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Abstract

The turbine rear structure (TRS) of modern aircraft gas turbine engines have several
significant role, one of which is de-swirling the outlet flow coming from the Low
Pressure Turbine (LPT) located upstream. Furthermore, the Outlet Guide Vane (OGV)
in the TRS provides a structural support between the aft bearing support and main
engine case. Other than de-swirling the flow, the TRS-OGV is mechanically and
thermally loaded due to the hot outlet gases coming from LPT, which requires the OGV
to be designed robustly. The TRS facility in Chalmers University, has a capability of
operating over a wide range of Reynolds number, which allows several modes of
transition, which in turn affects the aerodynamic and aerothermal performance. This
thesis presents a tuned case-specific numerical investigation on the laminar-turbulent
transition flow structures in the Turbine Rear Structure- Outlet Guide Vane (TRS-
OGYV). The work includes the processes and results of matching the laminar turbulent
transition in the TRS OGV using RANS-CFD with SST k-o turbulence model and the
Langtry-Menter y-6 transition model. Experimental data for a certain case was used for
ambient and boundary conditions for the inlet, outlet, turbulence decay and surface heat
transfer. The numerical results obtained, match the experimental verification data
considerably well.

Key words: Blade Loading, Boundary Layer, Heat Transfer Coefficient, Momentum
Thickness Reynolds Number, Outlet Guide Vane, Swirl Angle, Transition Onset,
Turbulent Decay, Turbulent Intensity, y*.
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Notations

Acronyms

BSL BaSeLine model

CAD Computer Aided Design

CFD Computational Fluid Dynamics
HTC Heat Transfer Coefficient

LPT Low Pressure Turbine

NGV Nozzle Guide Vane

oGV Outlet Guide Vane

RANS Reynolds Average Navier-Stoke
RMS Root Mean Square

SST Shear Stress Transport

TRS Turbine Rear Structure

Roman upper case letters

Cr Friction coefficient

Cpo Total pressure oefficient

G Static pressure coefficient

Dy Modified turbulence dissipation term due to viscous forces
Eyq Intermittency sinks

Ey, Relaminarization sinks

F; Switching model blending function SST model

F, Eddy-viscosity blending function SST model

F Switching model blending function 6 — y model

Fg Theta sinks

Fiengtn Empirical function for length of the transitional region
Fonset Switching intermittency function

Fonset1 Augxiliar switching intermittency function 1
Fonset2 Augxiliar switching intermittency function 2
Fonset3 Auxiliar switching intermittency function 3

L Reference length for Reynold’s calculations (0,2 m)

Py ¢ Theta sources

Py Turbulent production due to viscous forces

P, Modified turbulent production term dur to viscous forces

P, orp Static pressure

Ps pitot Static Pitot pressure

P; Total pressure

Py pitot Total Pitot pressure

Py, Intermittency sources

Py, Relaminarization sources

Reg ¢ Empirical Reynolds number based on the momentum thickness 6
(fluctuations onset)

Reg + Empirical Reynolds number based on the momentum thickness
0 (transition region onset)

Reg, Transition momentum thickness Reynolds number

Re; Reynolds number based on L



S Invariant measure of the strain rate

Sk Energy source

Su Momentum source

T Temperature

Tu Turbulent intensity

T, Wall temperature

Te Freestream temperature

Us Freestream velocity (170,1 /)
U Velocity vector (x,y,z)

Utric Friction velocity

Vo Circumferential velocity component
V. Radial velocity component

Ve Axial velocity component

y* Dimensionless distance to wall

Roman lower case letters

a, Second SST blending function coefficient
h Specific static enthalpy

heot Specific total enthalpy

k Turbulent kinetic energy

p' Modified pressure

q Wall heat flux

t Time

yt Dimensionless distance to wall

Greek upper case letters
As First mesh cell ofset
Q Vorticity rate

Greek lower case letters

a Swirl angle

a; k-e model coefficient (5/9)

oy k-w model coefficient (0,44)
as SST model coefficient

B Yaw angle

B’ k-w and SST model coefficient (0,09)
B1 k-e model coefficient (0,075)
5o k-w model coefficient (0,0828)
B3 SST model coefficient

y Intermittency

Yeff Effective intermittency

Ysep Modified intermittency to improve separation
é Identity matrix

€ Turbulence eddy dissipation rate

A Thermal conductivity

U

Molecular dynamic viscosity of the air (0,000017894 kg/m * 5)



Ueff Effective Viscosity

Ut Turbulent viscosity

p Air density (1,225 kg /m3)

O1 k-e model coefficient (2 in k-€ model. 1,176 in SST)
Ok k-w model coefficient (1)

O3 SST model coefficient

Ow1 k-e model coefficient (2)

Ow2 k-w model coefficient (1/0,856)

Ow3 SST model coefficient

Twall Wall shear stress

[0) SST coefficients

W Turbulent frequency (also called specific turbulent dissipation rate)

Operators and scripts

\Y Gradient operator
v* Divergence operator
T

Transposed matrix (supercript)
i,jandk 3 directions of space (subscripts)






1 Background

It is of utmost importance that all the sectors accelerate their transition to sustainability
to reach net zero emission target. Decarbonising the aviation industry is a major
challenge. To achieve the aim of reducing CO2 emissions in aviation by 75% by 2050,
requires development of ultra-efficient carbon neutral aircrafts (Hydrogen Powered
Aviation: A fact-based study of hydrogen technology, 2020). Several disruptive
propulsion and electrical technologies needs to be researched and implemented to reach
this goal. Liquid hydrogen is one such key enabling sustainable carbon neutral aviation
fuel which has a potential to reduce climate impact immensely. The research is going
on for implementing direct combustion of hydrogen in the aero gas turbines (although
fuel cell technology in aviation for small distance aircrafts is anticipated in future, but
there are certain challenges such as the compactness and loss of efficiency at high loads
for bigger aircrafts).

Hydrogen has a high gravimetric density which makes it a potential fuel for the future
aircrafts, but on the other hand, it has a poor volumetric density which results in penalty
of aerodynamic performance, and also increasing the size of the aircraft. Thus liquid
hydrogen is kept at cryogenic temperature with proper tank insulation. In an aero gas
turbine a viable fuel system heat management system is required to increase the heating
value of hydrogen before it reaches the combustor. An effective heat rejection from
different location in the gas core can be used to increase the temperature of the hydrogen
fuel. The temperature of hydrogen in the fuel line can be increased by different core
installed heat exchangers, namely: the precooler, intercooler, and also the turbine-rear-
structure outlet guide vanes (TRS-OGV) and the recuperator (Carlos Xisto).

In this work the numerical investigation was done to understand the aerodynamic and
aerothermal flow structure on the TRS-OGV.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2021:51 1



2 Introduction

In modern aero-engines it is desirable to have high performance which in turn leads to
increased bypass ratio and slower rotating fan. There are different effects on the low-
pressure expansion system, depending on geared and un-geared turbofans. Thus it it is
of importance to design the low-pressure expansion system for a wide operational range
in terms of swirl, stage loading and gas temperature. The low-pressure expansion
system has low pressure turbine (LPT), the turbine rear structure (TRS) and core
exhaust nozzle. The TRS is located downstream of the LPT and it has a annular
structure with radial struts called Outlet Guide Vanes (OGV). It is a stationary part
which has structural purpose of connecting the low pressure shaft bearings with the
external rear engine mounts. The OGV also perform aerodynamic function of removing
the swirl from the exhaust gas coming from the LPT located upstream. Due to this
reason the OGV is mechanically and thermally loaded. The flow over the OGV is
complex and thus understanding and validation of heat transfer is crucial for the OGV
design.

The project aim is to evaluate heat transfer at the surface of TRS-OGV works to make
possible to apply this knowledge on future designs. The goal of this thesis is to
contribute to increase the confidence in aerothermal simulations. It was done by
performing simulations with a commercial software ANSYS CFX, choosing the
turbulence and transition models based on previous studies and comparing those
numerical results with experimental data obtained from the Chalmers TRS facility.

Corner duct Diffusers Corner duct

N : ™\
. \\\ﬁ

Contraction
Engine exit structure  Turbine stage Center cone

Centrifugal fan

5,

181 IR BB B
~

= _/

i *_\,{:@ 4
Heat exchanger
Setlling chamber

Figure 1. Chalmers OGV-LPT facility (I. Jonsson V. C., 2020)
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Numerical simulation tries to be as close to reality as possible, so the Chalmers OGV-
LPT facility was imitated. Upstream of the EES there is a turbine, with a stator and a
rotor (as can be observed at Figure 4), the stator counts with 72 NGV and the rotor with
60 blades. This is important to point out, because the movement of those 60 blades
upstream of the OGV, may be the cause of different phenomena that could occur, like
a quickly transition on the boundary layer developed around the 12 OGV blades.

Figure 2. GP7000 turbofan engine, from (B.Rojo, 2017). TRS-OGV highlighted

The OGV can be cooled using the liquid H2 flowing through the channels inside the
OGYV and in turn use the heat energy present in the exhaust gas to heat the hydrogen,
by conduction, convection and radiation. Due to that, a heat transfer study is vital to
understand what it is happening, which are the mechanisms that trigger the transitions,
and how to use this information to make more efficient designs, try new layouts and
modify operational parameters. That will make possible to make a better use of the heat,
reduce the wastage and increase the performance of the whole engine.

