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Abstract:  The importance of turbines in power generation cannot be overstated. While the failure in stationary
plants can lead to downtime and high repair costs, its failure in mobile plants like the jet engines can
be catastrophic with attendant loss of lives. Hence, by all possible means, the prevention of turbine
failure is a necessity, and a very good means of doing this is with the use of super-alloys. Super-alloys
are tailored to withstand the demands of turbine operations especially stress and elevated temperature
and pressure. The blades are thus, manufactured from super-alloys, and of prominence are the Nickel-
based super-alloys. The performance of five different super-alloys: (DS) GTD 111, Ti-6Al-4V,
Inconel 718, CMSX-4, and Nimonic 80A was simulated using COMSOL MultiPhysics 5.5 at cooling
air temperature range of 600 K — 700 K. The mode of cooling employed in the study is only internal
cooling. With the developed stress percentage of the yield stress value and the stator blade
displacement at the operating conditions as the criteria of performance, super-alloy Ti-6Al-4V faired

as the best material for the stator blade.
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1. Introduction

The need for efficient turbines in the engineering
world is enormous, as it is a good means of power
generation in both stationary plants and jet engines.
The need to subject a turbine to very high
temperatures and pressure at operation periods
places a high burden on its designers in the selection
of appropriate materials and as such, turbine blades
that are in constant contact with high temperature
combustion gases are made from high temperature
resistant materials [1]. The very high temperature
demand of turbine blades has broadly limited its
production materials to Nickel-based super alloys [2,
3] and some other elements like Rhenium and
Titanium. To ensure the prevention of turbine blades
failure due to very high temperatures, effective
cooling is also, a necessity [1, 4]. While it is difficult
to attribute a single cause for the reason for turbine
failures, the indicators are more glaring at the hot
sections and thus, we can attribute it to be direct and
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indirect consequences of the very high temperatures
[2, 5-6].

It is undisputable that the thermal efficiency of
combustion engines is a function of their maximum
temperature, and thus, optimizing the performance
of turbines is dependent on attainable maximum
temperature while putting the metallurgical limit into
perspective. A situation that is helped with efficient
cooling. However, if not well managed, this can be a
recipe for failure [1]. This is not just required for
turbines, proper cooling is also required in braking
systems to avoid brake fade [7]. One of the means of
turbine blades cooling is “internal cooling’, others
are film and coated cooling. The temperature
variation of internal cooling air affects the blades
temperature values, such that the lower the
temperature the more beneficial it is in terms of

keeping the blades temperature below the
metallurgical limit [1]. However, this have a
negative impact on other its yield, hence

necessitating the need for an optimized temperature
value to ensure optimal results [1].
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Studies on the use of (DS) GTD 111 as a stator
blade material using only internal cooling while
adopting suitable approximations and assumptions
resulted in a cooling air temperature of 660 K for
optimized performance [1]. While (DS) GTD 111 is
one of the numerous Nickel-based super alloys used
in turbine blade manufacture, others exist and there
is a possibility of improved performance with their
usage. The breakthrough for the production of
durable turbine blade materials were brought about
by the development of the directional solidification
(DS) and the single crystal (SC) method of
production [8]. These super alloys have excellent
mechanical properties at elevated temperatures that
are required for optimal performance of turbines [9].

Titanium-6A1-4V is have good properties
qualifying it for use as a turbine blade material such
as high strength, high temperature and corrosion
resistance, and asides form their applications for
turbine blades, they are also good for use in nuclear
plants [10-12]. Inconel 718 is one of the excellent
super alloys for the manufacture of turbines due to
superb tensile strength, fatigue strength, and degree
of creep rupture at high temperatures, asides the ease
of formability and weldability [9]. CMSX-4 is a
single crystal Nickel-based super alloy and finds
application in turbine blades because of its excellent
properties like superb stress-rupture resistance and
corrosion resistance [13]. CMSX-10 is a third-
generation super alloy [8] purposely designed for use
in turbine blade applications and is a produced using
the single crystal technology.

Nimonic 80A and Nimonic 263 are Nickel-based
super alloys that finds application in the manufacture
of turbine parts [9]. They have excellent oxidation
and corrosion resistance even at elevated
temperatures, and good tensile and creep-rupture
properties. Nimonic 263 provides improved proof
stress and creep strength [14-15], and it offers better
ductility in welded assemblies over Nimonic 80A.

This study is committed to exploring the outcome
of using other materials like Ti-6Al-4V, Inconel 718,
CMSX-4, and Nimonic 80A as the stator blade
material to determine the optimized cooling air
temperature.

