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Abstract

Engineers desire to be able to predict natural convection flow and heat transfer in high
Rayleigh number flows, such as those found in gas and steam turbines during shutdown.
Numerical simulations are used in order to predict these natural convection flows. The sim-
ulations must have a relatively low computational cost which is why the bulk of engineering
simulations are Reynolds Averaged Navier Stokes (RANS) simulations.

In order to improve the predictions of natural convection heat transfer, new models for
the turbulent heat flux have been implemented into a commercial solver. It was found that
the newly implemented Generalised Gradient Diffusion Hypothesis (GGDH) and Algebraic
Flux Model (AFM) were able to give improved predictions over the baseline model. The
implemented models were then able to give predictions of wall heat transfer to within
20% of experimental values, making them suitable for engineering design calculations. A
modification to the GGDH model was also developed, the GGDH+ model, in order to give
improved predictions in regions with thermally stratified flow.

The models were validated using data from a rig representative of a large industrial gas
turbine during shutdown. Experimental data from the casing rig was complemented by
Large Eddy Simulations (LES) of the rig, giving a larger validation dataset. A fundamental
investigation into vortex flow structures that occurred in the rig was also conducted. The
RANS simulations were also validated using literature experimental data which was again
complemented by Direct Numerical Simulations (DNS) of the literature cases.

An investigation was conducted into methods to control the natural convection flow
and heat transfer inside of a gas turbine. The aim was to reduce the non-uniformity of heat
transfer around the engine casing which would reduce casing distortion during shutdown.

It was shown that flow extraction methods could improve the heat transfer distribution.
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Chapter 1

Introduction

1.1 Background
Natural Convection Problem

Natural convection is known to be the cause of several issues affecting gas and steam tur-
bine power plants. During shutdown natural convection flows occur inside of the engine
casings. These flows cause the cooling of the engine to be non-uniform, leading to in-
creased stresses and distortion of engine components. This distortion may ultimately lead
to larger clearances being required, causing a performance penalty.

Difficulties occur when trying to understand the natural convection flows occurring in
these situations. Measuring air temperatures inside of an engine is difficult and only a few
temperatures close to a wall can be measured. Uncertainty can be high in measurements
due to thermocouples getting damaged or dislodged during engine running. Velocity mea-
surements of the flow inside an engine cavity are also not possible. Furthermore there
are few test rigs available to help understand the flowfield. Gas and steam turbines dur-
ing shutdown operate at high Rayleigh numbers where the flow is turbulent, whilst most
test facilities operate at much lower Rayleigh numbers and do not give representative flow
conditions.

The natural convection flowfield inside of an engine would ideally be predicted using
numerical techniques. It has been found that the RANS simulations available to engineers
do not accurately predict natural convection heat transfer. Therefore to predict natural con-

vection heat transfer engineers have to rely on correlations, often from simple geometries.



These correlations also cannot predict changes in heat transfer due to changes in design.
The lack of measurements, experimental rig data and reliable numerical simulations,
makes it hard to understand the natural convection flow and implement new designs to

alleviate the problems it causes.

Gas Turbine Casing

A large industrial gas turbine of the type used for power generation can be seen in Fig.1.1.
An industrial gas turbine has a thick outer casing which surrounds multiple annular can
combustors. Whilst an engine is running the dominant form of heat transfer inside of it is
forced convection, giving a circumferentially uniform distribution of heat transfer around
the engine casing. During shutdown the thin combustors cool much faster than the thick
outer casing leading to a significant temperature difference between the different compo-
nents. This temperature difference sets up buoyancy driven flows inside the engine and
natural convection heat transfer starts to dominate. These natural convection flows occur
throughout the engine but are dominant in the large cavity surrounding the combustor cans.

The flow-field inside a gas turbine casing is shown schematically in Fig.1.1. At the
top of the casing a region of thermally stratified flow occurs, giving a region of almost
stationary hot fluid. In this low velocity stratified region the heat transfer from the hot
casing to the fluid can drop to almost zero. In the cavity below the stratified region natural
convection flows occur, with fluid heating and rising near the outer casing wall. At the
bottom of the casing colder fluid drawn through the engine sinks and impinges on the outer
casing, leading to high heat transfer at the bottom of the casing. This difference of low heat
transfer at the top of the casing and higher heat transfer at the bottom of the casing means
that the top of the engine will cool slower than the bottom. This difference in the rates of
cooling will cause the bottom of the casing to contract faster than the top of the casing,
leading to “cat back” distortion of the casing.

This “cat back™ distortion can cause clearances between rotating and static components
to decrease. In order to mitigate the effect of the distortion, clearances have to be increased
to avoid components rubbing or binding. These increased clearances can cause a perfor-

mance loss when running, due to increased leakage flows and decreased surge margin.
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The closure of components during shutdown also limits the operational flexibility of
an engine. It would also be desirable to be able to switch on and off gas turbines in order
to respond to changes in demanded electrical load, but it may not be possible to restart an

engine that has partially cooled due to the reduced clearances.

1.2 Motivation

In order to alleviate the problems occurring during shutdown engineers must understand
the different rates of cooling and contraction of the components inside of the engine. The
thermal contraction of components inside of an engine are typically predicted using Finite
Element Analysis (FEA). In order to predict the contractions the FEA solver requires heat
transfer coefficients (htc) to be provided as boundary conditions.

The htc boundary conditions could be provided by experimental data, but data from a
real engine is limited and a way of predicting the effects on htc from new designs is also
needed. The htc boundary conditions could therefore be predicted using Computational
Fluid Dynamics (CFD) simulations. It has been found by engineers however that the cur-
rent CFD methods are not able to accurately predict the natural convective flow and htc
inside of an engine during shutdown. Engineers desire a CFD method that will give heat
transfer predictions with an error of less than 20% and a reasonable computational cost.

The first step in alleviating the problems occurring in gas turbines during shutdown is

therefore obtaining a reliable prediction of the natural convection flow inside of the engine.

1.3 Project Aims

The overall aim of this project is to advance the state of the art in numerical predictions of
natural convection flows in conventional power generation systems. The key project aims

are:

* Improve the prediction of high Rayleigh number natural convective flows and heat
transfer. The method should give heat transfer predictions with an error of less than

20% and have a computational cost low enough to be used by engineers.
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1.4

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Understand the natural convection flowfield and temperature profiles in geometry

representative of a large gas turbine casing
Investigate flow structures occurring during the transition of natural convection flows.

Investigate modifications to the gas turbine design to alleviate the problems occurring

during shutdown.

Thesis Outline

Is a review of the literature. This chapter is to give an understanding of natural
convection flows, what numerical models are available and what are the available

validation cases.

Looks at the gas turbine casing test rig, why a new rig is needed and the features of
this rig. Followed by details of the rig geometry and measurements obtained. Finally
an LES study of the casing rig is given, with details of the numerical set-up. The
LES results are compared with the experimental data and together will be used as a

validation dataset.

Is a DNS study into a differentially heated tall cavity test case. This gives details
of the numerical set-up and a comparison with the available experimental data. The
key result is the prediction of turbulent heat flux terms that are not available in the
experimental data, this will then form a high fidelity dataset for comparison with

other simulations.

Is an investigation into the use of different turbulent heat flux models in RANS sim-
ulations. Models from the literature are compared to determine if more advanced
models can give improvements in wall heat transfer predictions. A modification is
then developed to capture the effect of buoyancy on the turbulent heat flux. Finally
the suitability of the models for use by engineers for natural convection simulations

is discussed.



Chapter 6

Chapter 7

Chapter 8

Appendix A

Appendix B

Appendix C

Is a fundamental investigation into the formation of streamwise vortices that were
found to occur in the casing rig. The investigation looks at how the vortices form as

well as factors that can impact the vortex wavelength.

Details a numerical investigation into modifications to the gas turbine design to try
and alleviate the problems of casing distortion occurring during shutdown. The effec-
tiveness of injecting and extracting flows from the casing are compared to a baseline

to determine if the uniformity of the casing heat transfer has been improved.

Gives a summary and the conclusions of the thesis, along with ideas for future re-

search.

Gives details of a study into the accuracy of different turbulence models and the effect

of including buoyancy terms in a turbulence model.
Gives details of the design of the inlet for the gas turbine casing rig.

Gives details of the instrumentation used on the gas turbine casing rig.



Chapter 2

Literature Review

2.1 Natural Convection Flows

Natural convection flows occur in a wide range of engineering scenarios from small scales,
such as electronic component cooling, to vary large scales, such as in gas turbines or steam
turbines during shutdown. In order to determine the state of a natural convection flow
in each of these cases the Grashof number can be calculated. The Grashof number is
an important non-dimensional parameter for natural convection flows and is the ratio of
buoyancy forces to viscous forces, given by Equation.2.1. The Grashof number can be
thought of as being analogous to the Reynolds number for forced convection flows, with
the flow being laminar at low Grashof numbers before transitioning at a critical Grashof
number.

G — 990 = L) @.1)

2

For fluids such as air with a Prandtl number ~ 1 the momentum and thermal bound-
ary layers have similar thicknesses. For fluids with different Prandtl numbers such as oil
Pr ~ 10* and liquid metals Pr ~ 102 the thermal and momentum boundary layers will
have different thicknesses, which in turn has an effect on the heat transfer. An important
parameter for the heat transfer in natural convection is then given by the product of the
Grashof number and Prandtl numbers, known as the Rayleigh number, given by Equa-

tion.2.2.
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To determine whether the heat transfer in a particular case is dominated by natural
convection, forced convection or mixed convection the Richardson number R: is used.
This non-dimensional parameter is the ratio of natural convection to forced convection and
can be given by Equation.2.3.

Gr  gB(T —Ty)x

Ri= 5= (2.3)

Using criterion from Sparrow et al. [85] the heat transfer can then be classified by:

0 < Ri < 0.3 Forced Convection
0.3 < Ri <16 Mixed Convection
16 < Re Natural Convection

The convective heat flux from natural, mixed or forced convection can be determined
using Newton’s law of cooling, ¢ = hAT, where h is the heat transfer coefficient between
the fluid and the surface. The convective heat transfer can be non-dimensionalised by the

conductive heat transfer to give the Nusselt number, given by Equation.2.4.

Nu, = — (2.4)

2.2 Natural Convection Studies in Gas Turbines

There are only a limited number of studies in the literature looking at the natural convection
flow and heat transfer in a gas turbine during shutdown. These studies tend to focus on
smaller aero engines and look at rotor bow phenomenon, a distortion of the rotor due to
non-uniform cooling. The rotor bow effect does not tend to occur in large industrial gas
turbine as the rotor is barred, slowly rotated, during shutdown to ensure uniform cooling.
Large industrial gas turbines also differ from aero engines during shutdown in that the
casing of the industrial gas turbine is very thick and cools slowly, this provides the heat to

drive natural convection flows. In an aero engine the casing is a relatively thin component



and cools relatively quickly, it is the thicker compressor and turbine discs inside of the
casing that cool slowly and drive the natural convection flows.

An numerical investigation by Smith and Neely [82] and later an experimental investi-
gation by Smith et al. [81] looked at the rotor bow phenomenon in geometry representative
of a helicopter engine. The rotor used was 220 mm in diameter and was heated to 600 K.
Despite the relatively high temperature the small diameter gives a Rayleigh number at the
start of the experiment of ~ 107, putting the flow in the laminar regime. Another exper-
imental investigation into rotor bow was conducted by Fahy et al. [20]. This rig used a
heated cylinder of 326 mm diameter and operated at Grashof numbers ~ 108. This is likely
still in the laminar regime and below the Grashof numbers of 10*° found in large industrial
gas turbines. The flowfield in these rotor bow cases is also quite different to that found in
a large industrial gas turbine. The experiments featured a heated cylinder to represent the
compressor and turbine discs, this creates a thermal boundary layer and a buoyant plume
rising from the top of the cylinder. In contrast an industrial gas turbine features a hot outer
casing with natural convection flows occurring inside of the casing where stratified flow
can occur.

An investigation into the shutdown of a micro gas turbine was conducted by Tisarev
et al [93], performing both a conjugate CFD simulation and an experiment. The engine
was very small, with an outer casing diameter of 113 mm, which would likely give a low
Rayleigh number laminar flowfield. This would therefore give a flowfield and heat transfer
that are very different from that occurring in an industrial gas turbine.

A transient thermal analysis of an industrial gas turbine was investigated by Selvam
et al. [76] and Reddy et al. [69]. The model used was a 2D axi-symmetric model of a
large industrial gas turbine. The authors state that the natural convection flow inside of the
engine is complex and plays an important role in the engine cooling, but difficult to capture
with a 2D model and therefore used circumferentially averaged gas temperatures.

To the author’s knowledge there are no investigations in the literature investigating the
flowfield of a large industrial gas turbine during shutdown. A similar test case is that of a
large steam turbine during shutdown. The construction of large stream turbines is similar to

industrial gas turbines and feature a thick outer casing which cools slowly during shutdown.
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An investigation into a large steam turbine during shutdown was conducted by Born et al.
[8]. It was stated by the authors that it is not possible to conduct a transient conjugate
simulation on the steam turbine due to the large difference in time-scales between the fluid
and solid. An alternative approach was therefore taken where the fluid was modelled as
a solid and the heat transfer caused by convection of the fluid is modelled as an increase
in the conductivity of the fluid. The Nusselt numbers used to calculate the increase in
conductivity came from correlations for natural convection flow in annular gaps and flat
plates. This technique allowed the trends of the casing temperature during shutdown to be
predicted but the use of correlations means that the effect of different engine designs on the
shutdown temperatures cannot easily be predicted.

