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ABSTRACT

Clearances between gas turbine casings and rotating blades is of quite importance on
turbo machines since a significant loss of efficiency can occur if the clearances are not
predicted accordingly. The radial thermal growths of the blade may be over or under
predicted if poor assumptions are made on calculating the metal temperatures of the
surfaces exposed to the fluid. The external surface of the blade is exposed to hot gas
temperatures and it is internally cooled with air coming from the compressor. This cold
air enters the radial channels at the root of the blade and then exists at the tip. To obtain
close to realistic metal temperatures on the blade, the Conjugate Heat Transfer (CHT)
approach would be utilized in this research. The radial thermal growth of the blade would

be then compared to the initial guess.

This work focuses on the interaction between the external boundary conditions obtained
from the commercial Computational Fluid Dynamics software package CFX, the internal
boundary conditions along the channels from a 1D flow solver proprietary to Siemens
Energy, and the 3D metal temperatures and deformation of the blade predicted using the

commercial Solid Mechanics software package ANSYS.

An iterative technique to solve CHT problems is demonstrated and discussed. The results
of this work help to highlight the importance of CHT in predicting metal temperatures
and the implications it has in other aspect of the gas turbine design such as the tip

clearances.
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CHAPTER ONE: MOTIVATION AND HYPOTHESIS

Standard practices to solve heat transfer problems on gas turbine components may not be
adequately predicting metal temperatures. One factor for this to take place is the
enormous amount of time that takes to set up a sufficient mesh that can be capable of
producing reliable solutions when simultaneously solving the Navier-Stokes equations
for the flow and the conduction for the solid. Another factor worth to be mentioned is the
tedious labor involved in putting results files in formats that can be read by the solvers
implicated in the calculations. In addition to the above interpolation techniques have to be
used simultaneously in order to share information accurately between the conduction
solver mesh and the flow solver mesh. So, when dealing with 3-D CHT problems,
typically it is standard practice for each flow domain to be treated and solve
independently and solutions never couple or fed back to the others solvers proficiently to
form an efficient loop that can be capable of generating results close to actual experience.
When failing to deal properly with a full 3D CHT problem such as the ones presented in
most of the internally cooled gas turbine components metal temperatures are predicted
incorrectly by several degrees, a debit is paid on calculating the life of the part, blade tip
clearances may be over or under predicted, and the overall gas turbine efficiency might

be compromised.



CHAPTER TWO: LITERATURE REVIEW AND BACKGROUND

Gas turbines are rotary engines mainly used for aircraft propulsion and in land-based
power generation. As main components, a simple cycle gas turbine has the compressor,
combustor and turbine. The compressor that is located up stream of the turbine
compresses the air increasing its pressure and temperature. Fuel is then mixed with air in
the combustion section and ignited. This combustion produces a tremendous increase in
energy where velocity, temperature and pressures of the working fluid are radically
increased. This high energy fluid is directed through the stationary vanes over turbine
blades and produces a rotational movement or spinning of the shaft that simultaneously
assist to power the compressor. The shaft power output of the turbine depends on how
much energy is extracted when expanding the hot gases passing through its vanes and
blades and how successful this expansion is in reducing its exhaust temperature. The
shaft power is then used among many other effects to power a generator for the
production of the increasingly needed electric power. This increasing need over the past
couple of decades has motivated the call for creative ways to increase efficiency and

power out put.

Typically, efficiency and power out put are increased with turbine inlet temperatures.
These temperatures are normally above material melting point of the parts and it is
because of these high temperatures that sophisticated cooling schemes are extremely

important. Along, with these sophisticated cooling schemes, thermal barrier coatings



have as well been developed in the recent decades and are commonly used with internal

cooled parts to increase part life.

As mentioned above, modern gas turbine blade components are equipped with internal
cooling features in order to withstand the high gas temperature at which they have to
operate. The internal cooling is design to extract the heat from the internal walls and cool
it significantly to maximize the life of the component. These cooling features in the
turbine components affect part life and efficiency. So having ways to predict accurate
metal temperatures is crucial. Too much cooling and the engine will pay a price on
efficiency. Not enough cooling and the part life decreases and gets compromised.
Furthermore, this extreme working environment produces intense stresses due to the high
rotating speeds and thermal gradients. In addition, in order to achieve or increase
efficiency the tip clearance between the gas turbine casing and the tip of the blade have to
be maintained as minimum as possible and therefore play a very important roll on gas

turbines power out put.