When the OGV component are designed numerically, it is necessary to have the
experimental data verified. This involves a lot of challenges:

e Due to finite difference approximations the Numerical simulations are
bound to have numerical errors. With increasing number of grid points
the numerical error decreases but at the cost of computational time
(Denton, 2010).

e Experimental data is obtained based on the experimental setup’s
configurations. The uncertainty errors should be taken into account to
reduce the error and offset the data to achieve more accuracy and
reliability. B. Rojo analysed these errors on (B.Rojo, 2017).

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2021:51 3



e Based on the 2 previous concepts, numerical and experimental results
will have some discrepancy which can be improved to a certain extent
by further increasing the complexity of numerical simulation.

e For the study, several literature was reviewed to understand the
experimental and numerical computation. (Chenglong Wang, 2015)
studied experimental and numerical study of endwall heat transfer on
Outlet guide Vane in a linear cascade. Heat transfer measurements on a
linear cascade was done by (B.Rojo, 2017). and the study increased the
possibility of further heat transfer study in a new rotating LPT-stage
TRS facility. The study on surface roughness effects was discussed on
(I. Jonsson V. C., 2018) and (S. Deshpande, 2019). Steady-state heat
transfer measurement on the OGV was performed by Jonsson et al. [9.
Initial experimental validation for laminar-turbulent transition in a TRS
is discussed in (I. Jonsson S. D., 2020). Furthermore the summarisation
of transition from laminar to turbulent boundary layers in
turbomachinery flows is discussed in (R.E.Mayle, 1991)

e The present study only account for on-design engine conditions and
disregard off-design engine conditions.

Downsiream
Traversing Syslem

Upstreom

=
Traversing System - Instrumented
\ oGv

Figure 3. Cross-Section of TRS Source: (B.Rojo, 2017)
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3 Theoreticals explanations

3.1 OGYV airfoil geometry

Further on this report, some terms related to the OGV blade geometry will be used,
and those are explained here:

» Leading edge: first edge facing the incoming airflow (leftmost point on Figure
4)

» Trailing edge: opposite edge to the leading edge

» Pressure side: pressure is higher on this side and exert a force towards the
blade. The smallest of the surfaces that links both leading and trailing edge
(bottom side on Figure 4)

» Suction side: pressure is lower, so a suction force is exerted from the blade out.
The biggest of the two surfaces (top side)

Rotor
NGV Blade oGV

QW

i\

I/
WK

\\l'u

I|J."|III

Ly

ES

Figure 4. OGV blade shape from (B.Rojo, 2017). Airflow from left to right

3.2 Laminar/transitional/turbulent boundary regions

When there is a flow around an airfoil (OGV Blade), as well as for a flat plate, there is
a boundary layer that develops over the wall surface. This boundary region is where the
viscous effects are substantial, because of the no slip condition on the fluid-wall
interface.

Inside that boundary layer 3 different regions can exist, each of them with different
characteristics that affect to the flow behavior, e.g., the heat transfer (the main purpose
of this report is to study the heat transfer from the fluid flow to the wall). Those three
different regions are (accordingly with (Lienhard, 2020) and (R.E.Mayle, 1991), at a
steady state situation):

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2021:51 5



Laminar region: this region’s onset is situated at the leading edge when the
fluid flow meets the wall. In this region the viscous forces overcome the
turbulent forces. There is no presence of eddies, so the skin friction is low and
then, the heat transfer is smaller than in the other two areas.

Transitional region: the length of laminar and transitional regions is similar.
As far as it is known, the laminar-turbulent transition could occur in 5 different
ways, but all of them agree that the transition is triggered by the production of
eddies caused by the transmission of turbulent energy from the freestream flow
(assumed turbulent, agreeing with the experimental data). These eddies increase
as going away from the leading edge, causing the skin friction to increase, and
then, the heat transfer coefficient rises smoothly within the transitional region.

Turbulent region: the turbulent energy inside the boundary layer (that have
been mainly transferred from the freestream flow) overcome the viscous forces
due to the wall. At this region, the skin friction is higher than at the laminar, so
the heat transfer is bigger. For that reason, turbulent regions are sought when
designing heat exchangers, because it increases the heat flux.

1
laminar —><— transitional —><—— turbulent ——>
]
]
I

~ x—0-2

linear axes

> X

X1 Xu

Figure 6. Natural Transition Process (A.A.Torres Sampaio Barros, 2017)
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As it was said, there are 5 different modes of transition:

e Natural Transition:
0 It starts by the development of 2D instabilities, it amplifies to 3D
instabilities which develop eddies, finally the eddies cause a turbulent
spot that grow and transform the layer into a turbulent region.

e By-pass Transition:
0 The turbulent spot appears directly (without previous instabilities)
because of the freestream turbulence.

e Separated Flow Transition:

0 Adverse pressure gradients cause the creation of a ‘bubble’. The laminar
region gets separated, and when reattach becomes turbulent. On one
hand, those ‘bubbles’ can be helpful to force the flow become turbulent
quicklier than other transition modes. On the other hand, there is not heat
transfer to the wall inside the ‘bubble’, so this ‘bubbles’ need a profound
study to know which sizes improves the overall heat transfer
performance and which worsen it (bigger bubbles will cause loses and
should be avoided)

e Periodic-Unsteady Transition:
0 It is caused by the wakes from upstream airfoils (NGV and LPT) and
may cause the formation of turbulent spots on the laminar layer that
cause a fast transition.

e Reverse Transition:

0 Also called relaminarization, it means that the turbulent region can
suffer a transition to laminar. As the result of large accelerations, the
boundary layer is stretched and it leads to a reduction of the turbulent
forces, and when viscous forces overcome turbulent, relaminarization
occurs.

3.3 Heat transfer coefficient

The aerothermal performance of the TRS is measured by using the HTC, this is a
coefficient that account for the rate of heat transfer between solid blade and a fluid flow,
expressed in unit per surface area and unit per temperature difference.

Wall Heat Flux q

HTC = =
|Wall Temperature — Freestream Temperature| T, — Ty

(1)

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2021:51 7



HTC is a way to normalize the heat flux that exist between the wall and the surrounding
air. HTC is relevant around the blade surface.

Temperatures were taken from experimental data, inlet and wall blade surface
temperatures are known. Inlet is around 15,4°C, so the Freestream Temperature
considered has a value of 15,4°C (288,5 K). Blade temperature was set as 31,85 °C.

3.4 Y dimensionless wall distance

Y+ is a dimensionless quantity that accounts for the distance between the wall and the
center of the first mesh cell. The area close to the wall is difficult to simulate properly
(get appropriated shear stress values); there are different turbulence and transition
models, and each of them treat this area with a different approach.

To be sure that the numerical result is accurate enough, y* is fundamental. Ahead there
will be an explanation about the models chosen for the numerical simulation, each
model requires a different y* value. The model selected specifies y* < 1, and the offset
for the first cell (this value will be introduced at the simulations at “Mesh’’) need to be
set to ensure y' value.

Based on the flat-plate boundary layer theory, using averaged values, and the following
expressions (from (White, 2011)), the offset required was obtained:

As * Ufric *p

yt =t @
T
Uprc = jT ®
Cr*p* Uoo2
Twall = f# (4)
0.027
Cr=—-- 5
f Rex1/7 ( )
Uy * L
Re, = p*T* (6)
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Using the values specified at Notations together with Equation 2 to Equation 6, the
onset can be obtained:

1,225 kg/m3 £170,1™M/¢ % 0,2 m

Re, = = 2328965,016

0,000017894 K9/,

~ 0.027
2328 965,016 /7

Cr = 0,00332

0,00332+ 1,225 9/ .+ 170,12/,

k
Twall = 2 = 58'923 g/m % 52
kg
. 58,923 "7/ L2 6935 ™/
fric — kg - Y S
1,225 "9/ s

oL YTri _1+0000017894 5 s s
s = =
Ufric *p 6,935 Tn/S x 1,225 kg/mg

=0,00000211m

|As = 0,00000211 m = 2,11 * 10~°m]|

3.5 Turbulent and transitional models

In this section the main mathematical equations used by the solver are presented (get
from (ANSYS, 2020)). All the work was perform using Reynolds Averaged Navier-
Stokes (RANS) equations.

Not only the equations of the chosen model but the process that was followed to select
the model applied. There following models will be introduced and discussed in order
to know the advantages and disadvantages of each of them and decide based on all that
information:

e k — e model

e k — w model

e SST (Shear Stress Transport) model

e O — y Transition model (linked with SST model)

First, regardless of the previous models, there are 2 transport equations that need to be
evaluated on all the cells. Here the following expressions are instantaneous equations,
to be used by the models they need to be averaged:
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dp

2TV =0 (7)
a(gtU)+V>l<(pU®U)=—Vp+V=«<r+SM (8)
—_— (VU+(VU)T—§6V*U> )

There is a third equation, the energy equation. Total Energy heat transfer model was
selected because it accounts for both internal energy and kinetic energy.

9(p heor) 0p _
T_E+V*(puhtot)_V*(AVT)+V*(U*T)+U*SM+SE (10)

1
htOt = h + EUZ (11)

Turbulence can be defined as flow fluctuations within time and space (3D), it is usually
measured by the Reynolds number that express the relation between the inertial forces
and the viscous forces of the flow. A flow is laminar when the viscous forces overcome
the inertial forces, leading to low Reynolds numbers. Then, turbulence occurs when
inertial forces overcome the viscous forces (due to the no slip walls), giving high
Reynolds numbers.

