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Abstract

Prediction of thermal loads within cavities in space turbine, has as been a challenging task
in aspects of achieving accurate and reasonable estimations that are crucial for design
concepts. The difficulty lies within the turbulent flow and its thermal interaction with
the structure inside such section. It does not exist a method that works perfectly for
prediction of thermal loads in any cavity and the taken approach to perform this kind of
analysis has been differently chosen. The objectives of this work have been to improve
methods for assessment of thermal loads in space turbines, especially calculation of the
heat transfer coefficient and bulk temperature. As the thesis was conducted at GKN
Aerospace Sweden, Trollhdttan, one of theirs demonstrator turbine was chosen for the
study case. Its first stage rotor blade and the nearby cavity were the main research
regions. The flow can enter and exit the cavity through one slot and is characterized with
a very low axial speed. For the studied regions, the wall surface has been subdivided
into a number of segments. With prescribed wall temperatures and use of computational
fluid dynamics (CFD) to compute the wall heat flux at the sections, the heat transfer
coefficient and bulk temperatures were determined in three different ways. One of them
was based on evaluating one single CFD result and derive the thermal loads from formulas.
The others used by point-plotting approach, whereas one of them focused on formulating
a model that describes the thermal interaction between the section walls. The results
demonstrate that this model was able to predict a section’s wall heat flux as a function
of the wall temperatures in fair agreement with CFD results for a range of temperature
variations. Further more, some of the predicted heat transfer coefficient at a section

shows to be highly sensitive to the prescribed wall temperatures in the cavity and rotor
blade.
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1 Introduction

During the development of a new space turbine, it is necessary to assess the thermal
loads in all parts of the turbine as it affects the design concept. Nevertheless, its struc-
ture analysis requires information regarding the thermal loads, such as the heat transfer
coefficient and bulk temperature. For these reasons, an accurate and correct analysis is
outermost important and one of the main factors for securing a robust space turbine. The
driven power for this kind of machinery is mainly governed by the high velocity gas that
flows through the turbine, which is normally mounted on the same shaft or together with
a pump. Between the stationary and rotating components within the turbine, a small
amount of the fluid ends up circulating in the cavities. Prediction of thermal loads at
these regions is known to be difficult, as the flow behaviour tends to be complex. With
modern computers, this type of analysis is nowadays done with computational fluid dy-
namics (CFD). Such computer-based method is capable of modelling the complex flow
and heat transfer between the fluid and solid. However, the main challenge is to use a
proper approach for setting up the CFD simulation in order to obtain results that agree
well with the real case.

The objectives of this thesis have been to improve and suggest new methods of predict-
ing thermal loads in a space turbine. As this thesis was conducted at GKN Aerospace
in Trollhdttan, Sweden, one of theirs products was selected as the study case. The main
focus are its first stage rotor blade and the nearby cavity. Three methods have been
developed, based on the convective heat transfer relation and usage of CFD. A previous
conjugated CFD analysis, [5], was used as a reference case and comparison material for
the results.

1.1 Application of Space Turbine

Most modern space rockets, such as European heavy-lift launch vehicles Ariane 5 and 6,
have a bi-propellant configuration, shown in figure 1. The engine is impelled by fuel and
oxidizer, which are stored in liquidized form in separated tanks within the rocket. They
require two individually turbo pumps to draw the propellants from the tanks. These
machines are very compact and have very high energy to weight ratio. Theirs main
functions are to raise the fluids’ pressure to hundreds of bars and transferring them into
the piping system that leads to the combustion chamber.

Combustion

Fuel Oxidizer ~ Pumps Chamber Nozzle

[

Exit Exhaust
Throat

Figure 1: Bipropellant configuration of a liquid-propellant rocket [1]
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A turbo pump, is basically a gas turbine that consists of a centrifugal pump and a driving
turbine. They can either be geared together or mounted on the same shaft. The pumping
speed of the centrifugal pump is governed by the turbine, which rotates in an order of
tens thousands revolutions per minute. In order to keep the turbine active, it requires
a driving gas, which can be generated differently due to the engine cycle [1|. Figure 2,
displays the liquid oxygen turbo pump that was equipped on Ariane 5. It consisted of a
centrifugal flow pump and a two stages space turbine.

Figure 2: Vulcain 2’s liquid oxygen turbopump [2]. The blue and red frames mark
approximately the centrifugal pump and the two stage turbine components, respectively.

For a rocket with gas-generator cycle, for instance the Ariane 5, a small amount of the
propellants are burned in a separated smaller combustion chamber, so called gas generator
in figure 3. The exhaust gas will then be used to power the space turbine before it gets
released into the atmosphere [6], which also provides minor amounts of additional thrust
3]

Fuel
pump pump

\ Oxidizer
turhine

Figure 3: Gas generator cycle configuration [3].
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In terms of constructing a turbo pump with high practical energy efficiency and a large
mass flow rate, it is extremely important to have a well designed space turbine [1]. Its
thermal analysis must then be done accurate and correct in order to fulfil the goal, which
is not always a simply task. One of the challenges is mainly the assessment of thermal
loads in the cavities that are localized between the stationary and rotating components
within the turbine. Due to the cavity’s geometry and number of openings, the flow inside
becomes very complex and hence make it difficult to predict the thermal loads.
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2 Theory

A brief explanation of the heat transfer theory and basics of computational fluid dynamics
is presented in this chapter as they set the basis of this thesis work. Further more the
last section provides methods that have been used or currently is used for prediction of
the thermal loads within cavities.

2.1 Convection

As high temperature gas flows through the turbine, a convective heat transfer occurs
between the solid and adjacent fluid. This phenomenon is described by the Newton’s
Law of Cooling

Q=H(T, - T) (1)

where Q is the heat flux, H is the heat transfer coefficient, T}, is the wall temperature
and T} is the bulk temperature i.e. the temperature of the environment.

A convective heat transfer is mainly divided into two categorize; natural and forced
convection. With a temperature difference in the solid and fluid it can induce a fluid
motion, whereas fluid layers with lower temperature will descend and warmer ones will
ascend due to the influence of gravity. Such thermal case is often refereed to natural con-
vection. For a forced convection, the flow is governed by external sources such as pump
and ceiling fans |7]. Therefore this thesis will be mainly dealing with a forced convection
problem.

2.2 Computational fluid dynamics

In reality, experimental testing is very expensive and time consuming for the purpose
of analysing the thermal loads within a space turbine. A more preferable approach is
the usage of computational fluid dynamics (CFD). It is a steady growing method that
overcomes the mentioned disadvantages and is capable of simulating the fluid motion
and thermal loads. The governing equations behind CFD are referred to Navier-Stokes
equations, which comprises the conservation equations of mass, momentum and energy [8].
In practice, they are nearly impossible to be solved with the current computers expect for
the simplest of flows by using Direct Numerical Simulation (DNS). Otherwise they must
be simplified and use of turbulence models in order to perform turbulence simulations.
Before solving these differential equations, the fluid domain has to be divided into discrete
cells, as the discretized formulas are then solved for individually cell. With boundary
conditions initialized, a CFD solution can therefore be obtained for the flow-problem.

2.2.1 Shear stress transport model

A turbulence model that is suitable for a large range of CFD simulations is the shear
stress transport model, proposed by F.R Menter in 1994. It treats low-Reynolds number
flows with the K —w turbulence model and switches over to the K — e model for handling
the flow with high-Reynolds numbers. Thus, the SST model is a two-equation eddy-
viscosity model. Its transport equations, which consist of the expressions for turbulence
kinetic energy and specific dissipation rate, are left out in this report due to simplicity
for the reader and referred to Menter’s research paper [9] or this webpage https://www.

4
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cfd-online.com/Wiki/SST_k-omega_model for further explanation. Those equations
are mainly used for the computation of the Reynolds stresses and Reynolds fluxes and
close the simplified Navier-Stokes equations.