It has been found that there is very little data in the literature looking at gas turbines and
specifically large industrial gas turbines during shutdown. There are no cases looking in

detail at the flowfield inside of an engine and methods to accurately predict this flowfield.

2.3 Numerical Methods for Natural Convection

To calculate natural convection heat transfer in gas turbines several options are available,
the simplest of which is to use experimental correlations. The cost of a hand calculation
or spreadsheet calculation using correlations is very low and can be used as a first analysis
step. However, experimental correlations are usually only available for simple geometries
and have limited validity when used outside of the simple geometries used to obtain them.
An alternative method for calculating heat transfer is the use of Computational Fluid Dy-
namics (CFD). CFD simulations can cope with the more complicated geometries found in
engineering situations and can predict changes in heat transfer for different engineering de-
signs. Several numerical methods are available to predict natural convection flows, ranging
from the very computationally expensive Direct Numerical Simulation (DNS), through to

Large Eddy Simulations (LES) and Reynolds Averaged Navier Stokes (RANS) simulations.
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2.3.1 Direct Numerical Simulation

In a Direct Numerical Simulation all of the turbulent scales of motion are resolved, from the
largest scales set by the flow geometry to the smallest scales set by viscous dissipation [68].
In order to resolve down to the smallest turbulent length scales a fine computational mesh is
required, giving a large computational cost. The mesh requirement scales with Re”* [37],
for natural convection if the Reynolds number is defined using the buoyant velocity then
Re = v/Gr and the mesh scales as Gr®®,

Studies using DNS have been conducted for several natural convection test cases. The
heated vertical plate was numerically investigated by Phillips [66] for Grashof numbers up
to 1.8 x 10°. The vertical slot was later investigated by Boudjemadi et al. [9] for Rayleigh
numbers up to 5.4 x 10° and by Versteegh & Nieuwstadt [104] for Rayleigh numbers up
to 5 x 10°. It can be seen that these Rayleigh numbers are all significantly lower than the
Rayleigh number found in a gas turbine during shutdown. Simulations at a higher Rayleigh
number would now be possible due to increased computational power, as the Versteegh and
Nieuwstadt work was published in 1998 and used 9 million grid points.

A second geometry used for DNS of natural convection flows is that of a differentially
heated cavity. A cavity with height:width aspect ratio of 4:1 was investigated by Trias et
al. [95, 96]. Rayleigh numbers from 6.4 x 108 up to 10! were investigated. At these high
Rayleigh numbers the flow achieved transition to turbulence in regions close to the top and
bottom of the cavity, with the laminar central region shrinking with increasing Rayleigh
number. The cavity was also investigated by Pitz & Chew [67], for a Rayleigh number
of 2.0 x 10°. The DNS solver used spectral element code and compared the results to
a simulation using ANSYS Fluent and the Trias et al. data. Both simulations predicted
similar values for the mid-height Nusselt number, but the Fluent simulation was found
to predict lower values for the turbulent statistics. A similar 5:1 cavity was used in an
investigation by Trias et al. [94], up to Rayleigh numbers of 4.5 x 10%°. Later the 5:1 cavity
was used by Kizildag et al. [40] for an investigation using water as the working fluid up to
a Rayleigh number of 3 x 101,

These simulations show that DNS at the Rayleigh numbers found in industrial gas tur-
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bines during shutdown is currently possible, at least for very simple geometries. In industry
the cost of DNS simulations makes them too expensive for engineering analysis and are

currently only used as a research tool.

2.3.2 Large Eddy Simulation

In a turbulent flow there is a large range of turbulent scales and resolving all of these scales
has a significant computational cost. Large Eddy Simulations work on the assumption that
it is the large turbulent scales that determine the flow behaviour, these large eddies are
anisotropic with their behaviour dictated by the geometry. The smaller eddies are more
isotropic and follow a more universal behaviour, allowing them to be modelled rather than
resolved [103]. The mesh requirement for a simulation is reduced as only ~80% of the
turbulent kinetic energy needs to be resolved [68]. The computational expense of LES
is therefore reduced in comparison with DNS, the computational cost now only rising as
Re”" [10] or Gr”*. LES are currently used by engineers for analysis of some specific
parts of a gas turbine, such as the combustor [57], but generally they are not used due to
the computational cost.

Large eddy simulations have been performed for several natural convection cases. The
simple case of the heated vertical plate was investigated recently by Ojofeitimi & Hattori
[61], up to Rayleigh number of 3 x 10!, where good agreement was found with experimen-
tal data. A similar case was investigated by Kogawa et al. [42] using water as the working
fluid for Rayleigh numbers up to 4.8 x 10*!,

High Rayleigh number investigations using LES have also been conducted for cavity
flows. A 5:1 aspect ratio cavity was investigated by Lau et al. [46] for a Rayleigh number
of 4.5 x 101°. The differentially heated square cavity was also investigated at a Rayleigh
number of 1.58 x 10 by Peng & Davidson [64] and also by Salinas-Vazquez et al. [73].

The vertical wall and cavity cases are both simple geometries, but there also test cases
using geometries more representative of gas turbine cavities. An investigation using LES
was performed on a single disc cavity by Sun et al. [88], simulations up to a Grashof
number of 7.41 x 10% were conducted. The authors found much better agreement with

experimental data compared to RANS simulations but noted that the LES were compu-
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tationally demanding. It is likely for this reason that investigations using more complex
geometries have tended to use a hybrid RANS-LES method. Such as the 14-stage com-
pressor cavity by Ansari et al. [2], the high pressure turbine cavity by Smirnov et al. [80]
and the 10 stage compressor cavity by Tateishi et al. [89].

Whilst a large eddy simulation will resolve the bulk of turbulent eddies, a model is re-
quired to capture the effects of the smallest eddies that are not resolved. A sub-grid scale
model is required in the momentum equation and similarly a sub-grid heat flux model is
required in the energy equation. An investigation was conducted by Ghaisas et al. [23] eval-
uating the effect of different sub-grid scale models on the prediction of turbulent natural
convection in the 4:1 heated cavity. Four different models were tested, dynamic Smagorin-
sky, dynamic Vreman, Sigma and a Stretched Vortex model. The dynamic Smagorinsky,
Stretched Vortex and Sigma models were found to be in good agreement with DNS data
with the Vreman model being less accurate at predicting turbulent statistics. All four mod-
els seemed to perform well when predicting mean flow quantities. A similar investigation
was conducted by Lau et al. [45] looking at the turbulent flow in an asymmetrically-heated
vertical parallel-plate. The Smagorinsky model with constant coefficients was compared
with two different formulations of a dynamic Smagorinsky model along with the Vreman
model with constant coefficients. It was found that the constant Smagorinsky model was
overly dissipative and delayed transition, the dynamic Smagorinsky models tended to over
predict fluctuations whilst the Vreman model gave good agreement for the temperature
and velocity fields. A third study was conducted by Kumar & Dewan [44] investigating
the effect sub-grid scale models on the flow in a square buoyant cavity. Simulations were
run using the models, dynamic Smagorinsky, Vreman, one equation eddy viscosity and
buoyancy modified one equation eddy viscosity. It was found that the dynamic Smagorin-
sky model outperformed the Vreman model in predicting the mean flow and statistics but
the one equation model outperformed both of these models. The effect of the buoyancy
modification to the one equation model was found to not give a significant improvement
in predictions. This would fit with the theory of Bolgiano [7] that buoyancy only affects
the large eddies and not the smaller eddies in the inertial subrange, which are those being

modelled by the sub-grid scale model.
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The effect of different sub-grid scale heat flux models on the predicted flowfield be-
tween two heated vertical plates was investigated by Peng & Davidson [65], with a linear
model being compared to a proposed non-linear model. The results from the two models
were found to both be similar, the authors claimed that the differences may be more sig-
nificant at Rayleigh numbers higher than the 10° tested. A new sub-grid heat flux model
was prosed by Morar [58] which included a buoyant production term. The results from
this model were again found to be similar to models without the buoyancy term which also
used dynamically calculated coefficients.

These results show that current sub-grid scale modelling is adequate for LES of natural
convection flows. The small effect of different sub-grid scales on the solution can be under-
stood by looking at a hierarchy of importance for LES, as described by Tyacke & Tucker
[101]. The problem definition and boundary conditions dominate in terms of importance

in the simulation with the sub-grid modelling having low importance.

2.3.3 Reynolds Averaged Navier Stokes

As engineers desire simulations with a relatively low computational cost, the bulk of cal-
culations performed in the design and analysis of gas turbines are RANS simulations. Sim-
ulations can be performed on an engineering workstation in a few hours as opposed to a
several days as may be the case with LES simulations. It is also believed that the trend
of engineers using RANS simulations over more expensive large eddy simulations will
continue [79, 17].

There are a large number of cases in the literature of RANS simulations being used
for natural convection flows. A review of natural convection simulations in enclosures was
conducted by Choi & Kim [13]. They showed that it was possible in certain cases for

RANS simulations to give results close to those from a large eddy simulation.

2.4 RANS Equations

To obtain the equations used in RANS simulations the Reynolds averaging process is per-

formed on the Navier Stokes equations. The Reynolds averaging process involves decom-
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posing instantaneous flow variables into a mean and fluctuating components which are
then time averaged [70]. The temperature is decomposed as T =T + T, and the velocity
as i; = U; + u}. The Navier Stokes energy equation is given by Equation.2.5, after the
Reynolds averaging process has been performed the Reynolds averaged energy equation

then given by Equation.2.6.

o  ouTl) o ( aT) + Sy (2.5)
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The Reynolds Averaged Navier Stokes energy equation now contains the turbulent heat
flux term (W) a product of the temperature and velocity fluctuations. There are no
other equations with which to close the turbulent heat flux term, therefore a model must be
created to close it.

The turbulent heat flux term (W) is analogous to the Reynolds stress term (W) that
appears in the Navier Stokes momentum equation after the Reynolds averaging process has
been performed. Similarly the Reynolds stress term needs to be closed using a turbulence
model, the choice of which can have a significant impact on the the solution [101]. An

investigation into the use of different turbulence models for natural convection can be found

in Appendix.A.

2.5 Turbulent Heat Flux Modelling
2.5.1 Simple Gradient Diffusion Hypothesis

There are a range of models in the literature that have been developed in order to close the
turbulent heat flux term. The simplest of which is the Simple Gradient Diffusion Hypoth-
esis (SGDH). The SGDH model, given in Equation.2.7, assumes that the turbulent heat
flux is proportional to the mean temperature gradient. This is then scaled by the turbulent
viscosity (1) and the turbulent Prandtl number (Pr;). The turbulent Prandtl number is

often a constant in the region 0.7-0.9 [51] and the turbulent viscosity is obtained from the
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Figure 2.1: Experimental [98] and modelled turbulent heat fluxes on vertical wall case

turbulence model. The SGDH is the model that is currently used in the commercial solver

ANSYS Fluent.
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It can be shown that the SGDH model is not adequate for natural convection flows by
considering the case of natural convection flow next to a heated vertical wall. Turbulent
heat fluxes measured in a vertical wall case [98] are compared to values from a RANS
simulation using the SGDH model in Fig.2.1. Whilst the SGDH model predicts well the
turbulent heat fluxes normal to the heated wall, it under-predicts the turbulent heat flux
parallel to the wall. This is due to the SGDH model assuming that the turbulent heat flux
is proportional to the mean temperature gradient. Normal to the wall there is a significant
temperature gradient, giving good predictions of turbulent heat flux. Parallel to the wall
there is a very low temperature gradient, hence under-predicting the turbulent heat flux.
This shows that for natural convection flows the assumption that the turbulent heat flux is
proportional to the mean temperature gradient is not valid. Therefore the SGDH turbulent

heat flux model will likely not give accurate predictions for natural convection cases.
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2.5.2 Generalised Gradient Diffusion Hypothesis

An alternative method of modelling the turbulent heat flux is to use the Generalised Gradi-
ent Diffusion Hypothesis (GGDH) developed by Daly & Harlow [15], and given by Equa-
tion.2.8.

— _OT

w" = —C’ IATA (2.8)

i 817]

The GGDH model has the advantage over the SGDH model in that it allows turbulent
heat fluxes normal to the mean temperature gradient. The GGDH model is still only a two
equation model, requiring a k — € or k — w turbulence model in order to obtain a turbulent
time-scale ¥/e.

A value of 0.15 was used for the constant C', which is equal to 3/2(c,,/Pr;) [30], where
the empirical constant ¢, = 0.09. This constant was set so the GGDH model would give
the same result as the SGDH model in the case of a horizontal shear flow, where the mean
temperature and velocity gradients are vertical.

The GGDH was used successfully to investigate the flow in 2D and 3D heated cavities
by Ince and Launder [30, 31]. It was noted however by Choi & Kim [13] that the GGDH

does not perform well for flows with strong thermal stratification.