This is a complex problem to be solved. Theoretically, Navier-Stokes’s equations can
solve both laminar and turbulent flows, but it requires a computing power higher than
available right now, so several turbulence (and transitional) models were developed on
the last century to allow us to predict the turbulent (and transitional) effects, and some
of those models are going to be analyzed on the next pages.

All those models are based on RANS equations, those slightly defer from the
instantaneous Navier-Stoke’s equations. The flow characteristics can be divided in 2
terms, an average term and a time-varying (fluctuating) term. RANS equations only
solve the average term, making possible to solve the problem with the actual
computational capacity. Those turbulent models are also known as Statistical, because
of this averaging process previously described.

3.5.1 k — € model

It is an “Eddy Viscosity Turbulence Model”, it means that the physics inside the
turbulent problem are explained by the existence of small eddies. Those eddies are
created and destroyed unceasingly by the flow.

k — € is a “Two Equation Turbulence Model”, that kind of models offer a good relation

between computational time spent and accuracy. It is called two equations, because it
uses two transport equations (together with Continuity, Momentum and Energy
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equations) to describe different properties of the turbulence regions. For k — € model,

those two properties are:

e k: Turbulence Kinetic Energy (variance of the velocity’s fluctuations).

e ¢: Turbulence eddy dissipation rate (rate at which velocity’s fluctuations

dissipates).

Because of adding k and € terms, some changes need to be done on the previous
instantaneous Navier-Stoke equations in order to close the model. These are the 5

transport equations that need to be solved:

e Continuity RANS equation:

e Momentum RANS equation:

d(pU;)) 0 dp’ 0 aU; 0U;
- + (pUlU])=_a_Xl+_ #eff _l+_J +SM

ot 6xj ax] ax] axl-

0 Modified pressure:

W2 20U

0 Effective viscosity:

Hepr = M+ Ht

e Total Energy RANS equation:

d(phypt) 9p 0 _
ot ot o P Uiheed) =

0 oT oh
(15547

e \" 3% Ey 4'—9— U —-pu,u)|+S
0x;\ 0x; Pry 0x; 6xj[ i (T~ PLT)] + Sp
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0 Reynolds stresses equation

_ (v Uy 2 ( - auk> )
pulu]_nu't axj axl 3 ij p nuta

e Turbulence Kinetic Energy RANS equation (without buoyancy terms, no
buoyancy model):

d(pk ok
(,0 ) ( Uk)— [( %)a—xj]+Pk—pe (18)

0 Production rate of turbulence:

k= He\ oy T ax, ax, x, G, TP

e Turbulence eddy dissipation rate RANS equation:

d(pe) t) 0€
pE —( Ue)——[( fg)a ]+ (144P,—192p€)  (20)

There is an extra relation that need to be added to close the equations system, the
turbulent viscosity relation to the main turbulent properties of the model (k and €):

kZ
U: = 0.09 p - (21)

This model, accordingly, to (J.G. Ardila Marin, 2015), give good results on the free
flow region, but not close to the walls, at the viscous sublayer. The accuracy is high,
but because of the non-linear damping empirical functions, the accuracy is lower than
it will be in a model without these. It is a turbulent model, so there are no laminar or
transitional regions considered at the boundary layer. This model fails when there’s
flow separation, i.e., adverse pressure gradients, because of this, is not recommended
to turbomachinery applications.

3.5.2 k — w model

As the k — e model, k — w is a “Two equations Eddy Viscosity Turbulence Model”. It
is like the k — € model, but € is changed to w, that is the Turbulent Frequency (also
called Specific Turbulent Dissipation Rate) and the values of the constants at the
equations are changed too. The Energy, Momentum and Continuity equations still the
same as k — € model. k and w equations are:
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e Turbulence Kinetic Energy RANS equation (without buoyancy terms, no
buoyancy model):

d(pk) 0 a U Ok
—(pU k) =— —)=—|+P,—009pk 22
ot ox P ) axj[(“+z)axj+" D9pke (22)
e Turbulence Frequency RANS equation (without buoyancy terms, no buoyancy
model):
dpw) 0 d U\ Ow 5w
—((pU,w)==— —)=—|+ = —P,— 0,075 2 23
ot tom PU9) =3 [(“+z)axj+9k" A73p w7 (23)

The extra equation for the turbulent viscosity for this model is:

k
He=p — (24)

This model, accordingly, to (J.G. Ardila Marin, 2015), give good results close to the
walls on the viscous sublayer, but not on the free flow region. The accuracy is higher
than k — € model, because of the lack of damping empirical functions. Another
problem is the sensitivity to freestream conditions, different initial values will cause
different results, it is a huge drawback for the accuracy. It is a turbulent model, so there
are no laminar or transitional regions considered at the boundary layer. This model fails
when there’s flow separation, i.e., adverse pressure gradients, because of this, is not
recommended to turbomachinery applications.

3.5.3 SST (Shear Stress Transport) model

As can be observed from both k — € and k — w model, there is one solution that seems
obvious, as long as the k — € model works properly on the free flow region and the
k — w model works well closed to the wall, a mix between both models will have a
good accuracy ewhere. This model is the SST model, is a model that have a blending
function (F;) that change between the two original models based on the distance to the
nearest surface, it is done with an ‘extra’ term that accounts for the difference between
w and € equations.

There is a second blending function that acts as a viscosity limiter, because previous
models (BSL model) had problems with overprediction of the viscosity. The
coefficients (¢3) use at the following expressions are a linear combination of the
corresponding coefficients of both k — € (¢;) and k — w (¢, ) models (except for
ay, = 1,176), based on the first blending function (F;):

$3=Frxp+(1—F)=* ¢, (25)
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There are only 4 cases:
5
az = F1*§+(1_F1)*0,44
Bz = F; *0,075 4+ (1 — F;) * 0,0828
a3 = Fx1,176 + (1 —F)) * 1

1

A3 = F1*2+(1—F1)*0856

F; is a complex hyperbolic tangent function that depends on the distance to closest wall.
k and w equations are rewritten as:

e Turbulence Kinetic Energy RANS equation (without buoyancy terms, no
buoyancy model)

dpk) 0 0 U\ 0k
— k) =— — | =—|+ P, — 2
ot | ox, (o Uy k) ox; [(“ + ak3) ox;| T T 0090 ko (26)
e Turbulence Frequency RANS equation (without buoyancy terms, no buoyancy
model)
dpw) 0
or tox (pUjw) =

d Us \ 0w 1—FY2 1 dk dw a)P 2 (27
a—xj<ﬂ+a—w3>a—xj +(A=F)2p —— a_xja_ij’%F k — Bz p 0 (27)
0,856

The extra equation for the turbulent viscosity for this model is:

a, pk

= 28
He max(a; w,S F,) (28)

S is a measure of the strain rate and a; is a coefficient that will not have any influence
in the result as long as the viscosity does not drop really low.

This model, accordingly, to (J.G. Ardila Marin, 2015), give more realistic results than
the two previous models, but there are room for improvement, because the model
assume the boundary layer close to the wall as turbulent, but there are a laminar and a
transitional section that needs to be take into account (in our model the laminar region
cannot be disregard).
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3.54 0 — y Transition model (linked with SST model)

There are several reports that validate the application of Langtry-Menter 8 —y
transition model together with SST k — w model, e.g. (A.A.Torres Sampaio Barros,
2017). This model has developed with the following limitations:

o Works with a correlation for by-pass transition, but separation transition can be
predicted too.

e Only works when there is a defined freestream region (like airfoils)

e Buoyancy forces cannot be considered

e Wall cannot move

° y"’ <1

All these limitations match perfectly with the current study.

3.5.4.1 Transition theory

This model is a “Four Equations” model, the first 2 equations are k and w equations
from SST model (with some changes) and the other 2 equations are:

e y: Intermittency (% of time that turbulent fluctuations are present on each cell)
e Reg,;: Transition Momentum Thickness Reynolds number

Transition Momentum Thickness Reynolds Number is a Reynols number calculated
using Momentum thickness. Momentum Thickness (8), is a theoretical distance that
account for the viscous effects close to the airfoil. It is related to the drag force over the
blade, that can be related to a momentum defect due to the presence of the wall and the
formation of the boundary layer. It is used to measure the boundary layer thickness.

At Figure 7, boundary layer thickness & can be observed. At the fully turbulent
boundary layer region, the velocity profile outside the boundary layer is constant and
agrees with the fresteam velocity. Inside it follows a parabolic distribution.

As can be observed at Figure 7, momentum thickness is the distance that the airfoil
surface needs to be displaced away, to have under the ‘new’ surface position the same
velocity profile area, than the area that is lacking over the surface if a constant velocity
profile was searched. It can be defined too as the thickness of an ‘empty’ layer placed
in between the surface and a constant freemstream velocity profile.
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laminar transitional turbulent
region region region

Figure 7, Momentum Thickness Explanation (CFDSupport, s.f.)

Now, there are three more parameters to mention before starting with the equations:

e Reg . is the Reynolds Number based on the momentum thickness 8, so it can be
translated as a position over the wall (starting at the leading edge). This number
describe the position where transition occur (change from laminar to transition)

® Reg . it accounts for the position where the fluctuations that lead to turbulence
(intermittency) start to increase (slightly before than Reg ;)

®  Fiengen 18 the length of the transitional region.

Those three values are defined with empirical expression got from experimental data.
Reg + is an expression that is calculated ewhere and when it matches with Req ; and
Reg . changes are done in order to start the transition region. Reg. and Fiengin

empirical functions depend on Rey ;.