In order to predict a more realistic radial thermal growth and/or tip clearance of the blade,
conjugate heat transfer effects on internally cooled turbine components have to be taking
into account. The interaction at the intersection between different domains in particular
one of a moving fluid and solid is said to be set for a conjugate heat transfer problem as is
the case for most modern gas turbine components. The temperatures solution at this
intersection is coupled in a way that the energy and conduction equations of the fluid and

solid respectively have to be solved in an iterative way. Once the metal temperatures at



these different domain intersections are found iteratively the radial growth of the blade

could be predicted more realistically and life of the part can be predicted with confidence.
CHT problems have been studied intensively in the past couple of decades and now with
the use of sophisticated software packages and powerful computers more difficult and
complex problems are solve faster and more accurately. This work focuses on the
interaction between the external boundary conditions obtained from the commercial
Computational Fluid Dynamics software package CFX, the internal boundary conditions
along the channels from a 1D flow solver proprietary to Siemens Energy, and the 3D
metal temperatures and deformation of the blade predicted using the commercial Solid

Mechanics software package ANSYS.

The blade used in this work belongs to the SGT6-3000E class engine (figure 1). It
features a 19-stage axial flow compressor, 14 can-type combustor in a circular array and
a four-stage turbine. It has a gross power output of 121MW and a gross efficiency of

34.7%.



Figure 1: SGT6-3000E Gas Turbine 60 Hertz Application

The Pro-E model of the second stage blade used for this work is shown in figure 2. Figure
3 shows the tip of the blade which has a shroud design with the purpose of minimizing

the hot air going over and circumventing the blade tip.

Figure 2: Blade 2



Figure 3: Blade 2 Tip

The fluid used to cool the part is air coming from the earliest stages of the compressor.
The blade has fifteen radial channels dedicated for internal cooling (see figure 4). They

have their inlet at the root of the blade and exit at tip of the blade.

P

i

-
- |

Figure 4: Radial channels for cooling



CHAPTER THREE: RESEARCH METHODS

3.1 Iterative Looping:

The approached taken to obtained the external boundary conditions for the 3D CHT
problem is shown in figure 5. The external flow field inlet and outlet conditions are
specified and an adiabatic wall assumption is made at the blade airfoil wall. The
compressible Navier-Stokes (NS) equation is then solved for the external fluid region and
a temperature profile is obtained for the airfoil. Assumptions for metal temperatures are
made, the compressible NS are then solved again and then heat transfer coefficients and

bulk temperature obtained.

Use adiabatic wall Solve compressible NS Equations

{

Input blade Tm

|

Obtain Tm

: ]

ol Such Obtain hot gas htc’s, and
olve conduction <:: T bulk for thermo-elasticity
problem analysis

Figure 5: External loop



The approached taken to obtained the internal boundary conditions for the problem are
shown in figure 6. Internally, supplied inlet, exit pressures and temperatures are specified
and internal channel walls temperatures guessed. With this inputs the 1D compressible
NS are solved and in effect gives the fluid bulk temperature and the heat transfer

coefficient in the channel.

These bulk temperature and heat transfer coefficients that were obtained for the internal
and external fluid are fed as inputs to the conduction model in ANSYS. Once these
boundary conditions are imposed to the model the metal temperatures distributions for
the stage two rotating blade is obtained. The metal temperatures obtained from the
conduction model are then used as inputs for the 3D and 1D fluid models and the process
is repeated until the new metal temperatures found converge. In addition, at the end of
each loop, the resultant metal temperatures distribution along with load pressures and
centrifugal forces are used for the thermo-elasticity assessment and the blade growth

monitored.

Input channel Tm I:> Solve 1D compressible flow
Obtain Tm Obtain cold htc’_s,_and T bu!k for
thermo-elasticity analysis

Solve conduction
problem

Figure 6: Internal loop



3.2 Cooling Boundary Conditions: K1D

Cooling holes dimensions and geometry used to build the internal cooling channels are

shown in figure 7.