2.5.3 Algebraic Flux Model

A turbulent heat flux model with a further increase in complexity from the GGDH model

is the Algebraic Flux Model (AFM), developed by Kenjeres & Hanjalic [38] and given by

Equation.2.9.
— - T oU; =5
wl" = —-C- ( — + {fu T’ -T’Q) (2.9)
Oz,
The model consists of three terms, the first ( T gT ) is the same term as is used in the

GGDH model. The second term (5 w T %) accounts for the interaction of the turbulent
J

heat flux with the mean flow deformation. The third term <77 I6; giﬁ> accounts for the

effect of the temperature variance interacting with the gravitational field. The constant C'

also used a value of 0.15 and the constants £ and 7 were both set to 0.6.
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The AFM model is the only one of the three to have an explicit buoyancy term. This
buoyancy term does however require an equation is solved for the temperature variance,
this makes the AFM model a three equation model. The AFM model uses the assumption
that the dissipation of the temperature variance e7» is proportional to the dissipation of
turbulent kinetic energy e. This assumption avoids the need for a fourth equation for €7+ to

be solved.

2.5.4 Differential Flux Model

Other more complex models for the turbulent heat flux are available, such as the Differential
Flux Model (DFM) proposed by Shin et al. [77]. This model was tested by Choi and Kim
[13] and was found to perform very similarly to the AFM. However the DFM requires the

solution of extra equations so the AFM was recommended over the DFM.

2.6 Natural Convection Boundary Layer
2.6.1 Velocity Profile

The velocity profile in a forced convection turbulent boundary layer starts with a viscous
subregion close to the wall y* < 5, where u™ = y*, followed by a buffer layer 5 < y* <
30 then a logarithmic layer y™ > 30, where y* = yU, /v and u™ = u/U, [68].

This law of the wall does not hold for a natural convection boundary layer, with buoy-
ancy forces near the wall having a significant effect on the velocity profile. The difference
between the natural and forced convection velocity boundary layers can be seen in Fig.2.2.
The forced convection profile is from Kim et al. [39] at Re, = 180, the natural convection
profile is from Tsuji & Nagano [97] at Gr = 1.8 x 10, In a natural convection wall
boundary layer the velocity starts at zero at the wall then, reaches a peak at y* =~ 30 — 50
[97] before reducing down again. It was also found that the peak velocity increased and
moved further from the wall with increasing Grashof number. It was found that the forced
and natural convection velocity profiles differed even close to the wall, with u* # y™ in
the natural convection case.

As the profile of a natural convection boundary layer is very different from that of
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Figure 2.2: Forced and natural convection boundary layer velocity profiles, data from Kim
et al. [39] and Tsuji and Nagano [97]

a forced convection boundary layer, wall functions that have been developed for forced
convection are not valid for use in natural convection simulations. This means that unless
specific natural convection wall functions are implemented, such as those by Yuan et al.

[106], the simulations must be wall resolved.

2.6.2 Temperature Profile

Studies investigating the temperature profile of a natural convection turbulent boundary
layer have been conducted by George & Capp [35] and Henkes & Hoogendoorn [27].
George & Capp split the natural convection boundary layer into an inner region, from the
wall up to the velocity peak and an outer region, shown in Fig.2.3. The inner region was
then further separated into a conductive sublayer, which is a constant heat flux region where
the temperature profile is linear. Followed by the buoyant sublayer, where turbulent heat
transfer and buoyancy are important and the temperature profile is inversely proportional
to the cube-root of the distance from the wall. Length scales for the inner and outer regions

were defined as 7, and d7 respectively.
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The inner region length scale was modified by Siebers et al. [78] to give 7;, this modi-

fication was to account for large variations in temperate between a heated wall and the free

stream.
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Correlations were then given by Siebers et al. [78] for the temperature profiles in the inner
and outer regions.

Inner region — viscous sublayer

Twall -T x
— = 0.127— (2.13)
Twall - Too 771/5
Inner region — buoyant sublayer
Tyat1 — T A
wall T2y 361492 (ﬁ) (2.14)
Twall - Too N
Outer region
Twall - T X
—— = 0.08In [ — 0.81 2.15
Twall — Too " (5T) * ( )

The temperature profile from a natural convention boundary layer is different from that
of a forced convection flow. In a forced convection case Reynolds Analogy is used to
assume that the temperature and velocity profile have similar forms. The temperature wall
functions of Kader [36] give a temperature distribution of 7+ = Pr y* close to a heated

wall, analogous to the viscous sublayer. With the temperature having a logarithmic profile
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Figure 2.3: Schematic of turbulent natural convection boundary layer, modified from [35]

from y™ ~ 30 for cases where Pr ~ 1. Where the non-dimensional temperature is given

as T = (Twall - T) pchT/Qwall .

2.7 Validation Test Cases

A number of natural convection test cases are available in the literature, a test case for
validating simulations of a gas turbine during shutdown should ideally meet several re-

quirements:

e The rig would operate at the same Rayleigh number (10'°) as a real engine.

* The working fluid for the rig would be air to match the Prandtl number in a real

engine.
* The rig would have a geometry that is representative of an industrial gas turbine.

It was found that there were no test cases that completely met all of the requirements

for a validation data set. There was a gap in the literature for a test rig that had geometry
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that was representative of a gas turbine and operated at the same Rayleigh number as a gas

turbine during shutdown.

2.7.1 Measurement Challenges

The choice of validation test case also depends on the range of measurements available
for the case. For validation of the general natural convection flowfield, measurements of
temperature and velocity are required at several measurement locations. However natural
convection flows pose challenges for obtaining these measurements.

Measurement of temperature profiles can be obtained by traversing a thermocouple or
thermistor through an experimental rig. Depending on the flow it may take several minutes
of measurement time to obtain an appropriate average value. If the wall heat flux is required
then the temperature must be measured with a fine spatial resolution close to the wall, in
order to capture the linear conductive sublayer of the temperature profile.

The measurement of velocity in a natural convection test rig can be difficult, due to the
low velocities involved and raised temperatures. If a hot wire measurement system is used,
the maximum fluid temperature that can be measured is ~150°C, as the hot wire needs
to be ~200°C hotter than the flow to operate and the temperature limit of the tungsten
hot wire is then reached [16]. The hot wire also needs to be temperature compensated as
fluctuations in the temperature of the flow will affect the hot wire reading. The buoyancy
forces generated by a hot wire also make low velocities difficult to resolve, this occurs
when Re < 2Gr'® [16], or at a velocity < 0.1 m/s for a 200°C overheat.

An alternative technique to using a hot wire is the use of laser based velocity measure-
ment, such as Laser Doppler Anemometry (LDA). This removes the temperature limits but
requires optical access to the rig and requires the flow to be seeded with particles. Seed-
ing is made difficult due to the low velocities, meaning that particles may not follow the
flow. Seeding can be achieved by vaporising oil or by burning sticks to create smoke, but
care is needed to make sure the hot seeding parties don’t create their own buoyancy forces.
Due to these difficulties it is common to find that velocities were not measured in natural
convection test cases.

If turbulent statistics are required for validation, then temperature and velocity fluctua-

22



tions are required as well as the mean values. Measuring fluctuations in the flow requires a
relatively high sample rate compared to that needed for measuring averages. Sample rates
in the ~100 kHz can be achieved by modern data acquisition systems [60], but the temper-
ature and velocity probes also need to have a sufficiently fast response time. This additional
complexity means that turbulent statistics for validation are less common in experimental
datasets than average values.

The turbulent heat flux term (W) is the average of the product of a velocity and
temperature fluctuation. For this term to be measured experimentally the velocity and tem-
perature must be recorded simultaneously at the same location at a sufficiently fast sample
rate. This creates challenges in the measurement probe design, as the sensors must have
a sufficiently fast response time and be located physically close together. The probe de-
sign is made even more challenging if more than one component of the turbulent heat flux
needs to be measured simultaneously. Consequently experimentally measured values of

the turbulent heat fluxes are uncommon in the literature.

2.7.2 Heated Vertical Plate

The test case of natural convection over a heated vertical plate has been studied experimen-
tally by several groups including Tsuji & Nagano [97] and Siebers et al. [78] , giving a
range of experimental measurements. The experimental rigs used by these authors were
relatively large, which allowed for high Rayleigh number flows to develop. The Tsuji
& Nagano [97] test rig is 4 m tall, shown schematically in Fig.2.4, allowing flows up to
Grashof numbers of 10'2. The test rig used by Siebers et al. [78] was 3.02 m tall and
used high wall temperatures of up to 520°C, therefore also giving Grashof numbers of up
to 102, Both test rigs used air as the working fluid, giving Rayleigh numbers that could
match those in an industrial gas turbine.

A key output of numerical simulations of natural convection cases is the wall heat
transfer. Profiles of Nusselt number against Rayleigh number are available from both Tsuji
& Nagano [97] and Siebers et al. [78]. The wall heat transfer results agreed well in the
two test cases, with Tsuji and Nagano giving the correlations Nu, = 0.387 (GryPr)l/ “in

the laminar regime and Nu, = 0.120 (GryPr)l/ * in the turbulent regime. The results from
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Figure 2.4: Schematic of Vertical Wall test case

Siebers et al. were Nu, = 0.404 (Gr,)"* and Nu, = 0.096 (Gr,)"* for the laminar and
turbulent regimes respectively. The transition locations where also similar in both cases at
Gr,Pr ~ 10° in the Tsuji & Nagano case and Gr, ~ 10 in the Siebers et al. case.

The Siebers results showed that the wall heat transfer for cases with a wide range of
wall temperatures, from 60°C up to 520°C all collapsed well onto the two correlations.
This shows that it is not necessary for a test rig to match wall temperatures as long as the
Rayleigh number is matched.

The heated vertical plate as a test case also has experimentally measured turbulent heat
fluxes, measured by Tsuji & Nagano [99]. Measurements were taken of both the wall
normal (u/7”) and parallel (v'T") turbulent heat fluxes. This was achieved using a probe
containing two hot wires arranged in an “X” configuration to measure the two velocity
components and a cold wire to measure the temperature. The cold wire was located 2.7
mm upstream of the hot wires and used for temperature compensation, with the signal
being delayed to account for the spatial difference between the hot and cold wires. The

data was sampled at 400 Hz for 1-5 minutes, allowing the turbulent heat fluxes as well as

average velocities and temperatures to be obtained.
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Figure 2.5: Tall Cavity Apparatus (modified from [6])

2.7.3 Tall Cavity

Another literature test case is that of the differentially heated tall cavity. The differentially
heated tall cavity was investigated by Dafa’ Alla & Betts [14] and later by Betts & Bokhari
[6]. The test rig consisted of a rectangular cavity with dimensions 2.18 m high by 0.076 m
wide by 0.52 m deep, shown schematically in Fig.2.5. One of the side-walls of the cavity
was heated and the other side-wall was cooled to create a natural convection cavity flow.
The authors paid close attention to making the rig boundary conditions simple to implement
using CFD. The top and bottom walls were made of rubber to try and match the effective
thermal conductivity in the cavity, this gave a very linear temperature variation along these
walls.

The rig was run with two wall temperature differences of 19.6 °C and 39.9 °C giving
Rayleigh numbers based on the cavity width of 0.86 x 10° and 1.43 x 10° respectively. If
the cavity height of 2.18 m is used to calculate the Rayleigh number, this gives values 10,
the same order as a gas turbine during shutdown.

The tall cavity also has a large measurement dataset available. Profiles across the cavity
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width of temperature and velocity are available at nine different cavity heights. Measure-
ments were taken using a thermocouple and a Laser Doppler Anemometry (LDA) system.
Both time averaged and rms temperature and velocity fluctuations were acquired. The
availability of rms statistics allows for comparisons with turbulent fluctuations that may
be modelled or resolved by numerical simulations. The correlation between the velocity
and temperature fluctuations was not recorded so direct measurements of the turbulent heat

fluxes are not available.

2.7.4 Heated Cylinder

A further literature test case is that of a heated concentric cylinder. The seminal investiga-
tion for this case is by Kuehn & Goldstein [43]. The experimental rig consisted of a 92.5
mm outer cylinder with a heated 35.6 mm inner cylinder and operated at Rayleigh numbers
from 2.11 x 10% t0 9.76 x 10°. A similar investigation was conducted by Sun & Zhang [87]
using a cylinder with an outer diameter of 79.91 mm and different diameter inner cylinders,
this gave Grashof numbers of 4.6 x 10? to 3.8 x 10*. A further test case was investigated by
Van de Sande & Hamer [102] which operated at a higher Rayleigh numbers of 10® and used
an outer cylinder of 299 mm diameter and inner cylinders of 50 mm or 129 mm diameter.
Whilst the case of a heated concentric cylinder may seem to be very similar to an
industrial gas turbine annulus there are several key differences. The test cases use cylinders
with small diameters and operate at Rayleigh numbers below those found in an industrial
gas turbine. A concentric cylinder case that operated at Rayleigh numbers of up to 5 x 10!
was investigated by McLeod & Bishop [54], this case still used small diameter test rig with
an outer cylinder diameter of 203 mm but operated at cryogenic temperatures. The other
difference between the concentric cylinder case and an industrial gas turbine is that the
inner cylinder is heated in the literature cases whereas it is the outer casing of a gas turbine

that is hot relative to the inner components.