2.2.2 Mesh and near-wall region

As mentioned earlier, it is necessary to subdivide the flow domain into smaller elements
in order to run a simulation. The resulting computational grid is called mesh as it
resembles a wire mesh, whereas the dimensionless quantity y™ is often used for describing
the fineness of the mesh for a particular flow

yU-
yt= (2)

where y is the distance to the nearest wall and U, = |, /%w is the friction velocity, a

relation of wall shear stress 7, and density of the fluid, p [10].

2.3 Used methods of predicting thermal loads

Still today, there does not exist a method that can result in very accurate predictions
of thermal loads for a space turbine cavity. As every cavity has a unique interior, the
methods has been varying and selected after the one that is most suitable for the prob-
lem. Conjugated heat transfer analysis is one of the possible approaches. Such method
considers the heat transfer within the solid (conduction) and convection in the adjacent
moving fluid within the simulation, thus a coupled solution. However, it can be very
computationally demanding for large structures as all the subdivided cells for the struc-
ture and flow domain have to be resolved.

Another way to assess the thermal loads is to derive them from correlations for geo-
metrically simple flows [11], for instance the assumption of flow over a flat plate. The
heat transfer coefficient can thereby be found from the expression of Nusselt number,

Nu,

HL
Nu = == = 0.027 ReYS prt/3 (3)

where L is the length of the surface and A is the thermal conductivity of the gas. Notice
that this equation is only valid for turbulent flow with a Prandtl and Reynolds number
within 0.6 < Pr < 60 and 5 - 10° < Re;, < 107 respectively.

It is also possible to use of coupled or non-coupled CFD and finite element (FE) analysis,
as suggested and explained by Verdicchio, Chew, Hills [12] and Lewis and Provins [13].
With a coupled approach, the FE analysis will be responsible of determining the compo-
nent temperatures, whereas these results are, at each time step, taken into account for
the CFD simulation of the complex cavity flow. A consistency of the temperature and
heat flux on the component surfaces will then be ensured within the solutions. For a
non-coupled method, CFD will be used for generating the input parameters for the corre-
sponding FE thermal model that predicts the surface temperatures. Its major advantage
over the fully coupled CFD-FE analysis is the reduction of computing time.
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3 Methodology

Except the mentioned methods in the previous section (2.3), the assessment of thermal
loads can also be determined by 3D CFD simulations with prescribed wall temperatures.
Such approach was taken in this thesis and three methods have thereby been developed,
which are presented in this chapter. They make use of the CFD program ANSYS CFX
and a brief explanation of the program, simulation setups and mesh study are presented
below.

3.1 ANSYS CFX

ANSYS is a simulation software that is used for analysing a product’s properties such
as durability, temperature distribution, fluid movements and much more. One of its
subprograms, called CFX, is used by many companies for simulating and solving difficult
fluid flow-related phenomena for turbomachineries [14]. This CFD tool is divided into
four software modules, as showed in figure 4.

Mesh Geometry

y ANSYS CFX
CFX-Pre Components

(Physics Pre-processor)

A 4

CFX-Solver CFX-Solver Manager
+—>
(Solver) (CFD Job Manager)
CFD-Post

(Post-processor)

Figure 4: Overview of ANSYS CFX [4]

3.1.1 CFX-Pre

CFX-Pre is mainly a physics-definition preprocessor. A computational grid (mesh geome-
try) of the studied object is imported by the user, followed by specification of the physical
settings. To simplify the setup process, CFX-Pre presents four different operation modes,
whereas the most used one is the general mode. It is suitable for a wide range of CFD
applications, whereas the others are more directed for simple and particular cases. When
the simulation is completely defined, a def-file will be generated.

6
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3.1.2 CFX-solver and CFX solver manager

The def-file will be provided as input to the CFX-solver, so the simulation can start
running. Within the CFX-solver Manager, user has the ability to control the simulation
interactively and also in meantime monitor the convergence of the emerging solution.
Multiple monitors can be created to inspect the various physical parameters in form of
plots. All the data are also stored in a res-file, whereas it can be opened with a post-
processing software.

3.1.3 CFD-Post

The result file can be imported to the ANSYS post-processing module, CFD-Post. Tt
gives the analyst a complete insight into their fluid dynamics simulation results. Detailed
images for illustration of the flow, as well its properties, can be viewed in terms of contour
plot, vector plot and etc. Furthermore, the heat transfer related variables like heat flux
and wall temperatures, can be determined with the built-in calculators at any specific
region [4].

3.2 Computational Model

The used computational geometry in this thesis, which is a sector of the studied space
turbine, is displayed in figure 5 and was provided by GKN. It includes two small pieces
of the main gas channel, the first stage blades, second stator blade and a cavity. Walls
within the studied regions, cavity and first rotor blade, have been divided into several
sectors as shown in the figures 7 and 6, respectively. The segments within the cavity
were labelled in an alphabetic order, from A to I. At the rotor blade, they were named
as suction A, suction B, suction C and in a similar manner for the pressure side.

Cavity
a =
J ‘ I \ —
' ‘ | Outlet
— = ‘ — | |
Inlet | B v J
: Rotor 1
Stator 1 Stator 2

Figure 5: The computational model of the sectional space turbine.

Suction side .

/

Pressure side

Figure 6: Partitioning of the rotor blade.
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entrance

Figure 7: Distribution of the cavity wall sections.

The mesh of this computational geometry comprises approximately 2.7 millions quadri-
lateral elements, whereas 1.6 millions were located within the cavity and 400 000 at the
rotor blade. It was generated with the program Numeca Autogrid 5 and obtained after
five mesh refinements, as the last two meshes gave very similar CFD results. The pur-
pose with mesh refinement was to reduce the y* value by adjusting the distance between
the wall and adjacent cell in the mesh. However, this setting could be modified by the
optimize mesh function within the program as it tends to stretch out the cells in order
to generate a smoother mesh. A way to over come the problem was to add extra cells in
the vertical direction, whereby the optimize mesh function will then not be affecting the
setting as strongly as before. However, even with these steps it was still challenging to
achieve low y* values, as the dimensionless wall distances was governed by large velocity
magnitudes in this case. With a very small distance value set, it could also resulted in
negatives cells, which are undesirable.

As the mesh refinement process is known to be very time consuming, it was decided
to be satisfied with the y™ value ranges presented in table 1, along with the original ones.
The values were obtained with CFD-Post’s y* calculator.

Table 1: Comparison of Y+ values.

Boundary Original mesh | Finalized mesh
A 48.39 - 97.96 1.426 - 65.96
B 8.588 - 129.1 5.122 - 95.57
C 4.341 - 112.3 3.746 - 8.898
D 2.852 - 5.347 2.633 - 5.198
E 2.83-5.3 2.633 - 5.198
F 4.173 - 7.152 4.001 - 4.857
G 4.623 - 80.9 3.940 - 77.87
H 91.48 - 151.2 86.53 - 152.4
I 76.49 - 149.3 75 - 148.9
Rotor suction side | 44.14 - 116.2 0.6144 - 4.787
Rotor pressure side | 8.114 - 134.2 0.1826 - 5.868




Lulea University of Technology
Emily Chen 3 METHODOLOGY

3.3 CFX-pre settings

The simulations were individually setup with the general mode within CFX-pre. They
simulated for reference state with the shear stress transport turbulence model and a no
slip condition on the wall boundaries. The rotational speed, inlet temperature and inlet
pressure were set according to GKN’s data. A user specified computational fluid was
defined with internal GKN information. Every simulation was ran with 10000 iterations
that ensure a converged solution. What differentiated the simulations are the various
specified wall temperature at the section walls.