Reg; = f(Tlf_:\A_Q)

Flength = f@t)

Reg. = f(Reg )
3.5.4.2 Transition onset

Capture the transition onset is one of the primal targets of this project, and here
the principal characteristincs and limitations are going to be explained.

As explained before, there is a transitional region on the boundary layer developed
around the blade. This boundary layer is a key feature when speaking about heat
transfer or turbulent energy transport. The transition region start when the
turbulent energy inside the layer reach a particular level calculated by
correlations. That location is the one that want to be captured as accurately as
possible.
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The transition onset location is triggered by three parameters (based on
(R.E.Mayle, 1991)):

» Turbulent intensity outside the boundary layer
» Thickness momentum Reynold number
» Acceleration parameter

The same that happens for the heat transfer modelling occurs for this factor.
Because of time limitations, the latter 2 parameters were not thoroughly analyzed,
only turbulent intensity was deeply studied. The other two are fields suggested to
further analysis in future projects.

3.5.4.3 Transport equations

Now, the equations that integrate the transitional part of the model are presented:

e Intermittency RANS equation:

dlpy) 0 d Hey Oy
—(pU;jy)==— —)=—|+P,, —E P,, — E 29
0 Intermittency sources:
Pyl =2 Flength pSly Fonset]o'5 (30)
0 Intermittency sinks:
Eyy =y Py (31)

0 Functions to switch intermittency production:

Fonset = Max(Fonserz — Fonsets, 0) (32)
pk \°

Fonsers = max| 1 — (2’5 0 w) ,0 (33)

Fonsetz = min(max(Fonsetl; Fonset14)' 2) (34‘)
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py>S

Fonset1 = 2193 11 Rey. (35)
Fluid Models ’W
Heat Transfer B
Option [Tutal Energy b ]
Incl. Yiscous Woark. Term
Turbulence =)
Opkian [Shear Stress Transpork "] E]

wi'all Funckion [.ﬂutomatic A ]

[] High Speed {compressible) Wwall Heat Transfer Model

[] Turbulent Fluzx Closure for Heat TransFer
Transitional Turbulence =
Option Gamma Theta Madel -
Intermittency Coefficients =
CI1 Coefficient =
CI1 Coefficient 0.03
CIZ Coefficient =
T2 Coefficient 50.0
13 Coefficient =]
CI3 Coefficient 0.5
[ Turbulent Flux Clasure
Rethetat Coefficients =
CTHETA Coefficient =

CTHETA Coefficient 0.03

= o —

Figure 8. Coefficients gamma theta equations (for P, P,, and E,,, equations)

O Relaminarization (this model allow the boundary layer turbulent flow to
become laminar again):

= Relaminarization sources:

-2k
P, =2%0,03pQy |e 4ro (36)
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= Relaminarization sinks:
E,, =50y P, (37)

e Transition Momentum Thickness Reynolds number RANS equation

Jd(pR 0
% 7 (0 Ui Rese) = P+ a_]KZ w2 . t)] (38)

O Theta sources:

2772

p°U
500 u

¢ = 0,03 (Reg ¢t — Reg t) (1—Fgy) (39)

0 Blending function Fy, use to override convection and diffusion
empirical values at the freestream using Equation 39:

There are some changes that needs to be done on the two turbulent equations (k and
w) respect to the SST model:

e Turbulence Kinetic Energy RANS equation:

a(p k)

(Uk)_ [( —t)%]qtﬁ,:—b“k (41)

Ok3 axj

0 Modified Turbulence Production Term due to Viscous Forces:
Py = vess Pi (42)

0 Old Turbulent Production Term due to Viscous Forces:

b — 6Ui+6U aU; 26Uk (3 auk+ k) 43)
k= He\Bx; " 9x; ) ox; 3 ax \H B, P
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0 Modified Intermittency equations to improve Separation prediction:

Yerr = Mmax (V, ysep)

Ysep = Fot [‘min <2 e_(z‘%{w) max [(L) -1, 0] ) 2)] (44)

3,235 u Reg ..

D, = min (max <yeff,1—10>, 1) 0,09pkw (45)

e Turbulence Frequency RANS equation:

dpw) 0
T +a—xj(Pij)—
g <+”t)aw +(1-F)2 1 Okow, .. 2p 2 (46)
0x; K O3/ 0x; 1)eP w 9% 0x; %3 3 Tk hsp
0,856

Some failures were noticed when using SST turbulent model, in some cases the
blending function failed close to the wall choosing k-e model instead of k-w. Those
problems were solved by the mean of the new blending function F; (F; is the same
complex hyperbolic tangent function from the SST turbulent model):

F, =max <F1,e_<%> \ (47)

This model has a better performance than the SST turbulent model at the turbulent
equations because of the new F; blending function that avoid potential problems. It also
adds 2 new equations that allow the designer to better define the boundary layer. For
the 3 previous models, the boundary layer was assumed as turbulent all over the airfoil
surface, now laminar and transitional regions are accounted. The modes of transition
that the model is design to predict accurately are separation and by-pass transition
modes, the two modes that are expected to exist over the airfoil, accordingly with (I.
Jonsson S. D., 2020).
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3.6 Heat transfer modelling

The experimental setup is based on a water core with a isolated shell. In (Dhanasegaran,
2018), heat transfer on the OGV is investigated experimentally. In (Dhanasegaran,
2018), to understand the conjugate heat, resolving of two fluid domains with a solid
intermediate body has been discussed. The built-in functions in CFX to investigate heat
transfer coefficient either by constant blade surface temperature or constant heat flux
was used to simplify the numerical simulations. It should be noted that these assumption
does not describe the heat transfer process in a conjugate system accurately.

To evaluate the influence of these two assumptions the heat transfer of a flat plate at

conditions corresponding to the condition at suction side of the OGV at midspan was
investigated based on experimental correlations given below.

1 1
Nu, = 0.332Pr§Ref (48)

when T,, = const,Re, < 5% 10°,0.6 < Pr < 50

=

1 =
Nu, = 0.453Pr3Re? (49)
when q,, = const,Re, < 5% 105,0.6 < Pr < 50
Two different cases were run, with two different simplications used:

e Constant blade surface temperature (305 K)
e Constant heat flux through blade surface (550 %)

Based on Figure 9, laminar regions, transition length and transition onset are not
matching. On the other hand, fully developed turbulent region is the same for both
cases.

Tconst

gconst

X/C

Figure 9. Comparison of expected results for the 2 simplifications
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4 Methodology

On this section the main objective is to explain how the data was obtained:

» Introduction to the experimental setup and devices used for the gathering of the
experimental data (with further information on the references, (I. Jonsson V. C.,
2020), (B.Rojo, 2017), (I. Jonsson S. D., 2020) and (I.Jonsson, 2020))

» Summary about how the interpolation of the experimental data was carried out
and what is necessary to validate this interpolated data

» Numerical simulations set up

4.1 [Experimental data

The experimental data was obtained from the Chalmers OGV-LPT test facility, that had
the following instrumentation (referred to Figure 10):
» One multi-hole probe (5-probe) upstream the OGV blade, at the “Inlet” plane.
» One multi-hole (7-probe) downstream the OGV blade, at the “Evaluation
Plane”.
» One Pitot probe for setting a pressure reference for data normalization (P-ref).
» Pressure taps distributed over the surface of the blade (black dots)

P'ﬂan%‘? Inlet

:[: valuation
:Pl ane

P

[
[
[
|
\ | !
[
|
[
|

Outlet

NGV Turbl‘i“ﬁ‘e“\k ..

Figure 10. Location of pressure taps, reference probe and evaluation planes

Multi-holes probes are devices with multiple holes in their tips (5 and 7 at Chalmers
facility) that are positioned against the incoming flow (5-holes turned 16° degrees and
7-holes straight). There is an angle between the airflow direction and the multi-hole
probe orientation and due to this angle, the different holes will capture dissimilar
pressure values and based on those differences, it is possible to calculate:

» Total Pressure and Static Pressure

» 3 Velocity components (axial, radial and circumferential)
» Air Density

» Temperature
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» Swirl and Yaw angle

The Pitot probe is a device that can measure both static and total pressure, and those
values, combined with the information got from the multi holes probes, can be used to
obtain pressure coefficients. So, the parameters that can be calculated are:

Pt - Pt Pitot
C, = ' (50)
bo Pt,Pitot - Ps,Pitot
P, — P, p;
C, N t,Pitot (51)

p= _
Pt,Pitot Ps,Pitot

Pitot probe, as well as multi holes probes were placed on 1000 different places equally
distributed circumferentially and radial at the Inlet plane (and 1000 places at the
evaluation plane).

77 pressure taps where distributed all over the blade surface (at 75%, 50%, 25% and
12,5% span) which target is to measure the static pressure. Those measures are possible
because the blade was specially manufactured (stereolithography) with channels inside
to make the measurements possible. Pitot probe was also placed at those 77 spots to get
both total and static pressure; with all those data is possible to get the static pressure
coefficient.