2.7.5 Square Cavity

Another natural convection cavity flow case is that of a differentially heated square cav-

ity. This case was investigated by Tian & Karayiannis [91, 92] and later by Ampofo &
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Figure 2.6: Schematic of square cavity, modified from [1]

Karayiannis [1]. The cavity was 0.75 x 0.75 x 1.5 m in size and had isothermal side-
walls at 50°C and 100°C, shown schematically in Fig.2.6. This gave a Rayleigh number of
1.58 x 10%. The cavity flowfield consisted of a thin boundary layer flow close to the hot
and cold side-walls as well as along the insulated top and bottom walls, with the bulk of
the cavity consisting of a low velocity stratified region.

Measurements of temperature and velocity were measured in the cavity, the temperature
was measured using a 25.4 um thermocouple and the velocity using a LDA system. Mean
and rms values of temperature and velocity as well as turbulent heat flux measurements are

available, therefore providing a large validation dataset.

2.8 Conclusions

Engineers desire to be able to predict natural convection heat transfer in high Rayleigh
number cases, such as industrial gas turbines. Due to the limitations of using correlations
a numerical method is required to predict the flow. As the numerical simulations need to
computationally low cost the simulations will likely be RANS simulations.

When performing RANS simulations a model is required to close the turbulent heat flux
term (u/7”). The SGDH turbulent heat flux model is commonly used by CFD solvers, but

it was found that the assumptions used in this model are not valid for natural convection.
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Alternative turbulent heat flux models were found in the literature, including the GGDH and
AFM models, which could give improved predictions of natural convection heat transfer.
Any new models will need to be validated against experimental data. Test cases using
simple geometries were found in the literature that operated at high Rayleigh numbers,
including the heated vertical plate as well as natural convection cavity flows. It was found
that there is a gap in the literature for a case that operates at the same Rayleigh number as

a gas turbine during shutdown and has engine representative geometry.
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Chapter 3
Gas Turbine Casing Rig

A natural convection test rig was constructed by MHI which represents a section of a large
gas turbine casing. The rig operated at real engine Rayleigh number and was able to
provide data that could not be obtained from a real engine. The rig would provide a unique
validation dataset.

In order to better understand the flowfield inside of the casing rig, an LES study was
performed. The simulation allowed temperature and velocity contours to be visualised that
could be obtained from the experimental data.

The results from the LES study and the experimental data showed the formation of
streamwise vortices in the rig. The streamwise vortices have a large effect on the outer
wall heat transfer, causing streamwise streaks of high and low heat transfer. These vortices
are also the transition mechanism for this flow. The results of the LES simulation were com-
pared to the experimental temperature profiles. It was found that the LES under-predicted
the vortices and effect on the temperature profile. Downstream in rig, where the effect of
the vortices is reduced, the LES was found to give good predictions of wall heat transfer

with errors less than 10%.

3.1 Introduction

In order to validate any new CFD methods, experimental data is required. It would be
desirable to obtain validation data directly from a real gas turbine during shutdown, but it

is very difficult to obtain temperature data in a real engine. Validation data can however
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be obtained from a test rig with the same flow conditions as a real engine. An important
parameter for a natural convection test rig to match in order to match the flow conditions
is the Rayleigh Number, Ra = %. The Rayleigh Number in a large industrial gas
turbine during shutdown is of the order 10'°, at this high Rayleigh Number the natural
convection flows will transition to turbulence. It is important for a test rig to also operate at
this high Rayleigh Number and to have engine representative geometry to give an engine
representative flowfield. The geometry would have a curved heated wall to represent the
hot outer casing of a gas turbine. The fluid would be inside of this wall and would then
represent the flow inside of the gas turbine casing.

Very few natural convection test rigs operate at the high Rayleigh number of 10*° and
use air as the working fluid. The rigs which do operate at the high Rayleigh numbers often
use simple geometries such as the heated vertical wall, as used by Tsuji and Nagano [97]
and Siebers et. al. [78].

The flowfield in the vertical wall case is that of a thermal boundary layer growing
as it rises up the heated wall. Whilst this is similar to the desired flowfield of a natural
convection boundary layer growing along a heated outer casing, there are key differences.
The differences in the development of the thermal boundary layer in a gas turbine casing
compared to that from a vertical wall are shown schematically in Fig.3.1. In the vertical
wall case the buoyancy force is always parallel to the heated wall, this means that the
buoyancy forces are not aiding or inhibiting the development of the boundary layer along
the wall. In the example of a gas turbine casing the buoyancy force changes direction
relative to the boundary layer flow. At the bottom of the casing the flow is on top of
the heated outer wall, the buoyancy force is then pulling the boundary layer upwards and
aiding its growth. This buoyancy aided boundary layer growth can cause earlier transition
to turbulence. Similarly at the top of the casing the flow is underneath the heated wall, the
buoyancy force is then pushing the boundary layer upwards and inhibiting its growth. This
inhibited growth can reduce the wall heat transfer.

As existing test rigs are not giving a representative flowfield, a new test rig is required
in order to provide validation data for a gas turbine during shutdown. The new rig should

operate at the same Rayleigh Number as a real industrial gas turbine during shutdown and
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Figure 3.1: Schematic of flow in vertical wall and casing rig

use a engine representative geometry.

3.2 Casing Rig Design
3.2.1 Geometry

A new test rig was constructed by Mitsubishi Heavy Industries (MHI) at the research and
development centre in Takasago, Japan. The aim of the rig was to provide CFD validation
data for natural convection flows in an industrial gas turbine casing during shutdown. In
order to match the high Rayleigh number found in gas turbines, the test rig was constructed
to have the same diameter as a real engine and would also operate at real engine temperature
differences. The casing rig, without the inlet contraction is shown in Fig.3.2.

The gas turbine casing rig is shown schematically in Fig.3.3. The rig can be split into
two main parts, an inlet section containing the flow conditioning features and a measure-

ment section, which contains the heated outer wall.
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Figure 3.3: Gas Turbine Casing Rig Schematic
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Measurement Section

The measurement section of the rig was a rectangular duct of height 0.32 m and depth 0.5 m
which was curved into a “C” shape. The radius of the outer wall was 1.895 m in order to
match the radius of an industrial gas turbine. The rig outer wall represents the hot outer
casing of a gas turbine and was heated. The inner wall of radius 1.575 m would represent
the combustors and inner part of the engine casing. The width of the rig was found to
give a sufficiently two dimensional flowfield in the central section of the duct where the
measurements were obtained.

Access was available at six locations in the rig measurement section to allow for tra-
verses to be performed. These six locations were labelled section 1 to 6, with section 6
being the furthest upstream. Section 6 was located at an angle of 15° from the start of
the heated wall with subsequent sections spaced apart by 30°. These six sections could be
viewed through acrylic windows in the side of the rig.

The rig was constructed from rectangular steel sections mounted into a frame. The
steel sections made up the side and inner wall of the rig, with holes in the side-walls for the
acrylic viewing windows. The rig outer wall was made from a sheet of aluminium 3 mm
thick, this was heated electrically using six silicone rubber heaters mounted on the reverse
of the sheet. The six heaters could be adjusted independently to keep the outer wall at a
uniform temperature. All other walls in the rig were unheated.

The flow was driven through the rig solely by the buoyancy forces created by the heating
of the flow from the outer wall. The flow exited the measurement section into ambient
surroundings of a building with a high ceiling. This meant that no thermally stratified

region occurred at the rig exit, which could have impeded the flow through the rig.

Inlet Section

The role of the inlet section was to provide a well conditioned uniform flowfield at the start
of the measurement section. The first feature in the inlet section was a fine mesh screen
across the inlet, designed to break up large flow structures. This was followed by a section

of honeycomb to act as a flow straightener. The honeycomb was 40 mm in depth with
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a core diameter was 6.3 mm and covered the full duct width and height. The main flow
conditioning feature was a contraction of 9:1 area ratio and length 1 m. The contraction
was to accelerate the flow coming into the rig and cause the boundary layers to be thinned.
The contraction was followed by a second section of honeycomb then a 0.5 m straight
section of duct to connect with the rig measurement section. The inlet section of the rig
was deigned by the author, details of the methodology behind the inlet design are given in

Appendix.B.

3.2.2 Measurement

The aim of the rig was to provide validation data for numerical simulations, the measure-
ments taken were designed to reflect this requirement. Profiles of temperature were re-
quired at locations around the rig for comparison with CFD results. Detailed temperature
data near to the heated wall is also needed to allow the calculation of wall temperature
gradient and hence wall heat flux. The prediction of the wall heat flux being a key test of
the accuracy of different numerical models.

Temperature measurements were taken at the six measurement sections around the rig.
Temperature measurements were taken using rakes of 18 thermocouples which would mea-
sure the temperature profile across the duct height. The thermocouple spacing on the rake
was not uniform with more thermocouples located closer together nearer to the heated wall.
This is due to the largest temperature gradients occurring at the wall and small temperature
gradients outside of the thermal boundary layer. The thermocouples used had a wire diam-
eter of 0.2 mm and were K-type class 1 with an accuracy of £0.9°C. Details are given in
Appendix.C.

The outer wall temperature was measured using thermocouples mounted between the
wall and the heater. In total 78 thermocouples were used to allow the outer wall temperature
distribution to be verified as uniform. On the inner wall 18 thermocouples were used to
measure the temperature distribution.

Temperatures data from the thermocouples was recorded using a data acquisition sys-
tem at a sample frequency of 1 Hz. Samples were taken over a period of 5 minutes giving

300 data points, averages were then computed using these 300 data points.
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Temperatures data was also obtained using an optical fibre distributed temperature sen-
sor. In an optical fibre system a laser is shone down an optical fibre and uses swept-
wavelength interferometry to measure the Rayleigh scatted wavelength [50]. This wave-
length is a function of the temperature allowing the temperature to be calculated. The
measurements were taken using a LUNA ODiSI-B10 system. This was operated in high
resolution mode allowing measurements to be taken with spacings of 0.64 mm along the
fibre at a frequency of 11.9 Hz and an accuracy of +1.6°C. The optical fibre was arranged
into 15 rows, each 106 mm in width. The closest row to the outer wall was at 1 mm dis-
tance. With the rows extending away up to 53 mm from the outer wall, details are given
in Appendix.C. This technique allowed a temperature contour of area 106 x 52 mm to
be obtained simultaneously. The optical fibre was also traversed close to the heated outer
wall and the first row of fibre data was used to obtain detailed wall temperature data. This

allowed for the calculation of the wall temperature gradient and hence wall heat flux.

3.3 LES methodology

In order to give further insight into the flowfield inside of the casing rig, CFD simula-
tions were conducted using the casing rig geometry. A Large Eddy Simulation (LES) was
performed, this was chosen over a cheaper RANS simulation due to the desire to resolve
streamwise vortices that were thought to be present inside of the rig.

The 3D computational domain consisted of the inlet and measurement sections of the
rig, shown in Fig.3.4. The computational mesh used was a structured hexahedral type,
which in total contained 7.0 x 10° cells. The cells were clustered near to the outer wall to
give an outer wall 4™ < 1 and to give greater resolution to flow structures occurring near to
the outer wall. It was found that the maximum ratio of cell size to Kolmogorov length-scale
was around 10, making the cell size sufficient for well resolved LES.

The inlet and outlet of the domain had pressure inlet and outlet boundary conditions ap-
plied respectively. Both the inlet and outlet were set at ambient pressure, meaning that the
flow was only being driven by buoyancy forces. The inlet temperature was set at 28°C with

an inlet turbulence intensity of 5%. All of the other boundary conditions were wall bound-
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Figure 3.4: Cross section of computational mesh from LES simulation

aries. The outer wall and inner walls had a constant temperature boundary condition set to
match the experiment. The bottom surface of the straight section of duct in the inlet section
also had a temperature profile applied, this was to represent the heating it received through
conduction from the outer wall. All of the other walls in the simulation were treated as
adiabatic.

The honeycomb used in the rig inlet section acted as a flow straightener. It’s affect was
included in the simulation by modelling the honeycomb as a porous zone, with the flow
exiting the porous zone axially. The porous zone was modelled as being non-restrictive,
which may have led to the mass flow rate in the simulation being higher than in the experi-
ment. Based on the experiments of Roach [72] there would be approximately one dynamic
head of loss through the honeycomb.

The solver used was ANSYS Fluent v15.0, the numerical scheme was pressure based
and used third-order MUSCL spatial discretization. A bounded second order implicit
scheme was used for time-stepping. The subgrid-scale model used was the Smaogrinsky-
Lilly model with dynamically calculated Smaogrinsky coefficient and turbulent Prandtl

number [48].
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Figure 3.5: History monitor of outer wall heat transfer

The simulation was run using a timestep of 0.1 s. The buoyant time-scale is given by

= \/W , which is equal to 0.69 s for the casing rig case. A rule of thumb is that

the simulation timestep At should be ~0.257 [4]. The simulation timestep of 0.1 s also

kept the the maximum cell Courant number around 20. The simulation was initially run for

2000 timesteps, equivalent to ~10 through-flow periods from inlet to outlet. This initial

period was to allow for transients to decay before averages were taken over a further 2000
timesteps.