3.4 Adiabatic analysis

The starting point for this study was to perform an adiabatic simulation, in order to ex-
amine the flow behaviour and wall temperature distribution within the cavity as well as
around the rotor blade. The analysis is quite straight forward and all walls in the model
are specified as adiabatic. Thus no heat transfer between the fluid and its surroundings.
However it is important to understand that the determined wall temperatures at the sec-
tions were not realistic as the adiabatic condition does not lead to realistic temperatures.
A better approach to determine wall temperatures that are close to the real case, would
be performing a conjugated heat transfer (CHT) analysis, which is explained in the next
paragraph.

3.5 Conjugated heat transfer analysis

For a conjugated CFD simulation, the solid must be included in the computational ge-
ometry as such method takes the heat transfer within the structure into the modelling.
However, the structure case was not included in the geometry (see figure 7), thus a CHT
analysis could not be performed in this thesis. Luckily such analysis has already been
carried out internally by GKN [5] for the studied space turbine. Its predicted wall tem-
peratures are summarized in the table 2, whereas the values have been normalised with
the inlet temperature at the reference state. Due to different sectioning at the rotor blade
in their study, only CHT results for the cavity were useful.

Table 2: The normalized wall temperatures within the cavity according to the CHT
analysis.

Norm. wall temperature
0.96
0.96
0.87
0.73
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0.82
0.94
0.95
0.85
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3.5.1 Thermal load analysis

Since the conjugated heat transfer analysis was conducted with a similar mesh geometry,
its thermal loads prediction within the cavity could be used as reference values and
comparison materials for the developed methods. Therefore a simulation, which will be
referred to the thermal load analysis in this thesis, was established, whereas the boundary
conditions within the cavity were set to the wall temperatures that were obtained from
the CHT analysis. The boundary conditions at the rotor blade were defined with the
adiabatic static temperatures, derived from the adiabatic analysis.

3.6 Single point evaluation

The first developed method, here called single point evaluation, was based on predicting
the thermal loads from one single CFD result and usage of formulas. The heat transfer
coefficient was directly derived from the convection formula, eq. 1, as following
Q

H=-—"%_
Tw_Tb

(4)

whereas the bulk temperature can be found with this expression

033 U*

Tb = Ts + Pr . 2—% (5)
which is valid for turbulent flows [15]. The unknown parameters such as heat flux, static
temperature T, gas velocity U, Prandtl number and specific heat of the fluid at constant
pressure C,, were calculated with CFD-post’s built-in functions. Thus only one simulation
was needed in order to determine these variables. However for the calculation of static
temperature and velocity of the fluid, it required the analyst to place evaluation plane,
see figure 8, at some distance away from the wall surface. Thus three evaluation planes
have been considered at distance 0.5 mm, 1 mm, and 1.5 mm within the cavity and 0.3
mm, 0.6 mm and 0.9 mm for the rotor blade. A bulk temperature and flow velocity
were then evaluated on each plane, whereas a mean value was thereafter calculated for
respectively variable with the results from evaluation planes. With this kind of approach
the resulted thermal loads predictions are then in form of averaged values.

I' fl =

\ i

' \Evaluatinn plane

Figure 8: Example of a evaluation plane.
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3.7 Three point method

The second method, here called three point method, use of a point plotting approach.
It requires three simulations, whereas two of them are simultaneously increasing and
decreasing all the prescribed wall temperatures within the first simulation by 50 K, re-
spectively. Determination of thermal loads at each section was done by plotting its wall
heat fluxes from these three CF'D solutions against the associated wall temperatures, as
an example in figure 9. Thereafter a linear regression is done represented by the red line
in figure 9. By comparing the equation of this line with the convection formula, it resulted
in determination of the heat transfer coefficient and bulk temperature as following

h=k Ty=—— (6)

Linear equation; y=k+m h
Convection definiton; @ = h(T, — T})

where k is the slope of the linear line and m is the y-intercept. Hence the determined heat
transfer coefficient value is intended to be constant within the studied wall temperature
range.

Selected wall section

Simulation2 ¢

Heat flux

4 Simulation 1

Simulation 3 -

Tw

Figure 9: An example of how the heat flux is plotted against the associated wall temper-
atures for the three point method.

3.8 Influence coefficient method

This method was inspired by Lewis and Provins’s research [13] and focus on studying
how wall temperature adjustments on a section affected the other cavity sections’ heat
flux. The procedure of this method was to modify one boundary condition at a time
and maintaining the rest unchanged. It was adjusted with an increment and decrement
of 50 K of its original wall temperature, whereas each modification resulted in a new
simulation. A term called heat flux influence coefficient (HFIC) was introduced and used
for describing the individual heat flux changes on the untouched sections with respect to
the modified boundary. This variable was determined by plotting a section’s heat flux
from the CFD results against the wall temperature adjustments made on the modified
boundary. Hence in this case, it was plotted against -50, 0 and 50 K. Figure 10 shows an
example, where the slope of the regression line (red) is the determination of HFIC and its
unit is W/(m?- K). If the heat fluxes were plotted corresponding to the adjusted section,
the value of the slope is then called the eigen HTC, which means such HTC value does
not consider the impact of other sections.
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Selected wall section

Simulation2 ¢

Heat flux

¢ Simulation 1

Simulation 3 *

AT,

Figure 10: An illustration of determination for HFIC, whereas its value is equal to the
slope of red regression line.

The final or total HTC was obtained by summing a section eigen HTC value with the as-
sociated HFICs that affects on it. The bulk temperature was derived from the convection
formula as following .

- )

Htotal

The influence coefficient method required in total 2n + 1 simulations; two for each section
and one original case, which was the thermal loads analysis in this case. Therefore 19 and
13 simulations for the cavity and rotor blade region have been performed, respectively.
From a computational view, with 120 nodes in the cluster, it resulted in approximately
10 hours to finish one simulation, thus it took =~ 14 days in total to complete all the
required simulations for this method.

T, =Ty

3.8.1 Heat flux prediction

Beside using the influence coefficient method to calculate the thermal loads, it was also
tested for predicting wall heat flux at any subdivided section with random chosen wall
temperature. The wall heat flux could be estimated with this expression

n=9

Qnew,i - QO,i + Z(AQ’LJ : AT‘]) (8)
j=1

where i is the selected section, j is the affected boundary, n the number of subdivided
sections within the studied region, Qo,i represents the wall heat flux obtained from the
thermal loads analysis, AQW indicates the associated HFIC with a linearity above 0.9.
Lastly, AT} defines the temperature adjustment at respectively sections and Qnew,i is the
predicted heat flux at the selected section.

To check this ability of the influence coefficient method, two random cases have been
formulated for each of the studied regions as following

e Case 1: Simultaneously decreasing all the prescribed wall temperatures within the
cavity by 50 K.

e Case 2: Simultaneously decreasing all the prescribed wall temperatures at the rotor
blade by 50 K.
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e Case 3: Randomly adjusting the prescribed wall temperatures at the cavity as
stated in table 3.

e Case 4: Randomly adjusting the prescribed wall temperatures at the rotor blade
as stated in table 4.

Every case was then run with individual simulations. The wall heat fluxes were thereafter
obtained from the CFD solutions and compared to predictions made with the equation
8.

Table 3: Random temperature increment and decrement on the subdivided section within
cavity

Boundary | Temperature adjustment [K]
A + 10

+ 20

0

-20

-20

+10

+40

+30

+10

— o QM E D O™

Table 4: Random temperature increment and decrement at the subdivided section at
rotor blade.

Boundary | Temperature adjustment [K]
Pressure A + 30
Pressure B + 10
Pressure C +5
Suction A -15
Suction B -10
Suction C -10
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4 Results

When all the simulations have come to an end it was possible to start calculating the
heat transfer coefficient and bulk temperature with the developed methods. These results
have been plotted and compared to GKN analyses, whereas all the presented values have
been normalised with a reasonable factor. Contour plots have also been generated from
CFD-post to show the interior of cavity and around the rotor blade. Furthermore the
heat flux prediction has also been evaluated and demonstrated its ability.

Appendix A.1 summarized all the values that have been used for plotting in this chapter.