II. METHODOLOGY

The heat transfer, developed stress, and structural
displacement of the turbine stator was determined
numerically using the heat transfer and the structural
mechanics modules available in COMSOL
MultiPhysics 5.5 Version.

The heat transfer in the stator is gotten using
governing equation:

pCuVT + V.q =0 + Q4 e

This equation is a simplified form of the general
equation of heat transfer in solids with the
assumption of steady state temperature over time.
The equation applies only to the heat transfer in the
stator, and the effect of stresses are factored in by
coupling of the equations of motion in the
MultiPhysics module.

q = heat conduction = —kVT 2)

Cp — heat capacity, Q — heat transfer,u —
velocity of fluid, and Q,; —
thermoelastic damping

The heat flux is gotten using the expression;

qo = h(Te = T) 3

The boundary condition here is the specified heat
flux, h, is the convective heat transfer coefficient and
represents all the physics occurring between the
boundary and “far away.”

The governing equation derived from the equation
of motion based on virtual work is used to solve for
the stress developed and the structural displacement:

0= V.S+Fv (4)

Fv — volume force vector, V.S —
stress divergence, S — 2nd Piola —
Kirchoff stress is as expressed thus:

S = Sad + C: Eel (5)

C — Viscous damp = C(E,v) and € = % [Vul +
Vu]

The stator geometry is akin to that of NASA power
turbine, the study employed a free tetrahedral mesh
type with minimum and maximum @ size
corresponding to 0.00228 m and 0.0182 m. the
resolution of the narrow regions was set to 0.6, the
curvature factor to 0.5, and the maximum element
growth rate to 1.45. The generated mesh on the
turbine stator blade for CMSX -4 is depicted in Fig.
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Figure 1. Meshing of Turbine Stator (CMSX-4)

The fluid employed for the internal cooling was
taking to be air, and some of the parameters used are
depicted in Table 1.

Some of the assumptions made in simplifying the
study are as enumerated:
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1. Cooling is only internally by the flow of the
air.
2. The combustion gas temperature is 1100 K.

Table 1. Cooling air study parameters

Parameter Values
Free stream velocity at platform 350 m/s
walls
Stator pressure side gas velocity 300 m/s
Stator suction side gas velocity 450 m/s
Working temperature 900 K
Working pressure 30 bar
3. The adopted Mach number for the pressure
and suction sides are 0.45 and 0.7 respectively.
4. The pressure and suction sides of the duct
are flat plates.
5. An average Nusselt number correlation

was used for the calculation of the heat transfer
coefficient. This is possible due to the cooling duct
geometry not including the rib details.

6. The turbine has a working temperature of
900 K and a heat transfer coefficient of 25 W/ (m?2.
K)

The corresponding Poisson’s ratio of the different
materials used for the stator blade is as presented in
Table 2.

Table 2. Poisson’s Ratio values of the studied

materials
(DS) Ti- Inconel CMSX- Nimonic
GTD 6Al- 718 4 804
111 v
0.33  0.34 0.29 0.39 0.3
(1] [12] [l6] [13] [17]

The air values of heat capacity, Prandtl number,
and viscosity at the studied temperature range were
determined from literature [1].

III. RESULTS AND DISCUSSIONS

Bearing in mind that the value of the developed
stress must be lesser than the material yield stress at
the working temperature to prevent failure, the yield
stress values for the different utilized blade stator
materials is as depicted in Table 3.

Table 3. Yield Strength at 923 K (MPa)

(DS) Ti- Inconel CMSX- Nimonic
GTD 6Al- 718 4 804
111 14
645.62 350 980 1060 710
[10] [12]

The behavior of the stator blade resulting from the
modelling with COMSOL MultiPhysics 5.5 for the
selected super alloys are presented in figures. These
are plots of blade displacement (mm), developed
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stress (MPa), yield stress value (MPa) at 923 K, and
cooling air temperature (K). Fig. 2, 3, 4, 5, and 6
present the results for the selected super-alloys; (DS)
GTD 111, Ti-6Al-4V, Inconel 718, CMSX-4, and
Nimonic 80A respectively.

mm MPa
2.805 750
2.8
2.795 700
2.79
650
2.785
2.78 600
2.775
2.77 550
600 620 640 660 680 700 K

I Displacement (mm) Stress (Mpa)

Yield Stress (Mpa)

Figure 2. Stress — Displacement Plots for (DS)

GTDI11

mm MPa
2.075 290
207 370
2.065 350
2.06 330
2.055 310
2.05 290
2.045 270
2.04 250