Figure 11. OGV blade with 77 pressure taps and channels (B.Rojo, 2017)

InfraRed Thermography technology was used to obtain experimental heat flux data over
the OGV blade. These measurements were designed and performed by Jonsson et al.
(I. Jonsson V. C., 2020), they obtained the heat transfer coefficient distribution over an
OGYV blade at the Chalmers rig, trying to reduce the uncertainties to the minimum and
using a problem formulation that accounted for the three known heat transfer methods:
conduction, convection, and radiation.
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4.2  Processing of experimental data

To validate the experimental data obtained, a simulation with a commercial software
(ANSYS) needs to be done, and both data should match. The simulations need some
input data to be used as boundary layer. During experiments several quantities were
measured over the inlet plane surface, and based on that data, the following features
were used:

» Total Pressure at the Inlet plane (Figure 10)
» Temperature at Inlet
» Velocity components (cartesian) at Inlet

Total pressure, temperature and velocity components are available from experimental
data at inlet, however near endwalls (hub and shroud) there is no data because probing
these areas is not possible, therefore, the experimental data could not be used one to
one or directly as inlet into the numerical domain. Data has to be pre-processed before
it could be used as inlet and it was done by extrapolating the nearest neighbour and then
interpolating into the numerical mesh.

Two grids are available, one show the distribution of the experimental measurements
and has data values assigned to each point (pressure, velocity ...); the other grid has no
data (only coordinates), was exported from ANSYS TurboGrid and correspond to the
geometry created over the virtual space. The experimental grid is slightly smaller than
the virtual grid (because of experimental limitations), this problem was solved as
follows:

e Virtual grid coordinates were modified to get that both grids were centered
around the same point and following the same axis.

e Aninterpolation of the experimental data into the vitual mesh needs to be done.
A interpolation requires a data grid (experimental) bigger than the turbomesh
grid (virtual), to get this, the most externals rows and colums were copied and
pasted away, keeping the distance pattern used on the experimental.

e Interpolation was done from the data on the ‘extended’ experimental grid, to the
virtual grid

In Figure 12 and Figure 13, it can be observed that the extended experimental grid
(blue), is bigger than the virtual grid (orange), so interpolation is possible. The last row
close to the hub and the last close to shroud, as well as the rightmost and leftmost
columns (blue grid) have exactly the same values as their correspondingly immediantly
inner point. Extended points can be observed at Figure 12 insede boxes.

A linear interpolation was done, it means that between two adjacent points of the
original grid, a ‘line’ is created, and all the points from the digital grid that are in
between, are given a value accordingly to this ‘linear’ approach; this is only a 1D
simplification, the real interpolation was 2D (3D is not necessary, because the data was
get from planes, only 2 coordinates vary from point to point).
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Figure 13. Extended Experimental Grid (blue) vs Virtual Grid (orange) Eval. Plane
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Two interpolations were carried out, one for the Inlet plane and the other one for the
Evaluation Plane. The processing of experimental data to fit the domain was done using
Matlab.

It can be observed at Figure 13 that the Virtual Grid is finer close to the trailing edge
of the blade, with the only aim of getting more accurate results where the variations are
high (close to the walls). The same happens close to both hub and shroud (Figure 12
and Figure 13).

4.3 Numerical simulations

Here in the implementation of the numerical instrumentation there are five steps. First
Simulation’s set up process has 5 pronounced steps:

1. Geometry

2. Mesh

3. Numerics: boundaries, models, input data ...
4. Running and Mesh Independence Study

5. Post-Processing (Results)

- A - B 2t C

2| ceometry ® 2|6 TwboMesh « « 2§ setup v 4
Geometry —>3 .'lllﬂ Paramaters 3 nfj Solution v 4
Mesh 4@ Resits v 4

—» 5 [pd parameters =

CFX

[pd Parameter Set

Figure 14. Ansys Workbench layout

4.3.1 Geometry
The first step, when starting is to obtain a 3D TRS-OGV model. The goal is to get a
‘geometry’ on which meshing is possible.

Previous studies were done over TRS-OGV on Ansys by the Chalmers Department of
Mechanics and Maritime Sciences, so there were CAD files available. Those files were
used by previous researchers, so the accuracy was granted.

Ansys has two different geometry editors: SpaceClaim and DesignModeler. The latter
was chosen because one of its characteristics is the use of the same “geometry modeling
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kernel (software)” than SolidWorks; e single CAD file available was produced with
SolidWorks, so the choice was pretty easy.

At Figure 15 the geometry result over DesignModeler can be observed. The planes
introduced at Figure 10 can be seen, from the left to the right: inlet, blade, experimental
plane and outlet. There are some changes that need to be done over this geometry to
make it suitable for the data get from the interpolation, but they will be done at the
meshing step. The main objective was to export points to define as well as possible the
blade surface, and it was done satisfactorily.

ANSYS

2019 R1

z
000 150,00 200.00 (mm)
| I ]

Figure 15. TRS-OGV on Design Modeler

4.3.2 Mesh

TurboGrid was selected for meshing. On challenging area when implementing
numerical meshes is to place inlet and evaluation planes at their correct positions. The
experimental data was measured at specific distances upstream and downstream the
leading and the trailing edges correspondingly.

In Figure 16 an reduced domain can be observed (compared to the extended domain
on Figure 10). This reduced domain was used to reduce computational time when
checking particular features. Results presented later (e.g., blade loading, outlet contours
...) were obatained from the extended domain.

The simulation was done over 1 OGV blade, the real model has 12 blades (see Figure

3), but because of symmetry, the results over 1 blade can be extended to the rest of the
blades. That is why 2 planes with a symmetry role are needed (see Figure 17).
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Following the explanation at “Y* dimensionless wall distance”, the offset value was
setas 2,11 * 10~%m. The last parameter to be set on TurboGrid is the global size factor
a parameter that increase or decrease the number of elements of the grid, it was
extreamly useful for the mesh independence study that was done. A value close to 1 is
a good guess to start, now it does not really matter, because this value will be changed
several times while carrying out the mesh independence study. Meshing was done by
default with an H-grid mesh type.

Shroud

\

Qutlet

Inlet

Figure 16. Domain Mesh

At Figure 16 meshing results and different layers created can be observed. The grey
layer in the middle corresponds the blade; the green layer is the inlet and the red one is
the outlet (evaluation plane); purple correspond to the shroud and orange to the hub.
There are 2 more layers that were suppressed at Figure 16 but can be seen at Figure 17;
those 2 layers complete the ‘cube’ that surrounds the blade and are called ‘periodic’,
those surfaces do not correspond to a physical element (as inlet and outlet planes), are
used to close the domain, and had a symmetric role.

Figure 17. Symmetry planes at 2 blades domain
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4.3.3 Numerical setup

This is probably the most influential step, because there are a lot of different parameters
to be set, with several options for each one and all of them have a direct impact on the
results.

The mesh obtained on the previous step was imported to the new tool, CFX-Pre.
Simulations could have been handled with either CFX or Fluent. CFX was chosen
because it is recommended for turbomachinery applications, by the way, both software
could have been used for this task. The following topics need to be discussed:

» Boundary conditions

» Inlet and outlet conditions from experimental data
» Analysis type

» Turbulence and transitional model

4.3.3.1 Boundary conditions

Boundary conditions need to be set for the 6 different surfaces that was meshed (inlet,
outlet, hub, shroud, blade and ‘periodic’).

Hub, shroud, and blade are real surfaces, so they are defined as ‘no slip walls’, with
‘smooth roughness’ (brand new pieces) and the heat transfer through the wall is set to
‘adiabatic’ for hub and shroud. The blade boundary conditions was done in set
according to constant surface temperature and constant heat flux, see Section 3.6.

Inlet and outlet are not real physical surfaces whose main purpose is to set the pressure,
temperature and velocity values got from the experiment. It will be explained on the
next section.

Both ‘periodic’ planes are set as ‘Interface’, so the solver will know that there is a
symmetry condition over those planes and can simulate the flow properly. Those planes
did not correspond to a physical element.

4.3.3.2 Inlet and Oulet initial conditions

At the previous section, it was said that Inlet and Outlet planes are used for setting
pressure, temperature, and velocities contours. There are 3 different possibilities when
setting these inflow/outflow boundary conditions, one was choose based on the
experimental data. The following data profiles are needed:

= Total Pressure at the Inlet plane

» Temperature at the Inlet plane

» Flow direction components (velocity) at the Inlet plane
= Static pressure at the Outlet plane

As explained before, this data is available from the experimental results got at the
Chalmers rig. These data were linearly interpolated over the inlet and outlet planes built
on Ansys workspace from the experimental grid by using Matlab. These inlet and outlet
contours were imported into CFX-Pre and applied to the analogous planes.
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At both planes the flow need to be set as subsonic or supersonic. The Mach number
(M) from the experiment is under 0,9 at the whole TRS domain, so the flow is
‘incompressible’ (M<1), i.e., subsonic.

There is a LPT section upstream of inlet OGV plane, so the characteristics of that LPT
will influence the turbulent properties. To capture the turbulent characteristics there are
few options that can be selected, and each option set different parameters. The one
selected ask for:

e Turbulent intensity: accordingly to the experiments, the value is around 4,6%.
Three different simulations were done, 4%, 5% and 6% (based on experimental
measurements (I. Jonsson V. C., 2018) and (I. Jonsson S. D., 2020)). This values
will affect the turbulent levels downstream, as well as onset transition, HTC

e Eddy length scale: it was assumed as 50% of the pitch from the previous LPT
blade (1 cm), but different values were tried too: 1,5 cm, 0,8 cm, 0,5 cm, 0,37
cm and 0,1 cm.

4.3.3.3 Analysis type

The experimental data was averaged to be able to assume steady-state conditions, so
the simulations should be carried out following the accordingly steady-state model.
TRS-OGV is a fixed element of the engine, it is not rotating, then, the motion of the
system was established as ‘stationary’.