4.1 Adiabatic analysis

The following presented contour plots in this subsection are taken from the adiabatic
analysis. Figure 11 and 12 show the static temperature distribution within the cavity
and around the rotor blade at the reference state, respectively. The values have been
normalized with the inlet temperature at that operation point. For the cavity region,
it could be seen that there is an uniform distribution at the rear part of cavity with a
temperature in a similar magnitude as the inlet temperature. However at the front part,
the static temperature of the gas is seen to be more varying. Also at the rotor area, there
could be seen a temperature variation within the flow.

norm temp
Contour 1

1.002e+00 -

[ 9.784e-01 M : V
9.550e-01 \=JFT ] mt_

- 9.317e-01 'i‘l"‘ﬁ

s ) \NE
- 9.083e-01 =~ I\‘-
r 8.849e-01

- 8.615e-01
8.382e-01
[ 8.148e-01
7.914e-01

 7.680e-01
- 7.447e-01

7.213e-01
6.979e-01
6.746e-01

6.512e-01

Figure 11: Normalized static temperature distribution of the gas within the cavity at
adiabatic state.
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Figure 12: Normalized static temperature distribution of the gas over the rotor blade at
adiabatic state.

norm temp
Contour 1

8.756e-01
8.481e-01
8.206e-01
7.931e-01
7.657e-01
7.382e-01
7.107e-01
6.833e-01
6.558e-01
6.283e-01
6.009e-01
5.734e-01
5.459e-01
5.185e-01
4.910e-01
4.635e-01

The static wall temperature of the rotor blade’s surface, is shown in figure 13. Both at
the suction and pressure side, majority of the surface has a temperature approximately
87% of the inlet temperature.

norm temp
Contour 3

8.876e-01
8.842e-01
8.809e-01
8.776e-01
8.742e-01
8.709e-01
8.676e-01
8.642e-01
8.609e-01
8.576e-01
8.542e-01
8.509e-01
8.476e-01
8.442e-01
8.409e-01
8.376e-01

(a) Pressure side

norm temp

Contour 3 ggmmtl?glp
9.029e-01 9.029e-01
8.963e-01 8.963e-01
8.898e-01 8.898e-01
8.832e-01 8.832e-01
8.767e-01 8.767e-01
8.701e-01 8.701e-01
8.636e-01 8.636e-01
8.571e-01 8.571e-01
8.505e-01 8.505e-01
8.440e-01 8.440e-01
8.374e-01 8.374e-01
8.309e-01 8.309e-01
8.243e-01 8.243e-01
8.178e-01 8.178e-01
8.113e-01 8.113e-01
8.047e-01 8.047e-01

(b) Suction side, seen from left. (c) Suction side, seen from right.

Figure 13: Normalized static temperature distribution at rotor blade.
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Figure 14 shows the meridional flow field in cavity with the colours representing the
normalized magnitude of the velocity. These values have been scaled with the factor C,

which is defined as
C= V R- En

where R is the gas constant for dry air, 287 J/(kg - K), and T;, is the inlet temperature.
Once again, the front part has large velocity variation while the inner part of the flow
field is characterized by low velocities, which also explained the temperature distributions
that were seen in figure 11. An uneven upstream in the y-direction could be observed
at the cavity’s inlet in figure 15 whereas the positive velocities indicate an inflow to the
cavity and vice versa for negatives values.

norm vel
Contour 1

4.110e+00
3.836e+00
3.562e+00
3.288e+00
3.014e+00
2.740e+00
2.466e+00
2.192e+00
1.918e+00
1.644e+00
1.370e+00
1.096e+00
8.220e-01

5.480e-01

2.740e-01

0.000e+00

norm velocity v
Contour 1
1.528e+00
[ 1.386e+00
1.243e+00
I 1.100e+00
[ 9.575e-01
[ 8.148e-01
I 6.722e-01
r 5.295e-01
r 3.868e-01
[ 2.441e-01
r 1.014e-01
I -4.124e-02
r -1.839-01

-3.266e-01
-4.693e-01
-6.120e-01

-7.546e-01

Figure 15: Normalized gas velocity distribution in y-direction at the inlet of cavity.
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Three main circulations within the cavity were captured within the contour plots. The
strongest one is located at the front part and connected to the opening, as shown in figure
16. Some of the gas exists through the labyrinth seal and inlet, while some contributes
to the second circulation, which is located above the sealing, see figure 17. By comparing
the gas velocity of this area to the front part, it appears to be moving slower. However,
the weakest circulation was found to be localized at the rear part, whereas the fluid flows
along the upper wall and returns along at the lower, as illustrated with the black arrows
in figure 18.

norm vel
Contour 1

4.110e+00
E 3.836e+00

3.562e+00
r 3.288e+00
r 3.014e+00
r 2.740e+00
r 2.466e+00
‘ 2.192e+00

1.918e+00
r 1.644e+00
r 1.370e+00
r 1.096e+00

8.220e-01
5.480e-01
2.740e-01

0.000e+00

norm vel
Contour 1

4.110e+00
3.836e+00
3.562e+00
3.288e+00
3.014e+00
2.740e+00
2.466e+00
2.192e+00
1.918e+00
1.644e+00
1.370e+00
1.096e+00
8.220e-01

5.480e-01

2.740e-01

0.000e+00

Figure 17: Normalized gas velocity distribution at the labyrinth seal (above rotor 1).

The flow field around the rotor blade is shown in figure 19, where the orange and red
regions at the beginning of suction side indicate the fluid’s acceleration due to a narrow
cross section area. The separation of fluid from the blade is represented by the blue
coloured regions on the suction side.
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norm vel

Contour 1
4.110e+00
3.836e+00
3.562e+00
3.288e+00
3.014e+00
2.740e+00
2.466e+00
2.192e+00
1.918e+00
1.644e+00
1.370e+00
1.096e+00
8.220e-01
5.480e-01
2.740e-01
0.000e+00

Figure 18: Normalized gas velocity distribution at rear part of cavity.

norm vel
Contour 1

4.735e+00
4.420e+00
4.104e+00
3.788e+00
3.473e+00
3.1567e+00
2.841e+00
2.525e+00
2.210e+00
1.894e+00
1.578e+00
1.263e+00
9.471e-01

6.314e-01

3.157e-01

0.000e+00

Figure 19: Normalized gas velocity distribution around rotor.

4.2 The effect of prescribed wall temperatures

The contour plot shown in figure 20, is taken from the thermal loads analysis at the
reference state. By comparing to the adiabatic static temperature distribution in figure
11, the rear part of cavity is observed to be more affected by the boundary conditions
while the front part is remained at similar temperatures.

norm temp
Contour 1

9.025e-
8.827e-
8.630e-
8.432e-
8.235e-
8.037e-
7.83%-
7.642¢-
7.444e-
7.247e-
7.049e-
6.851e-
6.654¢e-
6.456¢e-
6.259¢-
6.061e-

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01

SV Rt

N\ WV

Figure 20: Normalised static temperature distribution within cavity, with prescribed wall

temperatures.
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4.3 Single point evaluation

As mentioned earlier, the single point evaluation only requires one single CFD simulation
in order to predict the thermal loads within the cavity and at the rotor blade. Thereby
the simulation 'thermal loads analysis’ has been chosen for evaluation. The determined
heat transfer coefficients have been plotted together with the results from the conjugated
heat transfer analysis for the reference state in figure 21. The y-axis presents the HTC
values that have been normalized with section A’s HTC result that is obtained from the
CHT analysis, [5]. The subdivide sections are displayed on x-axis.