In order to check the simulation for convergence, several history monitors of the flow
were used. Monitors of the instantaneous and time average outer wall heat transfer were
used. When the average outer wall heat transfer stopped changing this showed the ther-
mal boundary layer next to to outer wall had reached a steady state. The flow was also
monitored at a spot point at section 6 where the instantaneous mean and rms values of tem-
perature and velocity were monitored. Section 6 was chosen as a monitor location as it is
in the transition region which could take longer to converge. These monitors then showed

that the simulation had been run for a sufficient length of time, this can be seen in Fig.3.5.
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3.4 Casing Rig Flowfield
3.4.1 Comparison to Vertical Wall

The reason for the requirement for a test rig to be representative of a gas turbine geometry
can be seen by comparing the casing rig to the vertical wall test case. The differences
between the casing rig and vertical wall flowfields is apparent when looking at the heat
transfer from the heated surface, shown in Fig.3.6.

The flow in the vertical wall case is a boundary layer flow rising up the heated wall. The
flow starts off as laminar before transitioning to turbulence, with the transition happening
at a Rayleigh number between 10° — 10'° [97]. The Nusselt number in the laminar regime
follows the trend Nu, oc Ra)* and in the turbulent regime Nu, o< Ray’.

The flow in the casing rig is also a boundary layer type of flow, which again starts off
as laminar before transitioning to turbulent flow. The heat transfer in the laminar region
follows the same Nug o< Ra* slope as the vertical wall but the transition now happens
earlier at a Rayleigh number ~ 10%. This earlier transition is likely due to the boundary
layer growth being enhanced by the buoyancy force, as the flow is on top of the heated
surface, Fig.3.1. At the top of the casing rig the flow is now underneath the heated surface
where the buoyancy force is restricting boundary layer growth. This has the effect of re-
ducing the heat transfer towards to top of the rig. It can be seen that the slope of Nusselt

number is reduced from the Nu, Rai/ ® in the vertical wall case.

3.4.2 Temperature and Velocity field

The flowfield in the casing rig is shown in Fig.3.7. Looking at the temperature contour it
can be seen that there is a thermal boundary layer growing as the air flows over the heated
outer wall. It is the growth of this thermal boundary layer which is aided or restricted by
the buoyancy forces.

The mean velocity profile of the rig is shown by stream-traces coloured by velocity
magnitude. It can be seen that towards the inlet of the duct the velocity profile is very
uniform across the duct height. As the flow develops the buoyancy forces cause a velocity

peak to occur near to the heated outer wall. Near the the inner wall the buoyancy forces are
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Figure 3.6: Heat Transfer Profile of Casing Rig and Vertical Wall

smaller and the velocity is reduced compared to the inlet velocity.

Temperature profiles measured experimentally using the thermocouple rakes and the
fibre traverse are compared to the time averaged LES results at the six measurement lo-
cations in Fig.3.8. The temperature profiles have been non-dimensionalised as 7™ =
(T — Tintet) | (Touter watt — Tintet)-

At the furthest upstream measurement location, section 6, a peak in the experimen-
tal temperature profile can be observed. This peak is caused by the effect of streamwise
vortices pulling hot fluid from the boundary layer into the free stream. These vortices then
increase the mixing between the boundary layer and the free stream, which can be observed
by the increased free stream temperature downstream. The temperature peak predicted by
the LES is smaller than that measured in the experiment, this is due to the difficulty in
predicting the formation and growth of the streamwise vortices numerically. The smaller
vortices predicted by the LES have had an effect on the free stream temperature, as the
smaller vortices have reduced the mixing between the free stream and boundary layer. This
lower free stream temperature in the LES predictions can be seen in all of the downstream

sections, showing that the vortices can effect the flowfield at large downstream distances.

39



Peak Velocity

Heated 4
Outer 4

Wall Mean Velocity Magnitude (m/s)
0

o
o

o
o
o
o

|
o
o
o

o

_.
www"rmuf'\'H *
m\mmm\umm

N

0.40

o
o

Uniform Velocity

Figure 3.7: Time average temperature and velocity contours from LES, on mid-plane of
casing rig

It can be seen that at all six locations that whilst there is some disagreement with the
free stream temperature the LES is predicting well the temperature profile near to the outer
wall. It is the temperature gradient at the outer wall that is setting the wall heat flux, which
is a key output of the simulation. The fibre experimental data, available at sections 6, 5 &
4, has sufficient spatial resolution with which to calculate the wall temperature gradient.
The gradient was calculated through a linear best fit through the first few points which
made up the linear region of the temperature profile. The wall heat flux is then given by
q= —)\ili—:f. The calculated wall heat flux from the fibre temperature data and the LES is
given in Table.3.1. It can be seen that in section 6 where the streamwise vortices are present
the LES is significantly over-predicting the heat transfer. This is due the the difficulties in
predicting the streamwise vortices and their large effect on the wall heat transfer. Further
downstream in the duct, where the vortices have less effect, the prediction of heat transfer
is improved. At section 4 the difference between the experiment and LES is then less than

10%.
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Section Experiment LES Difference

6 622 1186 90.6%
5 640 780 21.8%
4 637 587 -7.8%

Table 3.1: Experiment and LES wall heat fluxes (W/m?)

3.4.3 Outer Wall Heat Transfer

The flow in the casing rig can also be understood by looking at a profile of the outer wall
heat transfer. A time averaged profile of non-dimensional outer wall heat transfer from
the LES simulation is shown in Fig.3.9. The flow at the start of the heated outer wall is
laminar. The laminar region can be seen as the initial region on the heated wall with lower
heat transfer. At a distance ~0.25 m downstream from the start of the outer wall, the flow
begins to transition to turbulence. The transition region is visible as the region of increased
outer wall heat transfer. In this transition region streamwise streaks of alternating high and
low heat transfer can be seen, these streaks in heat transfer are caused by the formation of
streamwise vortices. Finally downstream of the transition region the coherent streamwise

vortices break down and the flow enters the turbulent regime.

3.4.4 Streamwise Vortices

The streamwise vortices in the transition region form when a laminar boundary layer flows
over a heated surface. When flow is on top of a heated surface there is a component of
the buoyancy force that is normal to the boundary layer flow direction. It is this force that
causes the boundary layer to wrap up into counter-rotating pairs of vortices. These vortices
have been observed by several authors in the literature including Cheng and Kim [12] and
Sparrow and Husar [86]. The formation of streamwise vortices is the transition mechanism
for this flow. This differers from the heated vertical wall where transition occurs through the
Tollmien-Schlichting wave instability [49]. It was found by Lloyd and Sparrow [49] that
at plate angles greater than 17° from the vertical, the vortex instability was the dominant
method of transition over the wave instability. The wave instability was dominant at plate
angles of less then 14° from the vertical.

The streamwise vortices can be visualised by looking at iso-surfaces of Q-criterion
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Figure 3.9: Contours of outer wall heat transfer in casing rig from time averaged LES
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Figure 3.10: Contours of Q-criterion showing streamwise vortices next to heated wall

[29], this is shown in Fig.3.10. The vortices develop next to the heated wall and form in a
streamwise direction. It can be seen that the location of the vortices align with the streaks
of enhanced wall heat transfer. Further downstream of the transition region the number of
visible vortices is reduced, and the vortices start to lose their streamwise orientation.

Looking at a contour of helicity in Fig.3.11, the streamwise vortices can be visualised.
The contour is at section 6 which is located in the transition region. Helicity is a measure
of the streamwise vorticity and can be used to visualise vortex cores, the sign of the helicity
shows the direction of rotation of the vortices. It can therefore be seen that the streamwise
vortices in the casing rig are forming into counter rotating pairs, which is consistent with
the literature results.

The effect of the streamwise vortices on the wall heat transfer is shown schematically in
Fig.3.12. In regions where the flow from the counter rotating vortex pairs impinges on the
heated surface, the heat transfer is increased. This is due to the vortex motion compressing
the thermal boundary layer. The thinner thermal boundary layer then has steeper wall
temperature gradients giving higher wall heat transfer. Similarly in the regions where the
vortex motion moves fluid away from the heated surface, the thermal boundary layer is

thickened. This thicker thermal boundary layer has a lower wall temperature gradient and
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Figure 3.11: Contours of helicity at section 6 of casing rig, looking into rig

hence a lower heat transfer. These regions of increased and decreased heat transfer give the
characteristic streamwise stripes in contours of wall heat transfer.

The effect of the thermal vortices thinning and thickening the thermal boundary layer
can be seen by looking at temperature contours from a cross section of the rig, Fig.3.13.
The temperature contours are taken from section 6 of the rig and compare data from the
LES simulation with experimental data taken using the fibre measurement system. The
experimental fibre data was only obtained in the central part of the duct due to access
limitations in the rig. It can be seen that the LES has predicted a very similar temperature
contour to the experimental data with the vortex in the experiment being larger, showing
that the simulation has predicted a similar vortex formation compared to the experiment.

Looking the temperature contours it can be seen that there are distinctive mushroom
shaped structures close to the heated wall. These structures are due to the vortices pulling
hot fluid away from the thermal boundary layer and into the free stream. At the stem of
the mushroom shape the thermal boundary layer is thickest. In this region is where the
vortices are moving hot fluid away form the wall, corresponding to the low heat transfer

region. In the region between the mushroom shapes the boundary layer is thinnest, this
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Figure 3.12: Schematic showing effect of streamwise vortices on wall heat transfer

is where the vortices are impinging on the wall. The action of the vortices increases the
mixing between the thermal boundary layer and the free stream, therefore increasing the

free stream temperature.

3.5 Conclusions

As CFD validation data is very difficult to obtain from a real engine during shutdown a new
natural convection test rig was constructed by MHI.

The gas turbine casing rig had geometry that was representative of a large industrial
gas turbine and had the same diameter as a real engine. The rig operated at the same
Rayleigh Number as a real engine as it matched the engine temperature difference and size.
This meant that the rig would give an engine representative flowfield. The curved outer
wall of the rig was heated to represent the hot outer casing of a gas turbine. It was the
buoyancy forces from this heated outer wall which drove the flow through the rig. CFD
validation data was obtained using rakes of thermocouples and a fibre temperature sensor.
This allowed temperature profiles and wall heat fluxes to be measured.

In order to better understand the flowfield inside of the casing rig, an LES study was
performed. The simulation allowed temperature and velocity contours to be visualised that
could be obtained from the experimental data.

It has been shown how the flowfield in the rig with engine representative geometry
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Figure 3.13: LES and experimental temperature contours at Section 6 of casing rig
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differers from a vertical wall rig operating at the same Rayleigh Number. The transition
mechanism in the vertical wall is via a wave instability whereas in the casing rig transition
is due to the formation of streamwise vortices. It was shown that the vortices have a signif-
icant effect on the heat transfer and cause local heat transfer enhancement as they impinge
on the outer wall.

The thermal vortices also have an effect on the temperature in the free stream outside
of the outer wall thermal boundary layer. The vortices cause increased mixing between the
boundary layer and the free stream, raising the free stream temperature. The effect of this
raised free stream temperature can be seen far downstream of the vortices. It was found
that it was difficult to predict the formation of the vortices using the LES simulation. The
vortex visualised in the experiment was larger than the LES prediction, this meant that the
LES under-predicted the free stream mixing and temperature peak caused by the vortices.

The temperature gradient at the heated outer wall defines the heat transfer, which was a
key output of the simulation. The predicted heat flux from the LES simulation was found to
be giving good agreement with the experimental data, apart from where the vortices were

present.
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Chapter 4
Tall Cavity Study

There are very few experimental validation cases for natural convection where the turbulent
heat fluxes (WT") were measured. This is due to the difficulty in measuring the fluxes, as a
simultaneous measurement of temperature and velocity fluctuations at the same location is
required.

Both mean and rms data from an experimental test case of a differentially heated tall
cavity is available from Betts and Bokhari [6]. For this case both temperature and vertical
velocity data is available at various locations inside of the cavity. The temperature and
velocity data was not measured simultaneously and so the turbulent heat flux terms are not
available.

A simulation was performed using the tall cavity geometry which was validated using
the available experimental data. This simulation was then able to provide details of other
flow features and statistics which were not available from the experimental data, such as
the turbulent heat flux terms.

A Direct Numerical Simulation (DNS) study was conducted in order to obtain resolved
turbulent statistics. The DNS results were also used to visualise the flowfield inside of the

cavity and identify key flow features such as laminar and transition regions.

4.1 Background

The differentially heated closed tall cavity case was investigated experimentally by Betts

and Bokhari [6]. The cavity, shown schematically in Fig.4.1, had dimensions 2.18 x0.076 x
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Figure 4.1: Schematic of tall cavity test case, modified from [6]

0.52 m giving an aspect ratio of over 28:1. The two vertical walls were kept at a constant
temperatures, one was heated electrically and the other cooled with a water jacket. Tem-
perature differences of 19.6°C and 39.9°C between the hot and cold walls were used for
the experiment, giving Rayleigh numbers of 0.86 x 10° and 1.43 x 10° respectively, based
on the cavity width. The wall boundary conditions in this experiment were designed to be
simple to implement in CFD simulations, this is one of the reasons that the tall cavity was
chosen as a validation case.

Measurements were taken of both the temperature and velocity in the cavity. Profiles
of both mean and rms values were obtained at several different heights in the cavity. Tem-
perature measurements were taken using a single k-type thermocouple traversed across the
cavity and velocity measurements were taken using a LDA system with seeding provided
by smoke particles. The large dataset available was another reason that the tall cavity was

chosen as a validation case.
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4.2 Numerical Method

As the turbulent heat fluxes and other turbulent statistics were a key output of this simula-
tion it was decided to use a Direct Numerical Simulation (DNS). This is due to the fact that
a DNS simulation resolves the turbulent fluctuations down to the smallest length-scales,
in contrast to an LES simulation where only the larger scales are resolved and the smaller
scales are modelled. If an LES simulation was used there would be some uncertainty in
the turbulent statistics, as a contribution to the statistics would be due to the effect of the
sub-grid scale model.