600 620 640 660 680 700

Displacement (mm) Stress (Mpa)

Yield Stress (Mpa)

Figure 3. Stress — Displacement Plots for Ti-6Al-4V

mm MPa
3.085
1270
3.08 1230
1190
3.075 1150
1110
3.07 1070
3.065 1030
990
3.06 950

600 620 640 660 680 700 g

I Displacement (mm) Stress (Mpa)

Yield Stress (Mpa)

Figure 4. Stress — Displacement Plots for Inconel 718
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mm MPa
2.685 1150
2.68
1100
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2.665 1000
2.66
950
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2.65 900

600 620 640 660 680 700 K
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Yield Stress (Mpa)
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Figure 5. Stress — Displacement Plot for CMSX-4

mm MPa
2.83
1380
2.82 1280
2.81 1180
1080
2.8 980
880
2.79
780
2.78 680
600 820, pRpfaceftlht (RER) 700 g

Stress (Mpa)

Yield Stress (Mpa)

Figure 6. Stress — Displacement Plots for Nimonic
804

The developed stress in the stator blade increases
with the decrease in cooling air temperature and the
displacement of the stator blade decreases with
decreasing cooling air temperature irrespective of
the material used. While as little as possible blade
displacement is desirable and is favoured with low
cooling air temperature values, which in turn ensures
that the material operates below the metallurgical
limit, the same does not apply to the developed
stress. Exceeding the yield stress at the normal
working condition will lead to structural failure, and
thus, there must be an optimization of the cooling air
temperature to accommodate all the required
features.

The developed stress for super-alloys; (DS) GTD
111, Ti-6Al-4V, and CMSX-4 will at a point be
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below the material yield stress for the considered
cooling air temperature range, while for the super-
alloys; Inconel 718 and Nimonic 80A this was not
the case. Super-alloy Ti-6A1-4V will allow for the
least value of cooling air temperature of the three that
qualifies for the range 600 K to 700 K, followed by
CMSX-4.

It is possible for the developed stress values to be
lesser than the material yield stress for Inconel 718
and Nimonic 80A with an increase in the cooling air
temperature; however, this will signify increased
stator blade displacement and average temperature.
From the data provided in Figure 4, the gradient of
the line is 1.8 (m = %) and using this to predict
the cooling air temperature at which the developed
stress will be equal to the yield stress gives the value
744.44 K.

This implies that if the cooling air temperature is
made to be > 744.44 K, the value of the developed
stress will be equal to or lesser than the yield stress
of Inconel 718. And it is only at cooling air
temperature values above this value that there will be
a certainty of prevention of the blade deformation
and failure taking note of only internal cooling.

To determine the most suitable super-alloy for
application as a turbine stator blade when cooling
mode is only internal, this study calculates the
cooling air temperature that leads to a developed
stress value that is 98% of its yield stress by
interpolation. The presentation of the result is in Fig
7.

K mm
700
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660
640
620
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580
560

2.8

2.4
l I |
1.6

(DS) GTD 111  Ti-6Al-4V CMSX-4
mm Temperature (K) === Displacement (mm)

Figure 7. Performance Comparison of Some Super-
Alloys using Internal Cooling

Super-alloy Ti-6Al-4V as the stator blade material
faired as the best due to the least value of
displacement while allowing for the least cooling air
temperature of the three. This is an indication that
while being subjected to the operating conditions,
Ti-6Al-4V super-alloy will experience the least of
thermal fatigue stress of the considered materials.
This is consistent with its wide application in the
aerospace industry providing the required properties
even at elevated temperatures.
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Super-alloy CMSX-4 and (DS) GTD 111 also
demonstrated better performance than the remaining
two considered super-alloys and echoed the
significance of the direct solidified and single crystal
manufacturing technology.

IV. CONCLUSION

The study employed only internal cooling as the
cooling means of the turbine stator material while
neglecting film and coated cooling. Based on the
studies on five different super-alloys: (DS) GTD
111, Ti-6Al-4V, Inconel 718, CMSX-4, and
Nimonic 80A, the following deductions were made:

1. The developed stress of the super-alloys
decreased with an increase in cooling air
temperature, while the opposite was the case for the
stator blade displacement.

2. Super-alloys (DS) GTD 111, Ti-6Al-4V,
and CMSX-4 have a developed stress value lower
than the yield stress at the studied cooling air
temperature range.

3. Super-alloy Ti-6Al-4V showed the least
stator blade displacement at 98% developed stress of
the corresponding yield stress value of the studied
super-alloys.
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