By comparing these two studies’ results, it clearly shows that the single point evalua-
tion could not agree well with the CHT analysis, even for the sections C to G whereas
a zoomed view is displayed in figure 22. Additionally, it also gave some doubtful results
especially at section A and H as they shown negative HTC values. By inspecting theirs
heat flux value, which are calculated by CFD-post, it was found to be governed by a
positive sign. This implies the heat transfer goes from the wall to the fluid, thus the
wall temperature is higher than the bulk temperature. The only possibility to result in
a negative HTC by the single point evaluation is when it occurs a negative temperature
difference (AT = T,,—1T), hence the hand-calculated T, must have been determined to be
higher than T;,. This demonstrates how easily it is to achieve a slightly wrong estimation
of T} as it based on the evaluation planes, whereas the displacement is decided by the
analyst. Thus the strongly unmatched results actually reveal the sensitivity of the single
point evaluation, which is due to the prescribed wall temperatures and the calculated
bulk temperatures.

Single point evaluation vs CHT analysis
Operation point: Reference state

CHT analysis

Thermal loads
analysis

Heat transfer coefficient

A B C D E F G H
Cavity boundary section

Figure 21: Normalized heat transfer coefficients within the cavity, determined by the
single point evaluation.
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Single point evaluation vs CHT analysis
Operation point: Reference state

-
s
i
% 0.14 # CHT analysis
g 12 .
o
- 0.1
«E 0.08 Thermal loads
% o analysis
O &
| 002 +
[
L 002
. .
C D E F G

Cavity boundary section

Figure 22: Zoomed view for the sections C-G within figure 21

By analysing the determined bulk temperature, represented by the orange circles in figure
23, they shown to be resemble of the results from the CHT study, since a similar pattern
could be obtained. All the presented values in this graph have been normalized with the
inlet temperature at reference state.

Single point evaluation vs CHT analysis
Operation point: Reference state

o
'5 0.85 ¢ 3 *
= ¢ * ¢ CHT analysis
o *
o
a
E 0.85 + Thermal loads
he analysis
‘3 8 * +
o ——Inlet temperature
75
A B C D E F G H

Cavity boundary section

Figure 23: Normalized bulk temperatures within the cavity, determined by the single
point evaluation.

The predicted HT'C for the rotor blade region is summarized in figure 24, where the values
have been normalized with the HTC value found at section Pressure A within the CFD
analysis for the rotor blade[16]. The comparison of these two analyses, shows the results
agree very well with each other, except for the section suction C’s HTC value that once
again reveal the issue of the single point evaluation that was suggested earlier for the
cavity. The bulk temperature results, which are normalized with the inlet temperature
at the reference state, are shown in figure 25. A slight difference between the very similar
result patterns is obtained.
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Single point evaluation vs CFD analysis
Operation point: Reference state
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Rotor boundary section

Figure 24: Normalized heat transfer coefficients at the rotor blade, determined by the
single point evaluation.

Single point evaluation vs CFD analysis
Operation point: Reference state
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Rotor boundary section

Figure 25: Heat transfer coefficients at the rotor blade, determined by the single point
evaluation.

4.4 Three point method

As earlier explained, the three point method determines the heat transfer coefficients by
plotting the heat fluxes against the associated wall temperature as described in section
3.7. The lines for respective boundary section of the cavity and rotor are summarized in
the figure 26, where the heat flux values on the y-axis have been scaled with the section
A’s heat flux. The results clearly show a strong linearity between the three performed
simulations, where the variable R? has been used to indicate of how well the points fit
to the line. The R? value for each line is summarized in tables 5 and 6. Most of them
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were found to be close to one, hence almost a perfect match with the regression line.
These high R? values do also imply that the determined HTC value is valid for any wall
temperature within the plotted ranges for respective section. This is a major benefit for
the analyst if ones want to carry out other studies, where the wall temperature is not
known or reasonable well estimated a priori.

Cavity: Three point method Cavity: Three point method
OP: Reference state OP: Reference state
A c
% B D
20 ® G
h o H = . E
L . I B F
E - Linear (A) l-Il- Linear )
a8 . J Linear (8) Linear (D)
L Linear (G) -15
Linear (H) I S weer Linear (E)
e Linear (1) M Linear (F)
TW TW
(a) Cavity sections A, B, G, H and L. (b) Cavity sections C, D, E and F.

Rotor: Three point method
OP: Reference state
® R1Pressure A
R1 Pressure B
R1 Pressure C
R1 Suction A
o R1 Suction B

® R1SuctionC

H F/HFPIESSIJIE A

------- Linear (R1 Pressure A)

0,

Linear (R1 Pressure B)
-15 Linear (R1 Pressure C)
Linear (R1 Suction A)
Linear (R1 Suction B)

Linear (R1 Suction C)

Tw

(c) Rotor blade

Figure 26: The heat fluxes are plotted against the associated wall temperatures for re-
spective section.

Table 5: R? value for respective cavity sec-

tion.
on Table 6: R? value for respective rotor blade
Boundary | R? section.
. .09 Boundary | R?
B 0.9999
Pressure A | 0.9998
C 1.0000
Pressure B | 0.9997
D 0.9994
Pressure C | 0.9999
B 0.9996 .
Suction A | 0.9998
F 0.9999 :
Suction B 0.9999
o 09999 Suction C | 0.9998
H 1.0000 :
I 0.9999
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As before with the previous method, the HTC results have been plotted together with
the CHT analysis as shown in figure 27 and 28, where the values have been normalized
with the section A’s HTC found from the CHT analysis. There is not a perfect match
between the results obtained by the different methods, but they show a similar pattern.

Three point method vs CHT analysis
Operation point: Reference state

t 15
[T}
S 14
=
Q12
Q # CHT analysis
= 1 L
1}
‘G 08
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[
506 method
1-'5' ; .
o’ 4
I : 2 ’

& & -

v v

A B c D E F G H
Cavity boundary section

Figure 27: Heat transfer coefficient within the Cavity, determined with the three point
method.

Three point method vs CHT analysis
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Figure 28: Zoomed view for the sections C-G within figure 27

By analysing the bulk temperatures for sections C, D, E and F in figure 29, they shown
to be a lot higher than the inlet temperature, which is marked with the green line. These
results are not physically possible as the walls do not include any external energy sources,
thus these bulk temperatures have no physical meaning. Despite this remarkable notice,
the other section’s bulk temperatures were observed to be resemble with the results from
the CHT analysis.

For the rotor blade, the determined HTC values were found to be almost identical to the
CFD analysis [16], based on the results shown in figure 30. Corresponding to the results
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Three point method vs CHT analysis
Operation point: Reference state
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Figure 29: Bulk temperatures within the cavity, determined with the three point method.

shown in figure 31, the determined bulk temperatures resemble each other and do not
have a pattern that is similar to the blue ones.

Three point method vs CFD analysis
Operation point: Reference state
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Rotor boundary section

Figure 30: Heat transfer coefficients at the rotor blade, determined with the three point
method.
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Three point method vs CFD analysis
Operation point: Reference state
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Figure 31: Bulk temperatures at the rotor blade, determined with the three point method.

4.5 Influence coefficient method

The table displayed in figure 32 is called heat flux influence coefficient (HFIC) table. It
expresses the thermal interactions between the wall sections within the cavity. All the
determined eigen HTC values are summarized in the green boxes, meanwhile the HFIC
have been sorted in terms of their associated R? value. They are represent by different
colour boxes that have the corresponding denotations

e Red box: HFIC with R? < 0.2
e Yellow box: HFIC with 0.2 < R?> < 0.9
e Grey box: HFIC with 0.9 < R2< 1

Every HFIC and eigen HTC has been presented as a percent value and have been calcu-
lated with the following expression

HFIC; ;

i = T oY 9
i Eigen HTC, ©)

where i is the adjusted section and j is the affected boundary in aspect of the adjusted
section.
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Heat flux influence coefficient (HFIC) [W/(m*2*K)]
Operation point: Reference state
Adjusted section
Boundary A B Cc D E F G H |
100.0% | -25.4% -0.1% 0.0% 0.0% -0.1% -2.6% -0.9% 0.0%
B -0.9% | 100.0% | -1.1% -0.2% -0.4% -1.8% -10.0% -2.0% -0.3%
C 0.0% -39.4% 100.0% -3.4% -7.6% -29.3% -14.6% -0.2% -0.1%
D 0.1% -13.1% -52.1% 100.0% -6.7% -12.7% -4.0% -0.1% 0.1%
E 0.1% -12.5% -40.0% -21.7% 100.0% -11.8% -4.0% -0.1% 0.1%
F 0.0% | -18.6% | -44.3% -8.9% -19.3% 100.0% -4.8% -0.1% 0.0%
G -0.4% -38.6% -9.2% -1.4% -2.5% -12.0% 100.0% -1.4% -0.2%
H -0.8% | -10.7% -0.1% 0.0% 0.0% -0.1% -1.6% 100.0% | -0.8%
| -0.6% -8.8% 0.0% 0.0% 0.0% -0.1% -1.7% -0.5% 100.0%

Figure 32: Heat flux influence coefficient table for the reference state.