(a)

(b)



—

Figure 7: Blade geometry information in inches (a) cooling holes at blade inlet (b)

cooling holes at airfoil section (c) radial dimensions

P=3 bars

i

Channel walls initial

guess T=650K

I | i

P=9 bars, T=650 K
Figure 8: Internal Flow model and boundary conditions
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The geometrical information is used to build the internal flow network in the 1D flow
solver where the channels are treated as smooth ducts with turbulent flow and entrance
effects on overall heat transfer. Supplied inlet and exit pressures are specified along with
inlet and wall temperatures of the channels. The inlet and exit pressures used for the
internal cooling were 9 and 3 bars respectively. The inlet temperature and the initial
temperature for the wall channel used was 650 K. Air properties in the channel are
calculated taking into account area variations, wall friction, rotation and heat transfer.
The internal flow network is shown in figure 8. The flow traveling radially upward
through the channel sees its density change from inlet to outlet due to the heat pick up

from the walls. For a heated channel the outlet density is smaller than inlet density p, , <
p,, and for the sections of constant channel areas the inlet velocities is less that the outlet

velocity V, <V

in out *

Continuity is maintained through the channel such that m = pV4 at

every point in the channel

_m
G=— ()

On the contrary momentum 7i2(V,,, —V,, ) needs to be balanced due to the velocity

C

differences at the channel’s inlet and outlet by the pressure difference

AP, :GZ(L_L] (2)
paut pin

Empirical correlations are used to account for the pressure loss due to wall friction and
adding this effect the pressure drop across a straight portion of the channel the pressure

drop for the constant channel section takes the form

11



4L1 _,
AP, = f——pV?+AP 3)
\ fD 5P

acc
h

Where f is the friction factor, D, is hydraulic diameter and p is the average of the inlet

and outlet densities.

Contractions effects are taking into account as well and for air contracting from a large

area A, to a smaller area 4, this can be put in the form
2 1 2 1 2
F,—F, :(l_o-a—b)prVb +Kc5prb (4)

Where o, _, is the passage contraction ratio

A
o-a—b = A_b (5)

And K_is the contraction loss coefficient.
In the same manner expansion effects from a small area A, to a large area 4, in the

channel can be put in the following equation

P-P=li-02, ) p V2 +K o (6)

Where K, is the enlargement loss coefficient and o,_, is given by

A
O-c—d = AC (7)
d

The effects of heat addition in the channel are measured by empirical correlations of the

Stanton number S, . The Stanton number is a dimensionless number that relates the ratio

of the heat transfer coefficient to the thermal capacity of the fluid C,

12



h
St=——— (8)
C,pV

This relation can also be used in conjunction with the Nusselt number Nu, the Reynolds

number Re and the Prandtl number Pr

Nu

St =
RePr

9)

3.3 Computational Fluid Dynamics Solver: CFX

Figure 9 and 10 shows the inlet and outlet boundary conditions profiles for the flow
domain as a function of radial position. The maximum total pressure and temperature at
the inlet are 716,000 Pa and 1250 K respectively. At the outlet the maximum static

pressure and temperature are 380,000 Pa and 1,250 K respectively.
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Figure 9: Inlet conditions (a) Total Temperature (K) (b) Total Pressure (Pa)
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The domain and domain boundary conditions of the main flow are shown in figure 11.
The basic dimensions of the flow domain are 69 mm in width, 187 mm in length and, 190
mm of height at the inlet and 243 mm of height at the exit. The structured mesh uses
454,145 number of nodes, 435,456 number of elements, 435,456 total number of

hexahedrons, and 77472total number of faces.
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Interface

(©)

Figure 11: Computational grid (a) end walls (b) domain periodicity (c) domain

boundaries

The motion and heat transfer of the fluid in the flow-field are described by the
compressible NS equations and can be expressed in the form of continuity, momentum

and energy equations.

The continuity equation can be expressed as

6—'0+V-<,017)

o ’ (10)

The momentum equation describing the force balances of the fluid can be expressed as

dapt—l7)+v-(,ol7l7):—vp+v-£ (11)

17



Where 7, 1s the stress tensor.

Based on the first law of thermodynamics the energy equation can be put in the following

form

%_%+V.(puhwt)zv-(kVT)—i-V'(uT) (12)

Where £, is the total enthalpy
li= -
h,, =h+5‘V-V‘ (13)

And £ is the thermal conductivity

The solution of the Navier-Stokes equations for non ideal flows is obtained by applying
the finite volume methodology. This method evaluates the continuity, momentum and
energy equations as algebraic approximations and then solves them by applying

numerical methods.

Turbulence in the flow field is dealt by the use of the Eddy Viscosity Turbulence Models.
Under this category the Two Equation Turbulent Model is used since they offer a good
compromise between numerical effort and computational accuracy. The Two Equation
Turbulence Model used for this simulation was the Shear Stress Transport (SST). The

k —w based SST model is known to accurately predict the amount of flow separation

under adverse pressure gradients.