The reference pressure needs to be set too, typical values are 0 atm and 1 atm; 0 atm
was not selected because it may cause issues when, so all the contours that will be
showed further on this report will be based on a 1 atm reference pressure.

The domain is defined as ‘fluid’ and the fluid as ‘air ideal gas’, symmetries stated as
fluid-fluid boundaries. Combustion, electromagnetic and buoyancy models were not
selected, because those effect are assumed as negligible. Heat transfer model was set as
total energy, following the recommendations at (ANSYS, 2020).

As was done at the inlet plane, the turbulent intensity for the whole domain needs to be
initialized, initial conditions are needed for the simulations to begin. The intensity was
set to 4%, 5% and 6% accordingly to the three inlet values (and 4,6 % too).

4.3.3.4 Turbulent and transitional model

SST k-w turbulence model and the Langtry-Menter y-0 transition model were selected
to be used. Default settings were used, no changes on any parameter.

4.3.4 Run and Mesh Independence Study

The solver control tool (CFX-Solution) was used, together with ‘Parameter Set’ to
perform a ‘Mesh Independence Study’. The aim of this study is to be sure that the final
result is independence from the number of elements of the mesh, i.e., extra refinements
of the mesh will not make any change on the results.
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When increasing the number of elements, the solution varies and becomes closer to the
analytical result, it can be done almost endless, so a criterion needs to be set to stop this
process when the result is close enough to the analytical solution.

It is necessary to explain the difference between the terms ‘iteration’ and ‘iterative
process’. An ‘iteration’ is e time the solver solves the transport equations for e cell on
the mesh; an ‘iterative process’ is the name that was given to the cluster of iterations
that are done until the convergence is reach for a particular mesh size. So, an ‘iterative
process’ is a group of ‘iterations’.

This report is focused both into heat transfer and boundary layer transition. Following
the insights obtained from (I. Jonsson S. D., 2020), a key parameter for both is the Heat
Transfer Coefficient at the OGV blade surface, so this parameter was chosen for being
check after each ‘iterative process’ and observe through it the evolution of the results.
SST model requires a y* value under 1. y* parameter has a critical influence on the
boundary layer, and then in the heat transfer, so it was selected to study the convergence
too. There are 3 walls on the domain: blade, hub and shroud, and convergence was
studied for the 3 of them. Those two parameters are defined as ‘Quantity of Interest’.

The ‘Mesh Independence Study’ is about checking a parameter and observing its
convergence. The parameters selected has a value that varies from cell to cell, in order
to monitorize those parameters and plot them, they need to be area averaged, so the
quantities of interest are:

e Area Average Heat Transfer Coefficient through the OGV Blade
e Area Average Y' over OGV blade

e Area Average Y over OGV shroud

e Area Average Y over OGV hub

The mesh needs to be improved after each ‘iterative process’, so the Global Size factor
of the mesh was set as the parameter that changes. The bigger this parameter is, the
finer the mesh became, i.e. higher number of mesh elements.

Several ‘iterative processes’ were carried out, trying different sets of parameters. Latter
on, it will be discussed how the different simulations were sorted out, but for the mesh
independence study, only two simulations were studied:

e Constant wall heat flux through the blade (4% turbulent intensity, 1 cm length
scale)
e Constant surface blade temperature (4% turbulent intensity, 1 cm length scale)

Before the simulations starts to run there are several parameters that need to be adjusted.
Adhered to (ANSYS, 2020) for this case, High Resolution is recommended for
Advection parameter. High Resolution will increase Turbulence accuracy so was
selected too. The solver can stop for three different reasons (apart from a failure):
convergence criteria is fulfilled, maximum number of iterations are reached or the
user decides to stop it Quantities of interest need to be controlled manually, by
observing the graphs until there is no variation, so the stop by user is the most
appropriated system to be used. To make sure that the solver do not stop too soon,
the maximum number of iteration is set to a high value, and the convergence
criteria values are set really low (residuals and imbalances).
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Timescale control is a delicate parameter, it affects to the velocity of the convergence
of each iteration. A high value can cause the solution to become bouncy and a low value
will make the solver run slow, being too time consuming and may lead to an accuracy
lost. Because of the lack of information, a guessabout process was done, looking for
the best agreement between time and accuracy. Low timescale factor values were used
for the coarser meshes and high values for the finer meshes (values from 1 to 50 were
used).

MESH INDEPENDENCE STUDY
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Figure 18. Convergence of Wall HTC Average value (constant temperature)
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Figure 19. Convergence of Wall HTC Average value (constant wall heat flux)
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MESH INDEPENDENCE STUDY
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Figure 20. Convergence of y+ Average value (constant temperature)

Two mesh independence studies were done, for the two cases mentioned before. Global
Size Parameter is set, simulations are run until convergence criteria of the ‘iterative
process’ are fulfilled; Global Size Parameter is increase, mesh refreshes, simulation run
again, and criteria are check. This process is repeated until the variation of the average
HTC from one ‘iterative process’ to the following is lower than a tenth (HTC results
can be observed at Figure 18 andFigure 19, and at Figure 20 and Figure 21 for y").
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MESH INDEPENDENCE STUDY
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Figure 21. Convergence of y+ Average value (constant wall heat flux)

It can be observed that there is almost no variation for the y* values, but there is a
remarkable difference for the HTC values for both cases. The convergence criteria
used was variation of a tenth, based on the pattern descrived by HTC (and y* too)
convergence can be assumed as ‘reach’. Finer meshes will show different results,
but the differences are expected to be negligible.

The convergence criteria for e iterative process is formed by 3 criterion related to
residuals and imbalances. Residuals is a measurement of the local error when solving
the transport equations, it means that e cell has a residual value for the 9 transport
equations solved. Imbalaces are global values that accounts for the conservation of the
quantities evaluated by the transport equations over the whole domain. The criteria are:

e Root Mean Square Residual must be 1 = 10™>or lower for e quantity (not
bouncing) (Figure 28 to Figure 33)

e Imbalances under 1% for e quantity (Figure 26 and Figure 27)

e “Quantities of interest” are stabilized (Figure 22 to Figure 25)
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Figure 22. Evolution of Area Average HTC (constant temperature)
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Figure 23. Evolution of Area Average HTC (constant heat flux)

It can be observed that the HTC value is around 63 # for the constant
w

-— for constant wall heat flux.
m#*K

temperature case and around 70
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Figure 24. Evolution of y+ (constant temperature)

——Yplus Shroud == Yplus Blade Yplus Hub
100 200 300 400 500 600 700
Iterations

Figure 25. Evolution of y+ (constant heat flux)
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IMBALANCES OF THE SYSTEM
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Figure 26. Imbalances (constant temperature)
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Figure 27. Imbalances (constant wall heat flux)
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RESIDUALS FROM TRANSPORT EQUATIONS
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Figure 28. Evolution mass and momentum residuals (constant temperature)
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Figure 29. Evolution mass and momentum residuals (constant wall heat flux)
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Figure 30. Evolution heat transfer and turbulent residuals (constant temperature)
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Figure 31. Evolution heat transfer and turbulent residuals (constant wall heat flux)
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Figure 32. Evolution transitional residuals (constant temperature)
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Figure 33. Evolution transitional residuals (constant wall heat flux)

It can be seen that all the residual values are stabilized with values under 1 * 107>
except for intermittency. There is no noticeable difference between the two cases
studied, speaking about residuals, imbalances or “quantities of interest”. Some
‘noice’ can be observed on the intermitency graphs from 300 iterations onwards.
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5 Results

This section is divided in 2 subsections. Aerodynamic evaluation and aerothermal
evaluation. Both subsections are mainly based on numerics vs experimental
comparisons. Aerodynamics compare flow features like swirl angles, blade
loading or turbulence decay. On the other hand, aerothermal, dive into the heat
transfer over the blade, analyzing how the HTC is distributed all over the blade
surface and examining the 2 simplifications (constant temperature and constant
heat flux) done for modelling the heat transfer.

5.1 Aerodynamic evaluation

To get the results that are going to be shown in this section, several different cases were
solved. As it was explained at “Running and Mesh Independence Study” the mesh
size was modified over and over until reach convergence. For different meshes size
different results were obtained, to illustrate the convergence of the data different
aerodynamic properties are going to be compared.

On the first place, inlet will be checked, by the mean of contours and graphs that show
the accuracy of the interpolation performed. Then, blade loading will be analyzed to
check if the aerodynamics simulated correspond or not to the experimental data on the
mid-sream area. Finally, the outlet plane will be examined, searching for deviations
between numeric and experimental. All the numerical data and results obtained are for
Reynolds number, Re approximately of 235K and a flow coefficient, ¢ = 0.622

5.1.1 Inlet

Swirl angle is related to the velocity components that were used as input, so it will
verify the accuracy of the interpolation previously performed. Another parameter that
can help in verifying this exactitude is the total pressure and the derived total pressure
coefficient.

5.1.1.1 Swirl angle

Ahead are presented two images, both plotted using Matlab tools. The first one
corresponds to the experimental data, and the other one to the Ansys results (for the
mesh size used on the last iteration before satisfying all convergence criteria). The same
colorscale was used for both contours.