By column-wise reading the HFIC table, it reveals how the adjusted section affects the
other areas. In this case, it was observed that an adjustment on section A did not resulted
in a noticeable influence at the inner cavity (sections C, D, E and F), and that the HFIC
had very low linearity. However, it resulted in an impact on the nearby regions, which
covers the sections B, G, H and I. As section A’s boundary area is relativity small in com-
parison to the other segments, its influence was also significantly small as the percentage
HFIC values were less than 1%. This kind of behaviour was also found at section H.

For the inner cavity sections, they were shown to be mostly influencing the adjacent
sections, whereas some of them did also have a small influence at the front part of cavity
(sections A, H and I). These could almost be neglected as the HFIC values were the
minimal. Sections that had a major impact on all the regions were revealed to be zones
B and G, which is reasonable as the three main circulations flow alongside them. An ad-
justment on section I is shown to have impact on sections B, G and H. However, they are
relatively small as only a tiny part of the boundary area is connected to the circulation
at the front part of cavity, which covers the affected sections.

As explained before, the determination of heat transfer coefficient for each section were
done by superimposing its eigen HT'C value with the associated HFIC that affects it, thus
by summation of each row in the HFIC table. The calculation could be done in terms
of considering all the linearity ranges or just the ones above 0.9. Both of the outcomes
have been plotted in the figures 33 and 34, where the values have been normalized with
section A’s heat flux from the CHT analysis. The plots show that the pattern of the HTC
values obtained by the influence coefficient method resemble the ones obtained by the
CHT analysis. When comparing to figure 27 one can conclude that it seems sufficient to
include only the HFIC with high R? values in the influence coefficient model to accurate
model the interaction between the cavity walls.
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Influence coefficient method vs CHT analysis
Operation point: Reference state
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Figure 33: Heat transfer coefficients at the cavity, determined with the influence coeffi-
cient method.

Influence coefficient method vs CHT analysis
Operation point: Reference state

-
€ 016
[
S o012 a ® CHT analysis
E 012 L 2
8 e M Influence coeff.
5 0.1 method
‘E 0.08 Influence coeff,
© o0 * method, RA2 > 0.9
=
® oo 2ot
[
I om
- | ]
0 = 3 U
C D E F G

Cavity boundary section

Figure 34: Zoomed view for the sections C-G within figure 33

Even the determined bulk temperatures have a strong resemblance of the three point
method results as shown in figure 35. The problem with unreasonable bulk temperature
for the inner cavity did also occurred with the influence coefficient method. However,
in terms of only considering R? > 0.9 within the calculation, the determined bulk tem-
perature resulted to be slightly lower than the ones with all linearity ranges taken into
account.
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Influence coefficient method vs CHT analysis
Operation point: Reference state
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Figure 35: Bulk temperature at the cavity, determined with the influence coefficient
method. The values have been normalized with the inlet temperature at reference state.

For the rotor blade, the HFIC and eigen HTC values for the various sections are summa-
rized in figure 36. The denotations of the colours are the same as previously. By once
again reading off the table column-wise, an adjustment on Pressure A region shows to
have an influence on the remaining pressure side sections and slightly on Suction C. A
resemble behaviour was found at Pressure B region, although it did also had an impact
on Suction A. Pressure C was found to only have a strong influence on Pressure B. For
the suction side, an adjustment on respectively regions shown a clearly pattern to be only
influencing the following zones, expect Suction C that instead resulted in a significant
small impact at the Pressure C region.

Heat flux influence coefficient (HFIC) [W/(m*2*K)]
Operation point: Reference state
Adjusted section
Pressure Suction

Boundary A B C A B C
Pressure A 100.0% 2.9% 0.1% 0.1% -0.1% 0.0%
Pressure B -11.0% 100.0% 1.7% 0.0% -0.2% 0.0%
Pressure C -3.8% -15.3% 100.0% -0.1% 0.2% -0.7%
Suction A 0.4% 0.5% -0.1% 100.0% 0.7% 0.0%
Suction B -0.2% 0.2% -0.6% -16.8% | 100.0% 0.3%
Suction C -1.1% -1.0% -0.1% -3.2% -4.1% 100.0%

Figure 36: Heat flux influence coefficients table at the rotor

The predicted heat transfer coefficients and bulk temperatures with the influence coeffi-
cient method are plotted in figure 37 and 38, respectively. The calculation was carried out
in the same manner as the cavity case. Both graphs show an appearance that resembles
the three point method that was displayed in figure 30 and 31. They do also clearly show
there is no difference between the results in case of consider all the linearity values or
just the ones above 0.9.
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Influence coefficient method vs CFD analysis
Operation point: Reference state
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Figure 37: Heat transfer coefficients at rotor blade, determined with influence coefficient
method.
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Figure 38: Bulk temperatures at rotor blade, determined with influence coefficient
method.

4.5.1 Heat flux prediction

As described in section 3.8.1, four different cases have been formulated for testing the
influence coefficient method’s ability of predicting the wall heat flux at any wall section.
The heat fluxes were both determined with the formulated heat flux equation 8 and
through CEFD simulations. For the case with simultaneous adjustment on the cavity’s
wall temperatures (case 1), the results have been presented in figure 39. The blue squares
denotes the predicted heat fluxes with the influence coefficient method, while the yellow
triangles represents the heat flux that were obtained from the CFD solution. All the
values have been normalized with the heat flux found at the section A with the influence
coefficient method.
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Influence coefficient method vs CFD solution
Case: All wall temperatures -50K
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Figure 39: Comparison of the heat flux results for the case 1.

Corresponding to the plot in figure 39, heat flux obtained by the influence coefficient
method were found to be extremely well matched with the CEFD solutions. The percentage
difference between these results were calculated with the following expression

o — Result from influence coefficient method ] (10)
‘T Result from CEFD-Post

for individual sections. The results are summarized in the table 7, whereas section G has
the highest percentage value that is 3.6 %.

Table 7: The percentage difference of the heat flux results for case 1.

Boundary | Heat flux difference
-1.9%
-3.0%
0.4%
-0.3%
-0.3%
-0.4%
-3.6%
1.6%
-0.7%

li=1olkesNes| Rwik@]lvs] e

With similar study on the rotor blade (case 2), the calculated heat flux and CFD-results
in figure 40, shown to be in good agreement with each other. Thus the influence coefficient
method was also able to predict the heat flux at rotor blade sections. The divergence are
summarized in table 8 for each respectively boundary, whereas the biggest difference was
located at pressure A and C sections with a value of 1.8%.
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Influence coefficient method vs CFD solution
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Figure 40: Comparison of the heat flux results for the case 2.

Table 8: The percentage difference of the heat flux results for case 2.