The solver used in this DNS study was the high order spectral element code NEK5000
[63]. The computational domain used the complete tall cavity geometry and consisted of
140 x 10 x 30 elements in the height, width and depth respectively. The solver used a high
order accuracy numerical scheme which was 5th order spatial accurate and 3rd order time
accurate.

The Navier Stokes equations are solved in a non-dimensional form in the NEK5000

solver. To non-dimensionalise the equations the cavity width L is used as the length-scale.

The buoyant velocity U = \/ 9B(Thot — TeoaL) s used as the velocity scale, and the non-
dimensional time-scale is then 7 = L/U. The temperature is non-dimensionalised as 6 =
(T — Teota)/(Thot — Teora). Where Tjy and T4 are the hot and cold wall temperatures
respectively.

The Boussinesq approximation is used for the density formulation. The density is then
treated as a constant, simplifying the Navier Stokes equations. The non-dimensionalised
continuity, momentum and energy equations are then given by Equations.(4.1, 4.2 and 4.3)
respectively. Where G is the Grashof number G = g3(Thot — Teoia) L? /v? and Pr is the

Prandtl number Pr = v/a.

V-ou=0 4.1

—4+u-V=-Vp+ Viu+ 6 4.2)

1
ot VGr
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Thot 34.7°C

Toa  15.1°C

L 0076m

B 3.36x 1073 K1
U 0221 m/s

T 0343s

Gr  1.165 x 10°

Pr 0713

Table 4.1: Values used to non-dimensionalise Navier Stokes

Cold Wall Hot Wall
6=0 0=1

Figure 4.2: Mid-plane section of mesh used for DNS simulation

00 1
— +u-Vl =
ot VGrPr

The values used to non-dimensionalise the Navier Stokes equations are given in Ta-

ble.4.1.

V30 (4.3)

The size of domain was 28L x 1L x 6L in the height, width and depth respectively.
The 140 x 10 x 30 elements were distributed uniformly in the height and depth directions
but in the cavity width the elements were clustered towards the walls, as can be seen in
Fig.4.2. As the simulation was run with 5th order spatial accuracy, each element was split
into 5 x 5 x 5 cells. This gave a total cell count for the domain of 5.25 x 10° cells.

The domain boundaries consisted of the six cavity walls, where a no-slip velocity con-
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dition was applied. The hot and cold walls both had a constant temperature boundary
condition applied, at the cold wall § = 0 and at the hot wall § = 1. For the top and bottom
walls the temperature varied linearly from O to 1 across the cavity width. The front and
back cavity walls had an adiabatic thermal boundary condition applied.

The simulation used a non dimensional time-step of 5 x 1073 in order to keep the CFL
number ~0.5 and the calculation stable. The simulation was allowed to fully develop before
averages were calculated over a following 2 million time-steps. The time taken for the flow
to complete one circulation, of rising up the heated cavity wall and falling down the cooled
wall, was ~4007. This means that the averages were calculated over 25 circulation periods,

which equates to 57 minutes of flow time.

4.3 Simulation Validation

In order to validate the DNS simulations the results will be compared to the available
experimental data. As an additional quality check the mesh size will be compared to the
Kolmogorov scales, to check if the DNS has been sufficiently well resolved. The turbulent

spectra will also be compared to standard correlations.

4.3.1 Numerical Mesh Validation

The Kolmogorov scales are the characteristic scales of the smallest turbulent motions [68].
The mesh used for the DNS simulation is compared to the Kolmogorov length scale. If the
simulation is well resolved the mesh size should be of the same order as the Kolmogorov
scale. The Kolmogorov length scale is defined as n = (%)%, where v is the kinematic
viscosity and € is the dissipation of turbulent kinetic energy. The mesh cell size is defined
as the cube root of the cell volume.

Looking at a contour of the ratio of cell size to Kolmogorov scale on cavity mid-plane
in Fig.4.3 shows that the largest ratio is less than 2.5. With the bulk of the domain having
a ratio of less than one. This low ratio of cell size to Kolmogorov scale gives confidence
that the turbulent eddies are being resolved and not filtered out by a coarse grid. The wall

shear length scale is given by Ayt = U.Ay/v, where U, = \/Twau/p is the friction

53



HiH cell size / eta
y 2.5

o = = N
o o ;o O

©
o

Figure 4.3: Ratio of cell size to Kolmogorov length-scale at cavity mid height

velocity. The calculated mesh spacings based on wall shear at the hot wall are 0.8, 8 and
8 for Azt Ay™, Az", the wall normal, streamwise and spanwise directions respectively.
These low values give further confidence that this DNS is sufficiently resolved [71].

A spectral plot of velocity fluctuation against frequency is given in Fig.4.4. The velocity
was sampled at a point on the cavity mid-plane at 50% height and a location 8% of the
cavity width from the cold wall. It can be seen that the initial decay of turbulent energy
follows a -5/3 slope, which is consistent with the energy spectra for isotropic turbulence
[68].

The Kolmogorov time-scale is given by 7, = (f)% The smallest value of the Kol-
mogorov time-scale on the cavity mid-plane is 89 x 1073, the simulation time-step of
5 x 1073 is therefore over an order an magnitude smaller than the Kolmogorov time-scale.

This means that the DNS has sufficient temporal resolution to resolve the fastest turbulent

eddies.
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Figure 4.4: Spectrum plot of DNS velocity at a point on the cavity mid plane at 50% height
and 8% of the cavity width

4.3.2 Experimental Data Validation

Temperature validation

Experimental validation data is available for the mean and rms temperatures at several cav-
ity locations. A comparison of the mean temperature profile on the mid-plane of the cavity
at 50% height can be seen in Fig.4.5. It can be seen that there is good agreement between
the experimental data and the DNS data. The prediction of the temperature gradient near
the walls is also important as the wall temperature gradient sets the wall heat transfer. As
can be seen in Table.4.2 there is good agreement between the two datasets, particularly as
the calculation of the temperature gradient is susceptible to noise in the experimental data.
To reduce the effect of noise the gradient was calculated by a linear best fit through the 2nd
to the 5th point away from the wall.

A plot of rms temperature fluctuations at 50% cavity height is shown in Fig.4.6. It
can be seen that the DNS is predicting temperature fluctuations which are larger than the
experimentally measured values. The profile of temperature fluctuation is also different, the

experiment having a very flat profile across the cavity width and the DNS having distinct
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Figure 4.5: Non-dimensional mean temperature profile on cavity mid-plane at 50% cavity
height

y/H (%) Experiment DNS Difference

95 -65.5 -62.4 -4.7%
90 -52.9 -50.2 -5.2%
70 -31.0 -41.4 33.7%
60 -32.9 -39.9 21.1%
50 -42.0 -40.2 -4.3%
40 -47.4 -39.1 -17.5%
30 -35.6 -36.9 3.6%

10 -21.9 -15.6  -28.7%
5 -16.9 -11.2 -33.7%

Table 4.2: Experimental and DNS cold wall heat flux at different cavity heights (W /m?)
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Figure 4.6: Non-dimensional rms temperature profile on cavity mid-plane at 50% cavity
height

peaks close to the walls at 8% and 92% of the cavity width. These peaks in temperature
fluctuation correspond the the peaks in vertical velocity magnitude.

The discrepancy in the amplitude of temperature fluctuations could be down to the
sampling rates used for the DNS and experiment. The DNS used a non-dimensional time-
step of 5 x 1072 for numerical stability reasons, this equates to a time-step of 1.715 ms or
a sample rate of 583 Hz. In the experimental temperature data collection, 2048 samples
were recorded in 128 s [6], which equates to a sample rate of 16 Hz. As a rule of thumb a
sample rate should be at least ten times the signal frequency in order to resolve the signal
amplitude [74]. This is higher rate than the Nyquist criterion of twice the highest signal
frequency as the requirement is to resolve signal amplitude and not only frequency. This
means that the DNS can resolve signal amplitudes up to 58.3 Hz and the experiment can
resolve signal amplitudes up to 1.6 Hz. The thermocouple in the experiment will also be
acting as a low pass filter to reduce the amplitude of the higher frequency fluctuations.

The flow history from the DNS simulation was monitored at a point in the cavity mid
plane at 50% height and 8% of the cavity width, corresponding to the location of the peak

in rms temperature fluctuation. A frequency spectrum plot of the temperature data from
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Figure 4.7: Spectrum plot of DNS temperature signal at a point on the cavity mid plane at
50% height and 8% of the cavity width

this point is shown in Fig.4.7. It can be seen that there is significant energy present in
the temperature signal at frequencies above 1.6 Hz. This could be the cause of the lower
value of rms temperature fluctuations found in the experiment. As the higher frequency
fluctuations were not captured by the experiment, this could give the lower measured rms
temperature.

At the point on the cavity mid plane at 50% height and 8% of the cavity width, the DNS
data was low pass filtered to represent the low sampling rate and thermocouple response
time of the experimental data. A Ist order 0.1 Hz filter was found to give a non-dimensional

rms temperature fluctuation of 0.05, the same as the experimental measurements.

Velocity validation

Experimental data is also available for mean and rms vertical velocity profiles at several
cavity heights. Comparing the DNS to the experimental data for the mean velocity at 50%
cavity height in Fig.4.8, shows good agreement between the two datasets. The biggest
difference between the two datasets occurs at the peak velocities close to the heated walls,

however this difference is only around 0.04 m/s. This is likely to be within the measurement
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Figure 4.8: Non-dimensional mean vertical velocity profile on cavity mid-plane at 50%
cavity height

error of the LDA system, however the measurement error was not quoted.

Experimental profiles are also available for rms vertical velocity fluctuations. This data
is compared to the DNS data at 50% cavity height in Fig.4.9, and it can be seen that there is
good agreement between the two datasets. The maximum difference between the datasets
occurs in the centre of the cavity, and is around 0.02 m/s. This difference is again likely to
be within the experimental error margin.

The combination of numerical validation and validation against experimental data gives
confidence in the DNS that is correctly predicting the tall cavity flowfield. The DNS can
then be used to obtain data such as the turbulent heat fluxes that are not available experi-

mentally.

4.4 Tall Cavity Flowfield
4.4.1 Mean Flowfield

The flowfield inside of the cavity is driven by buoyancy forces. The buoyancy forces set

up a recirculating flowfield where the flow is heated and rises upwards at the hot wall and
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Figure 4.9: Non-dimensional rms vertical velocity profile on cavity mid-plane at 50% cavity
height

is cooled and sinks down at the cold wall.

It can be seen by looking at the mean velocity in Fig.4.10, that the bulk of the flow
movement is close to the hot and cold walls, with the peak velocities occurring at the
bottom of the hot wall and the top of the cold wall. In the region at the centre of the
cavity the mean velocity is very low. Thermal stratification occurs in the cavity with hot
fluid collecting at the top of the cavity and cold fluid towards the bottom. These thermally
stratified regions act to slow down the rising hot fluid as it approaches the top of the cavity
and similarly with the cold fluid at the bottom of the cavity.

The rms temperature and velocity contours are also shown in Fig.4.10. Despite the
mean velocity in the centre of the cavity being almost zero, the rms velocity fluctuations in
the centre are relatively large. Similarly the mean temperature in the centre of the cavity is
relatively uniform with a non dimensional temperature of 0.5, yet there are significant rms
temperature fluctuations in this region. These regions of large fluctuations suggests that the

flow is more complex than a simple recirculating flow.
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Figure 4.10: Mean and rms temperature and velocity at cavity mid-plane

4.4.2 Instantaneous Flowfield

The instantaneous velocity and temperature field is shown in Fig.4.11. The velocity field is
shown using a Line Integral Convolution (LIC) technique and coloured by temperature. The
flow inside of the cavity can be seen to contain lots of turbulent eddies which extend into
the centre of the cavity. It is these eddies that are responsible for causing the fluctuations
in temperature and velocity seen in the centre of the cavity. These turbulent eddies average
out over time to give the simple mean flowfield found in Fig.4.10.

The turbulent structures inside of the cavity can also be visualised using iso-surfaces
of Q-criterion, shown in Fig.4.12. Only the bottom half of the cavity is shown due to the
symmetry of the case. The central core of the cavity can be seen to contain a large number
of turbulent structures. There is a region located at the bottom of the heated wall where
the turbulent structures are not visible. This is where the boundary layer starts growing
upwards along the heated wall. A similar low turbulence region is also visible at the top of

the cold wall. The flow in these regions is laminar and transitions to turbulence as it flows
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Figure 4.11: Instantaneous temperature and velocity at cavity mid-plane

along the wall.

It is these turbulent structures that require an eddy resolving technique such as DNS
or LES in order to be captured. The turbulent fluctuations caused by these structures are
modelled in RANS simulations and the choice of turbulence model can therefore have a

significant impact on the accuracy of the numerical solution.