18



3.4 Thermo-Elastic Solver: ANSYS

The blade material used for thermo-elastic analysis was a nickel-base alloy IN738LC.
figure 16 shows the mesh used in Ansys. Solid element 87 was used for the thermal
solution, along with surface effect elements 152. The structural analysis uses the same
mesh as the thermal analysis and it was solved using solid element 92 and surface 154.
Solid87 is a 3-D 10-node tetrahedral thermal solid particularly used to model irregular
meshes. Element Solid 87 possesses one degree of freedom, temperature, at each node.

Figure 12 shows the geometry of element Solid 87, nodes location and coordinate system.

Figure 12: Solid 87 geometry

When the same model containing Solide87 is also to be analyzed structurally is typically
replaced by a 10-node tetrahedral structural solid element, Solid 92. This element has
three degrees of freedom at each node: translations in the nodal x, y, and z directions.

Figure 13 shows the element geometry.

19



Figure 13: Solid92 geometry

SURF152 is a surface effect element overlaid onto the area face of any 3-D thermal
element and the geometry, nodes and coordinate system are shown in figure 14.

Q (Exiras node, cptional) M (Extra node, opfional}

.
-®

Figure 14: SURF152 geometry

SURF154 is a surface effect element overlaid onto the area face of any 3-D structural

element and the geometry, nodes and coordinate system are shown in figure 15.

20



Figure 15: SURF154 geometry

The blade geometry was poorly constructed on some critical areas as the blade root
serrations, and the blade tip. More over in order to effectively mesh the cooling hole
channels and to refine the areas mention above more elements had to be added to refine
the mesh. The total number of elements used was 673,425 and the total number of nodes

866,637.

(a)

21
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e

(b)
Figure 16: FEA mesh (a) tip close up (b) blade 2

The internal and external heat transfer coefficients and bulk temperatures imposed on the
blade to assess the metal temperatures were taken from the 1D and CFX solutions
respectively. A metal temperature of 400 °C was used for the blade root along with an /4

of 0.5 mW/mm*K

The governing equation for the conduction problem is

V-[k(T, VT, ]=0

Where 7, represents the blade surface temperatures and £ is a function of the metal

temperature.

After solving for the metal temperatures a structural analysis is perform using the thermal

solutions as body loads. The blade was constraint at the root serrations circumferentially

22



and radially and it was constraint axially at the aft bottom hook as shown in figure 13.
More over, the effect of the blade rotation was modeled by indicating an angular velocity

on the z axis.

The technique to solve the thermo-elasticity problem is known as Finite element Analysis
(FEA). This method discretizes the domain into sub-domains called elements. Assumes a
function that describes the behavior of the element, assembles the elements properties to
obtain the system equations, imposes boundary conditions and solve the system

equations.

(a)

23



(b)

Figure 17: Blade constraints (a) radial and circumferential (b) axial
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CHAPTER FOUR: RESULTS AND DISCUSSIONS

4.1 Conjugate Convergence

It takes over 128 iterations to solve the equations in the flow domain and it takes
approximately 5,729 seconds of CPU time to achieve convergence criteria. A snap shot in

time of the turbulence model convergence is shown in figure 14.

Run cfx solve 001

Turbulence (KO)
1.02+00 7

1.0e-01 f

1.0e-02

1,0e-03 o

Varnable Value

1.0e-04 4

1.0e-05 -

1,0e-06 <

0 10 20 30 40 50
Accumulated Time Sten

Figure 18: Turbulence model convergence
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The conduction model takes 4,980 seconds of CPU time to converge while the

convergence time from the 1D solver is negligible compared to the flow and conduction

models.

The L2 norms of the five thermal loops are shown in figure 19. The metal temperatures

become stable after fifth iteration.

120

100 .\

a0 \

G0 \

40 \\

x —

1 2 3 4 5
Iterations

L2 -Norm

Figure 19: L2 norm

The average tip clearance of the blade is 4.11 mm. Figure 20 shows the radial growth of
the blade after every thermal loop. The radial displacements are steady after the third

iteration and compared to the first iteration the growth is under predicted by 0.211 mm.
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Blade Tip Gap