Boundary | Heat flux difference
Pressure A 1.8%
Pressure B 1.3%
Pressure C 1.8%
Suction A 1.0%
Suction B 0.4%
Suction C 1.1%

For the random adjusted wall temperature at cavity sections (case 3), the predicted heat
flux and CFD results are presented in figure 41. Once again, the results from the influence
coefficient method and direct CFD simulation were found to be in close agreement. The
highest percentage deviation in the table 41 was found to be 1.8% for section F.

Table 9: The percentage difference of the heat flux results for case 3.

Boundary | Heat flux difference
0.9%
0.2%
1.5%
0.3%
0.4%
1.8%
0.8%
0.3%
-0.3%

li==lalic>Nes| Rwik@]ivel i
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Influence coefficient method vs CFD solution
Case: Various wall temperature adjustments
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Figure 41: Comparison of the heat flux results for the case 3.

However, for the random wall temperature adjustments at the rotor blade (case 4), a
divergence from direct CFD stimulation heat flux result could be obtained at Suction
A see figure 42, as it is a very sensitive region. Thus it is not surprising that the two
methods exhibit a percentage difference of 3.3 %, which is presented in table 10 together
with the others sections’ results.
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Figure 42: Comparison of the heat flux results for the case 4.
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Table 10: The percentage difference of the heat flux results for case 4.

Boundary | Heat flux difference
Pressure A 1.0%
Pressure B 2.0%
Pressure C 2.9%
Suction A 3.3%
Suction B 1.7%
Suction C 1.1%

4.5.2 Test data comparison

Three structure temperature sensors were mounted within the cavity, during the testing
of the space turbine. One of them was localized at section A, while the others two
were placed closely at the division of section F' and G. The influence coefficient method
was further examined if it was able to reconstruct the measured structure temperature
by using the HFIC table. Such analysis requires the analyst to have reasonable HTC
(obtained internally) and a new HFIC table, for the specific test operation point, where
the temperature data were collected. Thereby 19 new simulations were carried out with
the new operation conditions in order to create the new HFIC table, shown in figure 43.
These operation conditions are summarized in the table 11, whereas the values have been
normalized with the reference operation point. Furthermore, the study do also require
bulk temperatures at that test operation case. They were estimated by linearly scaling
the bulk temperatures from the CHT analysis with the inlet temperature increment, as
it was found to have the biggest influence on the bulk temperatures.

Heat flux influence coefficient (HFIC) [W/(m*2*K)]
Operation point: Test case
Adjusted section
Boundary A B C D E F G H |
A 100.0% | -25.3% 0.8% -0.1% -0.1% -1.0% -3.4% -1.0% 35.6%
B -0.8% | 100.0% | -0.3% -0.1% -0.3% -2.3% -10.5% -2.1% 41.5%
c 0.2% | -36.8% | 100.0% -3.0% -6.9% -28.4% -14.7% 0.0% 3.0%
D 0.9% | -12.3% | -47.0% | 100.0% | -6.1% -15.7% -5.9% 0.1% 7.7%
E 0.8% | -11.8% | -34.0% [ -21.1% | 100.0% | -14.3% -6.2% 0.1% 7.8%
F 0.2% | -18.3% | -38.3% -8.7% -19.0% 100.0% -5.7% 0.1% 3.1%
G -0.4% | -38.5% -7.6% -1.4% -2.5% -11.4% 100.0% -0.9% 17.1%
H -0.8% | -10.7% 0.5% 0.1% 0.0% -0.7% -2.2% 100.0% | 42.6%
I -0.7% | -9.2% 0.3% 0.1% 0.0% -0.4% -2.3% -0.7% | 100.0%

Figure 43: The heat flux influence coefficient table for the specific test case operation

point.
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Table 11: The conditions of the specific test operation point

Test operation point
Norm. total inlet temperature 1.07
Norm. inlet pressure 0.95
Norm. outlet pressure 0.81
Norm. rotational speed 1.003

The algorithm presented in figure 44 was used to reconstruct the measured structure
temperatures. It initialized with some reasonable wall temperatures that were thereafter
imported to the influence coefficient method in order to calculate the wall heat fluxes
with the HFIC table. The results were inserted into the convection formula, together
with the wall temperatures and linearly scaled bulk temperatures, for calculation of the
HTC. If the results were not found to agree with the HTC values derived from tests, thus
this process will be repeated with new modifications on the wall temperature values until
a match was obtained.

Influence coefficient

method
k4
N Wall Wall heat Scaled bulk
temperatures fluxes temperatures
¥
» H = Q -+
Ty, —T,
v
ND Equal to the
resonable HTC?

Yes

L J

Compare to the
test data

Figure 44: The algorithm for predicting wall temperatures.

In the end, a certain set of the wall temperatures were found to be matching the reason-
able HTC values. They are summarized in table 12 along with the measured structure
temperatures, where all the values have been normalised with the inlet temperature of
that operation point. By comparison of the values, a very good agreement was found at
section A and F, meanwhile a small difference were noticeable at section (3. The others
wall temperatures could not be compared due to lack of sensors within the cavity. How-
ever, some of them were determined to be outside the studied temperature range, thus
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this kind of approach for validating the ability of predicting the wall temperatures, can
only be seen as a primary study for the moment.

Table 12: The determined wall temperatures with the algorithm.

Boundary | Wall temperature | Measured structure temperature
0.95 0.95

0.99 -

0.94 -

0.74 -

0.76 -

0.92 0.92

0.89 0.93

0.81 -

0.8 -

ali== il Resi Rwii@livs] s
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5 Conclusion

The results from the single point evaluation showed that the heat transfer coefficients
for two studied regions were sensitive to the prescribed wall temperatures and calculated
bulk temperatures. However, this method had a fast and easy procedure for predicting
the thermal loads as it only required one single CFD simulation. Whereas the three point
method requires three simulations. Its heat transfer coefficients obtained with the linear
regression approach shown to have very high linearities, thus they are possible to be used
for any other wall temperatures within the studied temperature ranges. Moreover they
were found to be in close resemblance to the results from the GKN analyses, [5] and
[16]. For the bulk temperatures results, a strong weakness of the three point method was
revealed. Its prediction of the bulk temperature at the inner cavity (section C, D, E and
F) were determined to be significantly higher than the inlet temperature condition, which
is not physical possible in this case. Despite this issue, the three point method was able
to deliver results that are less dependent on the analyst in comparison to the single point
evaluation, as the later requires some way to estimate the bulk or reference temperature
which is difficult to standardize.

For the influence coefficient method, the results demonstrated it was capable of describing
the thermal interactions within the cavity and at rotor blade. The heat flux influence
coefficient table was able to determine heat transfer coefficients and predicting wall heat
fluxes in fair agreement with CFD for a range of wall temperature variations. Thus, it
can also be used for different reasons beside prediction of HT'C, which is very useful tool.
Unfortunately, like the three point method, the influence coefficient method was also
unable to predict bulk temperatures for the inner cavity that had a physical meaning.
Moreover, the required 2n + 1 simulations, where n is the number of subdivide sections,
resulted in a significant long computational time in order of obtaining the HFIC table,
which is bounded to a specific operation point.

5.1 Future works

It is suggested that the potential future work should be focusing on establish a scaling rule
for the HFIC table in order to update the table for any desired operation point, instead
of recourse to new simulations. Thus both time and computational power saving for the
analyst. Additionally also further validation of the heat flux prediction with the influence
coefficient method, if it works that greatly with other operation cases and areas within
the space turbine. It would be intriguing to redo the simulation with usage of surface
temperature distributions instead of a constant wall temperature value as the boundary
conditions. Consequently, the simulation setup will then be in closer resemblance to the
real case and may also solve the bulk temperature problem that occurred within the three
point and influence coefficient methods.
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A Appendix

A.1 Results values

The values that have been used for plotting the presented graphs in the result section are
presented in this appendix. As mentioned before, all the results have been normalized
with a reasonable parameter and compared to the GKN analyses, [5] and [16]. A per-
centage difference of the HT'C and bulk temperature results have been calculated with
the following expression

Result from corresponding method 1 (11)

= Resulst from CHT analysis

A.1.1 Single point evaluation

Rotor blade

Table 13: The resulted HTC and 7T results for the rotor blade with the single point
evaluation.