Comparing experimental and interpolated contours, an alike pattern is observed. Near
the hub wall a pair of rotating vortices has been observed similar to the experimental
results. These concordances is related to the exactitude of the interpolation performed,
because, as said before, swirl angle is calculed based on two of the velocity components
that were set as input data to the simulations on the inlet plane.
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Figure 34. Swirl Angle at Inlet plane (Experimental)
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Figure 35. Swirl Angle implementation on the numerical domain

Some differences can be identified close to hub an shroud, it is caused by the
interpolation, because the numerical domain is bigger than the experimental, and it
leads to missing values close to hub and shroud (see Processing of experimental data).
These discrepancies can be clearly observed on the dark read and dark blue areas close
to the walls on the interpolated contour.
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Apart from the contours comparison, another evaluation was perfomed by the mean of
a graph that circuferntially averaged the swirl angle at the inlet. Interpolated and
experimental data are compared.

As can be seen at Figure 36 the swirl angle distribution is similar for interpolated and
experimental for 0.05- 0.9 span. The swirl angle is over a wide range while entering
the OGV. The discrepancy below 0.5 span is possible due to difference in the inlet
averaging method while obtaining the swirl angles in the experimental data and CFX
(interpolated).

Here it can be observed that the experimental data do not reach neither the top nor the
bottom of the graph. 0 span correspond to the ‘real’ hub position and 1 to the shroud.
As said before, the experimental data could not be got close to the walls, that is the
reason for the lack of experimental points on those two areas, and it motivated the data
interpolation that was performed.
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Figure 36. Graph comparing Swirl Angle at Inlet (CFD refers to interpolated)
5.1.1.2 Total pressure and total pressure coefficient

A procedure similar to the swirl angle evaluation will be followed to perform the total
pressure study. A contour comparison is done for the total pressure and total pressure
coefficient will be studied by the mean of a plotted curve with circumferentially
averaged data. The same colorscale was used
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Both numerical and interpolated contours has the same pattern. Comparison between
numerical and experimental shows an aike pattern and a concordance on the color scale
values.

The wakes generated by the 6 NGV blades that are located upstream of the inlet plane
can be observed on both numerical and interpolated contours.
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Figure 37. Total Pressure at Inlet plane (Experimental)
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Figure 38. Total Pressure implementation on the numerical domain
CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2021:51 45




Figure below shows radial distribution of total pressure coefficient. The interpolated
result (averaged by Ansys CFX of total pressure coefficient is in good agreement with
the experimental data except the points near the hub (0.0-0.1) and near the shroud (0.9-
1.0).
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Figure 39. Total Pressure Coefficient comparison at Inlet

An offset can be observed in Figure 39. Due to extrapolation of the experimental data
at inlet as a prerequisite to run the simulation, an offset of 2 Pa in Static Pressure
Reference and 3 Pa in Total Pressure Reference has been inserted. This offset into the
area average inlet values can be ignored as it is caused only due to extrapolation.

5.1.2 Blade loading

Previously inlet was analysed, ahead outlet will be. Here, the ‘midspan’ region is
analysed by taking a look into the blade loading. It is necessary to match the numerical
and experimental blade loading as good as possible, because it tell about the
acceleration rate which is a primary flow effect for the transition onset on the suction
side.

There is no ‘interpolated’ data here, so a comparison between experimental and CFX
results (numerical) were done. In general, the blade loading between the numerical and
experimental are nearly coherent but the numerical results are underloaded at the
suction side for all the spans.
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Blade Loading @ 25 % span
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Figure 40. Blade loading comparison at 25% span
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Figure 41. Blade loading comparison at 50% span
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Blade Loading @ 75 % span
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Figure 42. Blade loading comparison at 75% span

Potential reasons for the observed blade loading could be that the static pressure is too
high which can be seen at inlet and outlet, which is possibly causing a pressure gradient
in the numerical simulation which is different from the experimental observation. The
effects are predominant at the trailing edge and the biggest discrepancies are observed
near the suction peak.

High outlet pressure could be due to the fact that the inlet plane might be slightly off in
position of the flow condition, and due to time constraint the simulation was done on a
2D plane instead of a radial plane (I. Jonsson V. C., 2020). Due to this, the features
influencing the performance of the blade are averaged out, during averaging the inlet
profile.

In general, the blade loading at midspan is has a good agreement between numerical
and experimental values.

5.1.3 Outlet

Experimental data from the evaluation plane have been compared to the numerical
results. Same procedure than inlet is followed, but adding a wake analysis.

5.1.3.1 Swirl angle

First of all, it is necessary to remind that the velocity component were not used as input
data for the outlet (only static pressure), so in this section interpolation comparison is
not done. Here results from Ansys CFX (numerical) are being compared with the
experimental data.

48 CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2021:51



Ahead are presented two images, both plotted using Matlab tools. The first one
corresponds to the experimental data, and the other one to the Ansys numerical results
(for the mesh size used on the last iteration before satisfying all convergence criteria).

The same colorscale was used for both contours.

Comparing experimental and interpolated contours, an alike pattern is observed, the
wake due to the OGV blade is captured. Some differences can be observed.

T—

Figure 43. Swirl Angle at Outlet plane (Experimental)

Figure 44. Swirl Angle at Outlet plane (Numerical)
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Those differences are:

1.

Red line on the right side of the experimental contour from the hub to the
shroud. Turbogrid created an outlet plane that is not completely radial, it is
formed by 2 lines (a vertex can be observed on the left side), it was not possible
to solve this issue, and when plotting, it cause the creation of this ‘artficial” line.
It is not observed on the Ansys visualizer, it do not correspond to the results, it
was created when plotting. This same issue can be observed on all the numerical
outlet contours.

Hub and shroud discrepancies caused by the experimental data, which do not
cover the areas close to the walls because of limitations when measuring. The
experimental colorscale was used for plotting both contours, so those dark red
areas close to the walls on the numerical contour correspond to values over 12
degrees predicted by the software but not captured on the experimental.
Related to the last point, it needs to be pinpointed that the tip leaking effect was
not considered on the simulations, so it is another reason for the discrepancies
clos to the shroud. It can be observed that shroud discrepancies are bigger than
hub’s.

A blow close to the hub, on the suction side (left side), can be detected, it could
be caused because of the removal of the outlet passage, leading to a stiffer
domain (same as blade loading).

In Figure 45 we have the spanwise distribution of swirl angle at the outlet. As explained
above, there is a discrepancy near the hub and the shroud region. Aerodynamic purpose
of the OGYV is to de-swirl the flow, it can be observed that the average swirl between
0.1-0.9 span varies from between -1.25 to 1.45 degrees.
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Figure 45. Graph comparing Swirl Angle at Outlet
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Comparing the numerical outlet swirl, it is observed that the simulations underpredicts
the swirl near the midspan. Hence the average turning at midspan is considerably lower
for numerical results, and similar trends was observed in the blade loading. As
mentioned in Section 5.1.2, in earlier simulations radial profiles have been used for
previous simulations (I. Jonsson V. C., 2020), which is a possible reason for the
difference in swirl angle at midspan.

5.1.3.2 Total pressure and total pressure coefficient

Comparison between numerical and experimental shows a similar pattern. The same
differences that for the swirl angle are observed (see 5.1.3.1), but in this case with
values under 50 Pa on the dark blue areas.
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Figure 46. Total Pressure at Outet plane (Experimental)
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Figure 47. Total Pressure at Inlet plane (Numerical)

The wake generated by the OGV blades can be observed on both numerical and

experimental contours, but numerical slightly overpredict the wake size cause by the
blade.

Figure below shows radial distribution of total pressure coefficient. The numerical
result of total pressure coefficient is in good agreement with the experimental data
except the points near hub region and near the shroud (0.9-1.0) possibly due to
extrapolation error and also, due to the discrepancy caused by the offset of 3 Pa in total
pressure.
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Figure 48. Total Pressure Coefficient comparison at Outlet

5.1.3.3 Wakes

Wakes are analysed with total pressure coefficient contours from the downstream. Fine
and rough mesh agrees in both color scale and shape.

The same effect as for the total pressure and swirl angle can be observed, i.e.: there is
no agreement close to the hub and shroud, blue line on the right side created when

plotting, blow on the suction side close to the hub and numerical overprediction of the
wake side.
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Figure 49. Wake analysis at Outet plane (Experimental)
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Figure 50. Wake analysis at Inlet plane (Numerical)

It can be observed that the wakes in both rough and fine mesh are overpredicted and
wider near the hub possibly due to hub strong blade loading. The tip leakage effects
propagates downstream, which can be one of the reasons that the wake width is
underpredicted near the center and upper spans. But overall flow redistribution is fairly
agreeable to the experimental data.
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5.1.4 Turbulence decay at freestream

As explained before (see 3.5.4.2), turbulence decay is the most important parameter
(studied on this report) when trying to capture transition onset location.

The air flow that goes out of the turbine stage has a 4,6% turbulent intensity level, and
there is a decay because of the losses of turbulent energy due to the creation a boundary
layer around the blade. This decay was measured experimentally by (I. Jonsson S. D.,
2020).

One key parameter when running the simulations is eddy length scale, it is a parameter
that is set together with the turbulent intensity, and it answer to the size of the biggest
eddies on the turbulent flow. There was not reliable experimental data for this length
scale, so an iterative process was done, starting with a value of approximately 50% of
the pitch of the last LPT stage (1 cm).

As a first approach, 3 different cases were run with 4%, 5% and 6% turbulent intensity,
using that value of 1 cm for the length scale (Figure 51). As it can be seen, the curve
that better fits the experimental data is for the case of 4% turbulent intensity. The x/c
location 0 represents the Leading Edge and 1 represents the trailing edge.

Freestream Turbulence Decay

6%
5%

»..