0.7
1 2 3 4 5
N iteration

Figure 20: Gap clearance at blade tip

4.2 1D Cooling Network Solution

The airfoil channels bulk temperature and heat transfer coefficient results for the first and

last iteration are shown in figure 21. The average heat pick up is approximately 200 K

and the average heat transfer coefficient is approximately 2,700 W/ m’K
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Figure 21: Internal results for first and last iterations (a) bulk temperature (b) heat transfer

coefficients

4.3 Volumetric CFD Solution

Figure 22 shows the fluid pressure, temperature and mach number results from CFX
solution. High pressure regions are seen at the stagnation point and in the airfoil pressure
side; the airfoil suction side shows the lower pressures as expected. Unlike the pressure
distribution the mach numbers on the fluid domain are low on the pressure side and high
on the suction side of the blade. The results also show that the fluid total temperature for
the first loop is higher near the airfoil walls than the last loop. Figure 23 shows the
pressure contours on the blade airfoil that will be used as boundary conditions for the
thermo-elasticity problem. The maximum pressure seen is approximately 5.6 MPa and is
located on the airfoil pressure side. Figures 24 through 25 show the gas heat transfer

coefficients and the bulk temperature at the airfoil, and tip of the blade.
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Figure 22: First and last iteration, (a) pressure (b) temperature (c) mach number
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Figure 23: First and last iterations, pressure contours, (a) suction side (b) pressure side
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(b)

Figure 24: First and last Iteration, (a) airfoil heat transfer coefficient (mW/ mm*K ) (b)

airfoil bulk temperature (°C)
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(b)

Figure 25: First and last iteration, (a) tip heat transfer coefficient (mW/ mm>K ) (b) tip

bulk temperature (°C)
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4.4 Thermo-Elastic Mesh Solution

The material used for the conduction problem is a nickel-base alloy IN738LC. The
material properties as a function of temperature are listed in figure 26.
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Figure 26: Material properties IN738LC (a) density (b) specific heat (c) Poisson’s ratio

(d) thermal conductivity (e) mean coefficient of thermal expansion
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The surface metal temperatures distributions along the channels are shown in figure 27.
The channel close to the trailing of the airfoil experiences the hottest temperature of
828.853 °C while the channels at the root of the blade are maintain considerably cooled at
394.682 °C. The maximum temperature on the last iteration is approximately 113 °C

higher than the first iteration.
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Figure 27: First and last iteration, channels metal temperatures (°C)
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(b)

Figure 28: First and last iteration metal temperatures (°C) (a) airfoil suction side (b)
airfoil pressure side
As shown in figure 28 the hottest areas on the blade are the leading edge and trailing edge
being the trailing edge the area of maximum temperature with 892.49 °C. Figure 28 also
shows how the contours of higher temperature are more intense on the last iteration than

the first one.
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The Von Misses stresses are shown in figure 29 and figure 30 shows the blade growth in
the x, y, and z directions for the first and last iteration. The maximum displacement
obtained in the last iteration in the radial direction is 3.36 mm, 0.211 mm greater than the

one obtained in the first iteration.

(b)

Figure 29: Von Misses stresses (MPa) (a) airfoil suction side (b) airfoil pressure side
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Figure 30: Blade displacements (mm) (a) z direction (b) y direction (c) x direction

For comparison purposes some nodes from the tip of the blade were selected and their
displacements in the radial directions and temperatures are shown in figure 31 and figure
32 respectively. Node number 1 is at the leading edge tip of the blade and node number

14 is at the trailing edge tip of the blade.
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Radial Displacement [mm]
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Figure 32: Nodal temperature at blade tip
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CHAPTER FIVE: CONCLUSION

Clearances between gas turbine casings and rotating blades is of quite importance on
turbo machines since a significant loss of efficiency can occur if the clearances are not
predicted accordingly. The radial thermal growths of the blade may be over or under
predicted if poor assumptions are made on calculating the metal temperatures of the
surfaces exposed to the fluid. The external surface of the blade is exposed to hot gas
temperatures and it is internally cooled with air coming from the compressor. This cold
air enters the radial channels at the root of the blade and then exists at the tip. To obtain
close to realistic metal temperatures on the blade, the Conjugate Heat Transfer (CHT)
approach was utilized in this research. The radial thermal growth of the blade was then

compared to the initial guess.

This work focused on the interaction between the external boundary conditions obtained
from the commercial Computational Fluid Dynamics software package CFX, the internal
boundary conditions along the channels from a 1D flow solver proprietary to Siemens
Energy, and the 3D metal temperatures and deformation of the blade predicted using the
commercial Solid Mechanics software package ANSYS.

An iterative technique to solve CHT problems was demonstrated and discussed. The
results of this work helped to highlight the importance of CHT in predicting metal
temperatures and the implications it has in other aspect of the gas turbine design such as

the tip clearances.
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