, thus they also re-
flect design stresses defined by HCF. The calculated radial area
distributions as well as the comparison to the existing airfoil is
presented in Fig. (7). The upper radial sections of all three air-

o
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S|
e I ——&—— testcasel model
o 80 — —A— — testcasel real
] 3 —&—— testcase2 model
< B — —O— — testcase2 real
% B —@—— testcase3 model
< 60F — —O— — testcase3 real
o L
(3] L
2
= L
@ 40 r
m -

20
0

AIA,

FIGURE 7. AIRFOIL RADIAL AREA DISTRIBUTION

foils is mainly influenced by the chosen taper ratio and thus pre-
cisely met. Once the design stress limit is reached, the radial
area increase follows the stress criterion which is either defined
by creep or HCF. It can be seen, that the redesign of the first
example blade matches its original very well at all radial posi-
tions. This is also true for the other two examples except for the
area distribution in the lower section between 0% and 40% of
the radial height of the second example blade. Here the areas are
noticably overpredicted. The same applies to the lower section
of the third example but with a smaller deviation to the original.
These differences originate from the idealized representation of
the radial temperature profiles. The latter directly affects the lo-
cal design criterion. Furthermore, any error made effects all sub-

TABLE 1. DIFFERENCE IN MASS AND CENTER OF GRAVITY

Testcase Nol No2 No3
Mass 23% 10.8% 5.0%
Center of Gravity 0.2% 03% 1.2%

sequent lower radial positions. The mass and center of gravity
of each of the examples was computed and the difference be-
tween real blade and conceptual design was evaluated as shown
in Table (1). Even though the calculated radial area distributions
deviated slightly from their corresponding originals, the results
show that the developed methodology is capable of delivering a
very high result quality during conceptual design studies. While
the predicted mass only deviated within a range of 11%, the cal-
culated centers of gravity where as close as 1.2%.

Effect of Lifetime on Mass In order to illustrate the
effect of a varying lifetime requirement on the results of the con-
ceptual airfoil design an example study was performed. An un-
cooled example blade was selected as a reference design and the
target lifetime was varied. In this case, the airfoil’s material tem-
perature is constant over the study and the required lifetime is
only dependent on the creep characteristic and not on corrosion.
Otherwise, cooling would be necessary to alter the materials peak
temperature and with this the corrosion lifetime. It was further
assumed that the airfoil’s tip area is defined from aerodynamic
aspects only and thus it is also kept constant. From the LARSON-
MILLER characteristics it becomes clear that the tolerable design
stress needs to be reduced if the lifetime target increases at a
constant temperature. The radial stress and area distributions as
a function of the relative target lifetime are shown in Fig. (8).
The computed airfoil mass is shown over the required lifetime in
Fig. (9). Within this study, airfoil mass is increased by almost
20% if the lifetime target is doubled. The increase of the target
lifetime leads to the expected reduction of the tolerable design
stress and thus an increase in area and mass. However, if the life-
time requirement becomes very small, the area distribution and
thus also the mass is not further reduced. Here, the area distribu-
tion is only defined by the production taper - which is of course
a rather theoretical limit. The tolerable stresses defined by the
creep characteristic have become so large that they are no longer
relevant. The results of this study are, of course, dependent on
the chosen airfoil material and temperature. Still, the example il-
lustrates the desired effect of the lifetime on the predicted airfoil
mass.

Effect of Lifetime on Cooling Air The relationship be-
tween target lifetime, tolerable material temperature at MDP and
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cooling air was described in the previous sections. A study with
varying target lifetimes was performed to illustrate this depen-
dency and the value of the developed methodology. The calcu-
lated amount of cooling air of the first cascades of a low pres-
sure turbine is displayed as a function of lifetime is depicted in
Fig. (10). The tolerable airfoil temperature at MDP is shown in
Fig. (11), whereby the material temperatures of the three cas-
cades are normalized with the temperature of the uncooled air-
foil. It can be seen, that an increase in target lifetime requires a
lower material temperature, because the corrosion and creep life
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FIGURE 11. TEMPERATURE VS. LIFETIME [2]

of each cascade is directly related to its temperature. This can
only be achieved by the use of additional cooling air if a con-
stant cooling technology level is assumed. The cooling air itself
is mixed into the main stream after each cascade. This decreases
the gas temperature of the succeeding cascade and helps to ful-
fill the lifing requirement of this airfoil. However, if the target
lifetime is further increased, cooling is also required here and a
discontinuity in the cooling flow characteristic occurs.

SUMMARY AND CONCLUSION

The presented method estimates the mass of turbine blades
during multi-disciplinary conceptual design studies on the basis
of a common target lifetime. The advantage of the method is the
inclusion of multiple operating points over a flight mission and
lifetime dependent material data. If both are known, the target
lifetime can be translated into a maximally allowable material
temperature and stress level. While the stress level can be main-
tained by an appropriate mechanical design of the turbine blades,
the material temperature needs to be established by a sufficient
amount of cooling air. The necessary performance data is avail-
able during cycle design from synthesis calculations. The re-
design of three existing low pressure turbine airfoils showed that
the airfoil mass can be estimated within a precision of 11%. This
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is an encouraging result, especially if all uncertainties and the
number of undefined details is taken into consideration, which
still exist at the conceptual design phase. Even more important,
all relevant dependencies between cycle design, cooling air re-
quirements and mechanical design based on material properties
are included into conceptual design studies. Even though results
were only presented for low pressure turbine blades without film
cooling, it is expected that the proposed methodology can also
be applied to high pressure turbine blades within the conceptual
design phase, if the necessary knowledge base is available.
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