3%

2%

Turbulence Intensity

1%

0%—
02 -0 0 01 02 03 04 05 06 07 08 09 1 11 12 13 14
x/c

4% 1 cm

6% 1cm 5% lcm  ---@--- Experimental ———-LE&TE

Figure 51. Turbulence Decay, first approach

Further investigation were done, and more length scale values were tried (between 0.5-
1.5) to attain a more optimal turbulence decay. Based on Figure 55, 4% turbulence
intesity was considered for this purpose and in Figure 56, the decay for 1 cm and 0.8
cm are observed.
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Figure 52. Turbulence Decay with different Length scales

The case with 0,8 cm fits better the experimental curve from 0,44 to 1 x/c, and 4% 1
cm curve fits better near the leading edge.

To get the transition onset position correctly, the freestream turbulent parameter should
be as close to experimental as possible on the area that goes from the leading edge to
the transition onset (because it is there where the freestream turbulent energy is
transmitted to the boundary layer), based on the experimentals between 0 (leading edge)
and 0,42 (expected transition onset location based on (I. Jonsson S. D., 2020))
streamwise location. It is observed that for the 4%, 1 cm case, the laminar and
transitional regions match comparatively better.

By changing the turbulent intensity to 4,6% and trying other values for the length scale

parameter, a better approach to the experimental curve can be achieved, but on this
thesis, no further effort was dedicated due to time constraint of the project.
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5.1.5 Transition onset (aerodynamic evaluation)

Transition onset refers to the position where the laminar region ends, and transition
region starts. The turbulent energy inside the boundary layer increase (creating eddies)
because of the transmission from the freestream flow, and it causes the laminar flow to
become transitional and later turbulent. The transition onset is defined as the point
where the enhancement of turbulent energy causes an increase in the HTC (refer to
Section Error! Reference source not found. for further information).

On this section the heat transfer is analyzed for the constant blade temperature case,
changing aerothermal parameters like turbulent intensity and eddy length scale. Only
suction side is analysed, pressure side was out of the scope of the present report.
Another section regarding only aerothermal parameters is present later on this report.

5.1.5.1 Suction side

Same procedure than for the turbulent decay is follow; first, numerical results
with different turbulent intensity levels are compared against experimental data.
Later on, changes on the eddy length scale are analyzed.

The decay at low x/c values correspond to the laminar region (boundary layer), the
increase in heat transfer coefficient represents laminar-turbulent transition, and the
slight decrease at high x/c values relate to the turbulent region. The onset transition is
located on the lower HTC value at the end of laminar region, where values start rising
again. The highest point at the transitional region is the end of transition. The length of
transitional region is the distance between nset at end.
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Figure 53. HTC Comparison at Suction Side with different Intensities

The effects of transition on HTC distribution was studied for different turbulent
intensities with 1 cm length scale. As it can be seen in Figure 53, with increasing
turbulence intensity, the transition region moves further upstream of the vane. Based
on the selection of 4% free-stream turbulence intensity from the previous section, it can
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be noticed in Figure 53 that the 4% curve is the closest to the transition onset position
(0,44 x/c on experimentalsand 0,37 x/c on numerical 4%).

Moreover, the effect of transition was studied when different length scales were

considered for the 4% turbulence intensity case. In Figure 54 it is observed that higher
length scale triggers an early transition.
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Figure 54. HTC Comparison at Suction Side with different length scales

The offset that exists for all the cases, means a low HTC over the laminar area, what
also means a low turbulent energy. A natural transition requires of innestabilities to be
created and amplified, a by-pass transition is caused where the freestream turbulent is
really hig locally and the separated flow transition is cause by adverse pressure
gradients. Numerical results show a lower HTC values and a shorther laminar area
compared to the experimental, so natural transition is not likely to happen. The
freestream turbulent levels are not high, there is no shape edges on the airfoil and the is
no peak on the turbulent pattern, so by-pass transition is not likely too.

Separated flow transition can explain those two different patterns, becoming
transitional and turbulent around the same location.

Due to simplified simulation (constant blade temeprature) the results show lesser

confidence, when compared to the experimental data. Increasing the complexities of
the simulation might result in capturing a more accurate conjugate heat transfer.
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5.2 Aerothermal evaluation

In Section 5.1, looking at the mid-span, the blade loading and wake analysis results
indicate that the aerodynamic flow field has been captured quite reliably. Aerothermal
properties were investigated for the similar domain. Regarding the results near the
endwalls, it is slightly difficult to discuss, but on the mid span, the aerothermal
evaluation is in good agreement.

5.2.1 Heat transfer coefficient over the blade

The aerothermal performance is evaluated by comparing (experiment vs numerical) the
amount of heat that is transferred between the freestream flow and the blade surface
(for the constant blade temperature case). HTC is the parameter choose to show that
comparison. Figures below show comparison of contours of Heat transfer coefficient
between Numerical and experimental results for both suction and pressure sides for a
constant blade surface temperature case.

First, suction side is analysed. On the second place, pressure side.

W mA-2 K-1]
h, 50 100 150 200
- ]
Figure 55. HTC profile at the Suction Side Figure 56. Experimental HTC profile at
Suction Side (I. Jonsson
V. C., 2020)

To reduce simulations uncertainties and because of the placement of the IRT camera at
a certain angle, the experimental contours from (I. Jonsson V. C., 2020) have not
captured enough data points near the endwalls and the leading and trailing edge. Despite
that, it can be seen that the shapes are close, the high values close to the leading edge
are well captured.

At the suction side, the transition is triggered at approximately 40% of the chord for the

experimental data (low HTC region), in the numerical results, a similar transition
pattern is observed even though the absolute values are not the same.
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The two areas with high HTC between mid span and trailing edge are well capture in
terms of position, but the shape is different on the simulations. The low HTC area
mentioned, and the close to both trailing edge and hub are likely to cause flow
separation, and it can trigger an early transition of the boundary layer over the suction
side.

400
W m*-2 K*-1]

hy 50 100 150 200

Figure 57. HTC profile at the Pressure Side Figure 58. Experimental HTC profile at
(Numerical) Pressure  Side (I
Jonsson V. C., 2020)

Pressure side high HTC values close to the trailing edge agrees decently, and the same
can be said about the big low HTC area in the middle and close to the hub regions.

Because of the colorscale on the numerical contour, some accuracy is lost for the lowest
4

m2K

values (under 40 ) Same can be said for the suction side.

Overall, the transition region for the numerical result is in good agreement with the
experimental data, but also it should be noted that the HTC distribution over the vane
is lower than the experimental data.

5.2.2 Transition onset (aerothermal)

As done on for the aerodynamic evaluation, only the suction side is analyzed, pressure
side is out of the scope. The experimental results are compared to the two cases
described at the Section 3.6Error! Reference source not found.

5.2.2.1 Suction side

As said before, two numerical simulations were performed. In Figure 59, it is observed
that the constant heat flux provides a better estimation in the laminar region. For the
constant surface temperature case, the transition region has a huge discrepancy,
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although the transition intensity has been captured quite well. Both cases agrees on the
fully turbulent region prediction.

None of the suggested simplifications capture the experimental curve. The transition
onset location was not captured satisfactorily. Development of a complex heat transfer
simulation is suggested as future work, using CFX is should be possible to get a better
approach than the actual.
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Figure 59. Heat Transfer Coefficient Comparison at Suction Side with Constant wall
temperature and constant heat flux on the Blade wall
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6 Conclusions

This report exhibits the results of a 6 months project which aim was to validate
experimental data of a TRS OGV obtained previously from the Chalmers rig. Both
flow parameters and heat transfer were studied. CDF tools were used to simulate
the real phenomena, and compare these results with the experimental data.

Numerical data was obtain using RANS-CFD with SST k- turbulence model and
the Langtry-Menter -0 transition model and two different assumptions for the heat
transfer (constant blade temperature or constant heat flux).

The aerodynamic results were encouraging, most of the numerical flow features match
with the experimental data, with some exceptions e.g., overloading of the blade close
to hub and shoroud. This issues can be related to the use of an unextended model for
the mesh, leading to a stiffer mesh and the the overloading close to the walls. This is
only an conjecture, future simulations can be done in this field to check the truthfulness
of the previous postulation.

Aerothermal result were not as promising as the aerodynamical. Separation
transition of the boundary layer was expected at the suction side, and transition
onset position was pursued. Heat transfer has an alike distribution over the blade,
but the transition onset was not properly capture with none of the 2 models used.
A more complex heat transfer modelling is required to fully capture the intricacy
of the problem in hand.

The thesis results offers a good base for future works over the OGV structure, for

validation of experimental data and for future designs of hydrogen propelled
engines.
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7

Future work

Because of the time constraint, this study did not cover all the fields that may be
interesting, there are a lot of work to do left, the following thoughts are only some of
the possibilities that exist to continue with the work and help to increase the knowledge
on these phenomena:

1.

This project is focused on predicting the transition onset accordingly to
experiments, a project focus on transition length is desirable, to complete the
transition prediction.

Change eddy length scale and turbulent intensity to get a turbulent decay closer
to the experimental data.

Make a research about how to check thickness momentum Reynolds number
and acceleration parameter.

Development of a complex heat transfer model to capture the transition onset
satisfactorily. Change parameters in CFX such as the coefficients of transport
equations of Langtry-Menter y-0 transition model to increase the complexity of
the numerical simulation to capture the conjugate heat transfer coefficient
distribution more accurately.
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