Single point evaluation vs CHT analysis
Region: Rotor blade
Boundary | HT'C/|HT Cpressure.al | To/Tinrer
Pressure A 0.97 0.86
Pressure B 0.60 0.86
Pressure C 0.50 0.86
Suction A 0.71 0.85
Suction B 0.44 0.83
Suction C 1.37 0.83

Table 14: Percentage HTC and T, differences between the single point evaluation and
CH'T analysis results for rotor blade

Single point evaluation vs CHT analysis
Region: Rotor blade
Boundary | HTC difference | T, difference
Pressure A -3% -4%
Pressure B -19% -4%
Pressure C -31% -4%
Suction A 21% 2%
Suction B -3% -2%
Suction C 289% -2%
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Cavity

Table 15: The resulted HTC and T, results with single point evaluation.

Single point evaluation
Region: Cavity
Boundary | HI'C/|HTCal| | Ty/Tin rer
A -0.231 0.986
B 0.941 0.939
C 0.167 0.884
D 0.104 0.862
E 0.097 0.849
F 0.080 0.859
G 0.110 0.921
H -4.861 0.984
| 0.594 0.977

Table 16: Percentage HTC and T, differences between the single point evaluation and
CH'T analysis results for cavity

Single point evaluation vs CHT analysis
Region: Cavity
Boundary | HTC difference | T, difference
A -123% 2%
B 145% -1%
C 188% -6%
D 9747% %
E 9151% 6%
F 90% -6%
G -9% -2%
H -1052% 2%
I 214% 15%
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A.1.2 Three point method
Rotor blade

Table 17: The resulted HTC and T} results with the three point method at the rotor
blade

Three point method

Region: Rotor blade
Boundary | HTC/|HT Cpressureal| | To/Tinrer | R
Pressure A 0.89 0.86 0.9998
Pressure B 0.60 0.86 0.9997
Pressure C 0.68 0.86 0.9999
Suction A 0.72 0.85 0.9998
Suction B 0.34 0.85 0.9999
Suction C 0.48 0.86 0.9998

Table 18: The percentage difference between three point method and CHT analysis results
at rotor blade

Three point method vs CHT analysis
Region: Rotor blade
Boundary | HTC difference | T, difference
Pressure A -11% -3%
Pressure B -20% -4%
Pressure C -7% -4%
Suction A 23% -2%
Suction B -25% 0%
Suction C 35% 1%

Cavity

Table 19: The resulted HTC and T}, results with the three point method at the cavity.

Three point method
Region: Cavity

Boundary | HTC/|HTC4| | Ty/Tinres R?
A 1.101 0.951 0.99993
B 0.642 0.929 0.99992
C 0.005 1.444 1
D 0.012 1.860 0.99942
E 0.010 1.842 0.99957
F 0.004 1.668 0.99989
G 0.142 0.927 0.99986
H 1.729 0.872 0.99995
I 1.367 0.908 0.99992
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Table 20: The percentage difference between the three point method and CHT analysis
results at cavity.

Three point method vs CHT analysis
Region: Cavity
Boundary | HTC difference | T, difference
A 10% -1%
B 67% -2%
C -92% 54%
D 1026% 132%
E 872% 130%
F -91% 82%
G 17% -1%
H 239% -9%
I 622% ™%

A.1.3 Influence coeflicient method

Rotor blade

Table 21: The resulted HTC and T} results with the influence coefficient method at the
rotor blade. The results are in terms of considering all the linearity values (R?) and just
R? > 0.9.

Considering all R? values | Only R? > 0.9 considered
Boundary HTC/|HTCA| Tb/ﬂn,ref HTC/|HTCA| Tb/T;n,ref
Pressure A 0.88 0.86 0.87 0.86
Pressure B 0.60 0.86 0.60 0.86
Pressure C 0.67 0.86 0.67 0.86
Suction A 0.73 0.85 0.72 0.85
Suction B 0.34 0.85 0.34 0.85
Suction C 0.48 0.86 0.48 0.86

Table 22: Percentage HTC and 7T difference between the influence coefficient method
and CHT analysis’s results for rotor blade.

Considering all R? values | Only R? > 0.9 considered
Boundary | HTC difference | T} difference | HTC difference | T} difference
Pressure A -12% -3% -13% -3%
Pressure B -20% -4% -19% -4%
Pressure C 1% -4% -71% -4%
Suction A 24% -2% 23% -2%
Suction B -25% 0% -24% 0%
Suction C 35% 1% 36% 1%
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Cavity

Table 23: The resulted HTC and T} results with the influence coefficient method at the
cavity. The results are in terms of considering all the linearity values (R?) and just
R? > 0.9.

Considering all R? values | Only R? > 0.9 considered

Boundary | HTC/|HTC,| | Ty/Tinyey | HIC/|HTCy| | Ty/Tipnres
A 1.098 0.950 1.098 0.950
B 0.644 0.928 0.644 0.920
C 0.005 1.449 0.005 1.421
D 0.012 1.880 0.012 1.582
E 0.010 1.872 0.010 1.550
F 0.003 1.730 0.003 1.237
G 0.141 0.926 0.141 0.926
H 1.734 0.872 1.734 0.872
I 1.370 0.907 1.370 0.907

Table 24: Percentage HTC and 7T, difference between the influence coefficient method
and CHT analysis’s results for cavity.

Considering all R? values | Only R? > 0.9 considered
Boundary | HTC difference | T} difference | HTC difference | T} difference
A 10% -1% 10% -1%
B 68% -2% 68% -2%
C -92% 54% -92% 51%
D 1004% 134% 1392% 97%
E 845% 133% 1218% 93%
F -92% 89% -83% 35%
G 16% -1% 16% -1%
H 240% -9% 240% -9%
I 623% % 623% %
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A.1.4 Heat flux prediction

For describing of respective case see section 3.8.1.

Table 25: The normalized heat flux values, in figure 39, for the case 1.

Region: Cavity
Case: All wall temperatures - 50 K
Boundary Influence coefficient method | CFD solution
HF/|HFPressureA| HF/’HFPressureA|
A -1.000 -1.019
B -0.271 -0.279
C -0.052 -0.052
D -0.250 -0.250
E -0.212 -0.213
F -0.058 -0.058
G -0.102 -0.106
H 0.780 0.767
I -2.707 -2.726

Table 26: The normalized wall heat flux values, in figure 40, for the case 2.

Region: Rotor blade
Case: All wall temperatures - 50 K

Boundary Influence coefficient method | CFD solution

HF/|HFPTessureA| HF/|HFPressureA|
Pressure A -1.000 -1.019
Pressure B -0.671 -0.680
Pressure C -0.446 -0.455
Suction A -0.901 -0.911
Suction B -0.511 -0.513
Suction C -0.436 -0.440
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Table 27: The normalized heat flux values, in figure 41 for the case 3.

Region: Cavity
Case: Various wall temperature adjustments
Boundary Influence coefficient method | CFD solution
HF/|HFPressureA| HF/’HFPressureA|
A 1.000 0.991
B 2.657 2.653
C -0.302 -0.298
b -1.218 -1.215
E -1.036 -1.032
r -0.158 -0.156
G 1.290 1.280
il 15.539 15.486
! -4.550 “4.565

Table 28: The normalized heat flux values, in figure 42, for the case 4 blade.

Region: Rotor blade
Case: Various temperature adjustments

Boundary Influence coefficient method | CFD solution

HF/|HFPressureA| HF/|HFP7'essureA|
Pressure A -1.000 -0.990
Pressure B -1.191 -1.168
Pressure C -0.246 -0.239
Suction A -2.532 -2.451
Suction B -1.431 -1.407
Suction C -0.914 -0.897
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