4.4.3 Wall Heat Transfer

The non-dimensional heat transfer on the hot wall of the tall cavity is shown in Fig.4.13.
The Nusselt number is defined as Nu = %m. Towards the bottom of the hot
wall is the laminar region, this can be seen as the region with more uniform heat transfer.
This region also corresponds to the region with no turbulent structures shown in Fig.4.12.
Turbulent streaks are visible in this region, which is the start of the transition of the flow

into a turbulent boundary layer flow. The turbulent flow can be seen by its effect on the

wall heat transfer, with the characteristic peaks and troughs of heat transfer indicative of
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Figure 4.12: Iso-surface of Q-criterion in bottom half of the cavity

turbulent flow. Towards the top of the hot wall and the bottom of the cold wall, the thermal
stratification causes the flow velocity to reduce. This reduction in velocity also causes a

reduction in the wall heat transfer, which can be seen at the top of the cavity.

4.5 Turbulent Heat Flux

The turbulent heat flux terms (u/0’) are difficult to measure, as they require a simultaneous
measurement of temperature and velocity fluctuation at the same location. Experimentally
measured turbulent heat fluxes are therefore not available for the tall cavity case, but the
turbulent heat fluxes can be obtained from the validated DNS data. Contours in the cavity
mid-plane of the horizontal and vertical components of the turbulent heat flux are shown in
Fig.4.14. It can be seen the largest values of turbulent heat fluxes occur around the cavity
mid height, this is where the largest rms temperature and velocity fluctuations occur.

The assumption made by the SGDH turbulent heat flux model is that the turbulent
heat flux term is proportional to the mean temperature gradient. The mean horizontal and

vertical temperature gradients from the DNS data are shown on the cavity mid-plane in
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Figure 4.14: Contours of non-dimensional turbulent heat flux on cavity mid-plane

64



10 28 0.5

-0.5

21 1-1.5

1-2.5

o] a8

-7.5

OO_‘I\J(D-BU'IO)\IOO(DD

1

Figure 4.15: Temperature gradients on cavity mid-plane

Fig.4.15. The horizontal temperature gradient is close to zero in the centre of the cavity
with the larger gradient occurring closer to the hot and cold walls. If the assumption that the
turbulent heat flux is proportional to the mean temperature gradient is used, then this would
give low values for u/# in the centre of the cavity. It was seen in Fig.4.14 however that the
'@ turbulent heat flux has the largest magnitude in the centre of the cavity. Similarly the
vertical temperature gradient is small except at the very top and bottom of the cavity. The
vertical turbulent heat flux v/’ however has the largest values at the cavity mid-height with
the value reducing towards the cavity top and bottom. This shows that the assumption that
the turbulent heat flux is proportional to the mean temperature gradient is not valid for this
cavity flow.

The resolved turbulent heat fluxes from the DNS simulation can now be used to help

validate turbulent heat flux RANS models.
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4.6 Conclusions

There are very few experimental validation cases for natural convection where the turbu-
lent heat fluxes (u/T”) were measured. A simulation was therefore performed in order to
calculate turbulent heat fluxes for a natural convection test case. The test case chosen was
the differentially heated tall cavity investigated by Betts and Bokhari [6]. This case was
chosen as both mean and rms data for the temperature and vertical velocity was available at
various locations inside of the cavity. The temperature and velocity data was not measured
simultaneously and so the turbulent heat flux terms are not available but the individual rms
components could be used to validate the simulation.

A Direct Numerical Simulation (DNS) study was conducted to simulate the cavity flow-
field. A DNS simulation was chosen over a computationally cheaper method in order to
resolve rather than model the turbulent statistics.

The DNS results were used to visualise the flowfield inside of the cavity, it was found
that the centre of the cavity contained lots of turbulent eddies which were responsible for
creating the turbulent fluctuations in the cavity. The wall heat transfer was also visualised
and it was possible to identify the laminar and turbulent regimes of the wall boundary layer.

Comparisons of the DNS data with the experimental data gave good agreement for the
mean temperature and velocity. It was found that the DNS predicted a higher level of tem-
perature fluctuation than the experimental data. This was likely down to the contribution
of the higher frequency temperature fluctuations that were captured in the DNS but not the
experimental data.

The turbulent heat flux terms were then extracted from the DNS study. It was found
that the turbulent heat fluxes were not proportional to the mean temperature gradient as
is sometimes assumed. These turbulent heat flux terms can now be used for validation of

turbulent heat flux RANS models.
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Chapter 5
Turbulent Heat Flux Modelling

In order to improve predictions of natural convection heat transfer using RANS simulations,
more advanced turbulent heat flux models were implemented into ANSYS Fluent. The RANS
simulations were validated using data from three test cases, the heated vertical plate, the
differentially heated tall cavity and the gas turbine casing rig.

For each of the three validation cases, results from RANS simulations were compared
to the validation datasets. It was found that the baseline SGDH model consistently under-
predicted the heat transfer by more than 20%, making this model unsuitable for engineering
design calculations. The implemented GGDH and AFM models were found to perform
better than the baseline, giving errors in wall heat transfer of around 10%. This places
the models within the target of 20% error and therefore makes the models suitable for
engineering design use. The results from the GGDH and AFM models were similar to each
other, meaning the extra complexity, cost and reduced numerical stability of the AFM model
over the GGDH model hasn’t led to a significant improvement in heat transfer predictions.

A modification to the GGDH model was developed to improve heat transfer predictions
in regions of stratified flow. This GGDH+ model gave improved predictions in the top half
of the casing rig test case.

It has been concluded that the GGDH model is the best choice for engineering design
calculations. It is giving improved predictions over the SGDH model but without the com-
plexity of the AFM model. The GGDH+ model may also help for flows featuring thermal

stratification.
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5.1 Implementation

The new turbulent heat flux models were implemented in Fluent using User Defined Func-
tions (UDFs). The first step was to suppress the internal calculation of the turbulent heat
flux which uses the built in SGDH model. With the SGDH model W o 1/Pry, so setting
the turbulent Prandtl number to a large value will set the internally calculated turbulent heat
fluxes to zero.

The new turbulent heat flux term can then added back into the energy equation. If the
Navier Stokes energy equation is written as in Equation.5.1, the turbulent heat flux term

o(uT")

5. can be treated as an energy source term. This source term is then added into Fluent

using using a UDF source term function.

oT OUT 9 ( aT)_a(W) o)

ot + or;  Ox; a@xi o0x;

This method of implementing new turbulent heat flux models using UDF was then val-
idated. An unmodified Fluent case uses the SGDH turbulent heat flux model, therefore
a case using the SGDH model implemented using a UDF should give the same result.
A SGDH model was then implemented using a UDF and the results compared to an un-
modified baseline case. The results from a vertical plate test case are shown in Fig.5.1,
comparing the heat transfer from the baseline to a case using a UDF. The results from the
two cases are almost identical, validating this method of implementing turbulent heat flux
models in Fluent. The new GGDH and AFM turbulent heat flux models could then be
implemented using the same method.

The GGDH model could be closed using the terms from the mean flow and turbulence
model, but the AFM model required a temperature variance term in order to be closed.
A scalar transport equation for the temperature variance term (7'2) was implemented into
Fluent using a user defined scalar (UDS).

The temperature variance transport equation from Kenjeres and Hanjalic [38] is given
by Equation.5.2 . Where D7 is the diffusion term and Pr and €7+ are the production and
dissipation terms respectively. The empirical constant Cr» = 0.09 and f, is a damping

function given by f, = exp (—3.4/(1 + Re;/50)?), where Re, is the turbulent Reynolds
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Figure 5.1: Vertical plate heat transfer using unmodified internal SGDH model and UDF
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In order to maintain numerical stability when using the new turbulent heat flux models,
several techniques were used. Under-relaxation of the energy source term was used and
was found to improve stability. Under-relaxation factors were in the range 0.01 to 0.1, the

lower factors increased stability at the cost of the increased number of iterations required
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to reach convergence. Another technique used was to set bounding values, the temperature

variance term was bounded to make sure it could not go negative.

5.2 Vertical plate validation case

The case of natural convection over a heated vertical plate has been studied by several
authors including, Siebers et. al. [78] and Tsuji and Nagano [97]. The heated plate is
useful as a validation case as it is one of the few test cases available in the literature that
operates at a Rayleigh Number of the same order as an industrial gas turbine (10'°).

For validation of the RANS simulations, correlations for the plate heat transfer are avail-
able as well as correlations for thermal boundary layer profiles. Experimentally measured
values for the turbulent heat flux terms are also available, which is unusual for a natural

convection test case.

5.2.1 Numerical method

Numerical simulations were performed on the vertical plate test case using ANSYS Fluent
v15.0. Steady RANS simulations were conducted in order to represent the type of simula-
tions commonly used in industry. To obtain a baseline a simulation was conducted without
any UDF and therefore used the SGDH turbulent heat flux model. Further simulations were
run using the GGDH and the AFM turbulent heat flux models implemented using UDF.

The computational mesh used for the vertical wall case is shown in Fig.5.2. The domain
was 4 X 1 x 2 m in the height, width and depth from the plate. This was to match the 4 x 1
m heated plate used by Tsuji and Nagano [97]. The mesh depth of 2 m kept the ratio of
boundary layer thickness to mesh depth less than 0.1 at the top of the plate. This was to
avoid the side-wall boundary condition affecting the boundary layer growth. The mesh
consisted of 5 x 10° nodes with the spacing being biased towards the heated plate in order
to keep the wall y™ < 1.

The boundary condition for the heated plate was set at a constant temperature of 60.6°C
to match the Tsuji and Nagago data [97]. The bottom of the domain used a pressure inlet

boundary condition at ambient pressure and 15.3°C, with the outlet at the top of the domain
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Figure 5.2: Cross section of vertical plate computational mesh

also being at ambient pressure. The side-wall parallel to the heated plate used a symmetry
or inviscid-wall flow boundary condition and was adiabatic. The front and back walls were
set as a periodic boundary condition.

The numerical scheme used was a coupled pressure velocity scheme with second order
upwind spatial discretization. The turbulence model used was Menter’s & — w SST model
[55].

In order to judge if the solution had converged a surface monitor was created on the
heated plate. The heat flux integrated over the plate was monitored at each iteration. When
the value stopped changing with subsequent iterations it was judged that the plate heat flux
and hence the thermal boundary layer had reached a converged solution. As a secondary
check for convergence the error in the global energy balance was checked, the solution was

judged to have converged if the imbalance was less than 0.1%.
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5.2.2 Results & Discussion
Flowfield

The flowfield in the vertical plate case is that of a boundary layer growing as it flows
upwards along the heated plate. Both momentum and thermal boundary layers develop
along the plate, this can be seen in the temperature and velocity profiles from a RANS
simulation in Fig.5.3. Profiles are given at distances 1,2,3 & 4 m from the bottom of the
heated plate, these distances correspond to Rayleigh Numbers of Ra, = 5.1 x 10%, 4.1 x
101°) 1.4 x 10™ & 3.3 x 10! respectively.

The temperature profiles have been non-dimensionalised as 7% = (1" — T.) /(T piate —
T.)- It can be seen that the temperature of the air starts off at the plate temperature before
decaying to the free stream temperature. The initial decay in temperature away from the

plate can be seen to be linear. This is the constant heat flux region of the boundary layer as

ar

5. 1s aconstantand ¢ = —Ag-.

described by George and Capp [35], as

A length scale for the inner region of a turbulent natural convection thermal boundary
layer was proposed by George and Capp [35] and modified by Siebers et. al. [78]. The
length scale 1, = 1, (Ail—::) (TPTZ—::‘i)OM where 1, = (a?/98(Tpiate — Tm))l/g, and A\pjae
and )\ are the thermal conductivity of the air at the plate and free stream respectively. The
inner region of the thermal boundary layer was split into a viscous sublayer and a buoyant
sublayer with temperature correlations given for each. The temperature profiles from a
RANS simulation are compared to the correlations in Fig.5.4. It can be seen that the results
from the simulation are very good compared to the experimental correlation for both the

viscous sublayer and the buoyant sublayer.

The velocity profiles are also shown in Fig.5.3, the velocity has been non-dimensionalised

by the buoyant velocity to give u* = w/+/gB(Tpiate — Too) H where H is the height of the
heated plate. The velocity profile starts at zero at the plate before rising to a peak and then
decaying back down to zero. As the flow rises up the plate the peak velocity can be seen to

increase and move away from the plate as the boundary layer thickens.
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Figure 5.4: Inner region thermal boundary layer profiles
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Plate Heat Transfer

Profiles of heat transfer on the centreline of the heated plate are shown in Fig.5.5. The
profiles calculated using the three turbulent heat flux models are compared to experimental
correlations from Tsuji and Nagano [97]. The Nusselt Number (Nu,) and Rayleigh Num-
ber (Ra,) are defined using the coordinate y, the distance from the leading edge of the
heated plate.

The boundary layer at the start of the heated plate is initially laminar and the heat
transfer profile follows the trend Nu, o Ra;/ *. It can be seen that in the laminar region all
three models are giving similar results and correctly predicting the trend of heat transfer.
The transition region occurs at Rayleigh Numbers between 10° and 10'° and it can be seen
that all three models have predicted transition occurring in this region.

The heat transfer in the vertical plate boundary layer increases after after it transitions
to turbulence. The heat transfer then follows the trend Nu, o Ra;/ °. Tt can be seen that
the simulation using the SGDH model has predicted a heat transfer trend that is the correct
slope but the value of heat transfer is lower than the experimental correlation. This result
was expected as it is known that the SGDH model cannot correctly predict the turbulent
heat fluxes parallel to the heated plate. The GGDH and AFM turbulent heat flux models
are also predicting the correct slope of the heat transfer profile but are giving improved

predictions for the heat transfer compared to the correlations.

Turbulent Heat Flux

Experimentally measured values of the turbulent heat flux terms «/7” and v'T" are com-
pared to the values predicted by the turbulent heat flux models in Fig.5.6. The values are
compared along a line normal to the plate at y=2.54 m, equivalent to Ra, = 8.33 x 10'°.
The turbulent heat flux normal to the plate (v/7”) has been predicted well by all three
turbulent heat flux models. The SGDH model is predicting a reasonable value for this term
as the temperature gradient normal to the plate is significant, and the SGDH model assumes
the turbulent heat flux is proportional to the temperature gradient. The GGDH and AFM

models also have a similar term which is proportional to the temperature gradient and hence
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Figure 5.5: Heat transfer from vertical plate case using different turbulent heat flux models

have also accurately predicted the turbulent heat flux.

However the turbulent heat flux term parallel to the plate (v'T”) is predicted to be almost
zero by the SGDH model. This is due to the temperature gradient parallel to the plate
being small and hence the predicted turbulent heat flux also being very small. The GGDH
and AFM models have predicted non-zero values for the v'T” turbulent heat flux but the
magnitude of the predicted value is still lower than the experiment. This is a significant
improvement in the prediction of the turbulent heat flux compared to the SGDH model and

is responsible for the improved predictions of the plate heat transfer.

5.2.3 Vertical plate conclusions

Simulations were conducted on the heated vertical plate geometry using the baseline SGDH
turbulent heat flux model as well as the implemented GGDH and AFM turbulent heat flux
models. The flowfield in the heated plate case is that of a boundary layer growing as the
flow rises up the plate, and the temperature profiles in the thermal boundary layer were
shown to agree well with available experimental correlations.

The heat transfer from the plate was compared to experimental correlations for both the
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Figure 5.6: Vertical plate turbulent heat fluxes profiles at y=2.54 m

baseline case using the SGDH model and for the GGDH and AFM models. It was found
that in the laminar region all three models agree well with the heat transfer correlation. In
the turbulent region of the flow the models predicted the correct slope of the Nu, — Ra,
plot but the SGDH under-predicted the value of the heat transfer. Whereas the GGDH and
AFM models both gave very similar predictions to each other, which were closer to the
experimental data.

The values of the turbulent heat flux predicted by the three models were compared to
the experimentally measured values. For the wall normal turbulent heat flux (u/T") it was
found that all three models gave good predictions compared to the experimental data. For
the turbulent heat flux parallel to the wall (v/1”) the values predicted by the SGDH model
were almost zero, much lower than the experimental data. This is due to the temperature
gradient parallel to the plate being very small and the SGDH assumes the turbulent heat
flux is proportional to the temperature gradient. This very low prediction of the turbulent
heat flux explains the low prediction of wall heat transfer. The GGDH and AFM models
gave better predictions of the v/7” turbulent heat flux compared to the SGDH model, but the

predictions did not match the same peak as the experimental data. This improved prediction
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of the turbulent heat flux is responsible for the improvement in the prediction of the plate
heat transfer.

It was shown that the implemented turbulent heat flux models can give improved pre-
dictions of turbulent heat fluxes and wall heat transfer for a high Rayleigh Number natural

convection flow.

5.3 Tall cavity validation case

The second validation case is the differentially heated tall cavity. This was studied by Betts
and Bokhari [6], and was chosen as a validation case as a large dataset is available for
both temperature and velocity. This has been supplemented by the results from the DNS

simulation discussed in Chapter 4.

5.3.1 Numerical method

Steady RANS simulations were conducted using the tall cavity geometry. RANS simula-
tions were chosen due to being commonly used in industry. A baseline case was run using
the SGDH model which was compared to cases using the GGDH and AFM turbulent heat
flux models.

The RANS simulations were conducted using ANSYS Fluent v15.0 using the pressure
based solver, with the £ — w SST turbulence model. The computational domain consisted
of the whole cavity and was 2.18 x 0.076 x 0.52 m in the height, width and depth re-
spectively, shown schematically in Fig.5.7. The mesh was a structured hexahedral type
consisting of 150 x 50 x 75 nodes, with the nodes clustered towards to hot and cold walls
to keep the y* < 1.

Wall boundary conditions were used on all six sides of the cavity with the no-slip ve-
locity condition. The cold and hot walls used constant temperature boundary conditions of
15.1°C and 34.7°C respectively. The top and bottom walls had a temperature profile that
varied linearly between the cold and hot temperatures and the front and back walls used
adiabatic boundary conditions.

To ensure that the simulations had converged sufficiently a surface monitor on the hot
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Figure 5.7: Schematic cross section of tall-cavity

wall was used. The wall heat flux was integrated over the surface and plotted at each
iteration, when the value no longer changed the solution was deemed to have converged.
The overall heat balance was also checked to make sure the global heat flux imbalance was

less than 0.1%.

5.3.2 Results & Discussion
Flowfield

The flowfield predicted by the steady RANS simulations is that of a recirculating flow in-
side of the cavity, this can be seen in Fig.5.8. The temperature has been non-dimensionalised
asT* = (T'—1T,)/(Ty, — T.), where T, and T}, are the cold and hot wall temperatures. The
vertical velocity has been non-dimensionalised by the buoyant velocity,

v =v/ \/m where the length-scale L is the cavity width. The steady RANS
simulations were not able to resolve the turbulent eddies that were found in the DNS simu-
lation, the effects of these eddies on the flow and heat transfer therefore have to be included

in the turbulence model and the turbulent heat flux model.
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Figure 5.8: Contours of temperature and vertical velocity on cavity mid-plane

Temperature profiles

Non-dimensional temperature profiles at nine cavity heights are shown in Fig.5.9. The
results from the RANS simulations using the three turbulent heat flux models are compared
to the experimental data and the results from the DNS simulation. It can be seen that there
is good agreement between the temperature profiles at each of the cavity heights, meaning
that the RANS simulations can predict the mean temperature profiles. This shows that
the SGDH model can be used if only the general temperature field is required from an
engineering calculation, as there is little benefit from the more complex turbulent heat flux

models.

Heat Transfer

The temperature profiles close to the cavity cold wall are shown in Fig.5.10, the temper-
ature gradient next to the wall defines the heat transfer, an important result for the RANS

simulations to predict. It can be seen that the differences in gradient are relatively small but
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Figure 5.9: Temperature profiles on mid-plane of tall cavity at different vertical heights
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the temperature profile from the simulation using the SGDH model is consistently lower
than the experiment and DNS. The temperature profiles from the simulations using the
GGDH and AFM models have a near wall gradient that are closer to the experiment.

The differences in the wall heat transfer predicted by the RANS simulations compared
to the DNS data are given in Table.5.1. The DNS dataset was chosen as the baseline
dataset over the experimental data as the gradient calculated from the experimental data is
subject to measurement errors, and small errors in the temperature measurement can have
a significant effect on the temperature gradient. The DNS data gives a straight line for the
temperature profile next to the wall, making the gradient calculation more reliable. It can
be seen that at most of the locations the SGDH model is under-predicting the heat transfer
by over 20% whereas the GGDH and AFM models are giving predictions that are within
10%, this accuracy is then sufficient for the results to be used for engineering design. The
large difference between the DNS and RANS simulations at the bottom of the cavity is
likely due to the lower values of heat transfer in this region, therefore small errors in the
temperature gradient will have a relatively larger effect on the heat transfer.

The GGDH and AFM models are both giving very similar results to each other, this
means that the additional complexity of the AFM model is not giving an additional benefit
in heat transfer predictions. The AFM model is computationally more expensive than the
SGDH and GGDH models, as it requires an equation to be solved for the temperature vari-
ance. The AFM model is also computationally less stable than the other models requiring
lower relaxation factors. This would likely make the GGDH model the best compromise of
complexity against accuracy for engineering calculations. The SGDH model could still be
useful for engineering simulations, due to its numerical robustness low computational cost,

for results where relative differences and trends in heat transfer are required.

Velocity profiles

Vertical velocity profiles non-dimensionalised by the buoyant velocity ( gB(Ty, — TC)L>
are shown at nine heights in the cavity in Fig.5.11. It can be seen that all three RANS
simulations are giving good predictions for the mean velocity profiles. This shows that the

more complex turbulent heat flux models are not needed if the general flowfield is all that
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Figure 5.10: Near wall temperature profiles on mid-plane of tall cavity at different vertical
heights

82



y/H(%) SGDH GGDH AFM
95 1.6% -14%  -2.6%
90 12%  47%  3.2%
70 -203% -47%  -5.7%
60 -234% -6.5% -6.7%
50 271%  -98% -9.8%
40 -280% -9.6% -9.1%
30 -28.1% -84%  -7.6%
10 10.0% 45.6% 49.9%
5 15.5% 50.6% 57.4%

Table 5.1: Differences in predicted wall heat transfer from DNS data

is required from a simulation. This also shows that the implemented turbulent heat flux

models are not having an adverse effect on the velocity field.

Turbulent Heat Flux profiles

Values of the turbulent heat flux predicted by the different models are compared to resolved
turbulent heat fluxes from the DNS dataset. Profiles of the /1" term are shown at nine
cavity heights in Fig.5.12. In the profiles around the cavity mid-height it can be seen that
the SGDH model is under-predicting the magnitude of the turbulent heat flux compared to
the DNS dataset. The GGDH and AFM models however are giving predictions that are
very close to the DNS data at locations around the cavity mid-height. The bottom of the
hot wall and the top of the cold wall are the start of the thermal boundary layers, it can
be seen in this region that all three models have predicted turbulent heat fluxes that have a
greater magnitude than the DNS data.

Profiles of the v"T” turbulent heat flux term are shown in Fig.5.13. It can be seen that
in all of the profiles the turbulent heat flux models have under-predicted the v"1” term
compared to the DNS data. The SGDH model has predicted almost zero for the v'T” term
as the vertical temperature gradient is relatively small compared to the temperature gradient
across the cavity width. The GGDH and AFM models have predicted larger values for the
term but this is still significantly lower than the DNS value. This under-prediction of the
v'T" term could be the reason why the RANS simulations are still giving values of wall

heat transfer that are ~ 10% low when compared to the DNS data.
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Figure 5.11: Vertical velocity profiles on mid-plane of tall cavity at different vertical heights
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Figure 5.12: Profiles of «/T” turbulent heat flux in tall cavity
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Figure 5.13: Profiles of v/T" turbulent heat flux in tall cavity
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It was found that for both the «/T’ and v'T’ terms the GGDH and AFM models are
giving very similar results. The additional complexity and computational expense of the
AFM model is not leading to a significant improvement in turbulent heat flux and hence
heat transfer predictions. This would suggest that the GGDH model is a better choice for

engineering calculations than the AFM model.

5.3.3 Tall cavity conclusions

Steady RANS simulations were conducted on the differentially heated tall cavity geometry
using three different turbulent heat flux models. A baseline simulation used the SGDH tur-
bulent heat flux model and was used for comparison against simulations using the GGDH
and AFM turbulent heat flux models. The RANS simulations were validated with both
experimental data and data from the DNS simulation detailed in Chapter.4.

It was found that the general temperature profile was well predicted by all three RANS
simulations. The velocity profiles were also well predicted, showing that the implemented
turbulent heat flux models were not having any adverse effect on the temperature and ve-
locity fields.

The prediction of the wall heat transfer is often a key output of engineering simula-
tions. The heat transfer predictions using the baseline SGDH model were found to be
under predicted by often more than 20%, making them unsuitable for engineering design
calculations. The heat transfer predictions using the implemented GGDH and AFM models
however were found to reduce the under-prediction to less than 10%, which is acceptable
for engineering design use.

The values of the turbulent heat flux predicted by the models were compared to resolved
values from the DNS dataset. For the w/T’ term the GGDH and AFM were giving very
similar results to the DNS dataset at the cavity mid-height, with the SGDH model under-
predicting the magnitude of the term. For the v/T” term however all three models were
under predicting compared to the DNS data. The SGDH model prediction was almost zero
for the v'T" term, with the GGDH and AFM giving non-zero values but were still lower than
the DNS. This under-prediction of the v/T” term is likely to be the reason for the remaining

under-prediction of the wall heat transfer.
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5.4 Casing Rig validation case

The casing rig validation case provides data which is closest to that found in a gas turbine
during shutdown. The rig uses representative geometry and operates at the same Rayleigh
Number as a real engine. Temperature data from the rig will be combined with velocity
and turbulent heat flux data from LES simulations in order to validate RANS simulations.
The casing rig is a challenging test case for the RANS simulations as it features transition
and the formation of streamwise vortices as well as buoyancy forces aiding and inhibiting

turbulence.

5.4.1 Numerical method

Steady RANS simulations were performed on the casing rig geometry using the three dif-
ferent turbulent heat flux models. The computational mesh used was the same as that pre-
viously used for the LES study of the rig, this allows a direct back to back comparison with
the LES but is not representative of the coarser meshes that would be used by engineers in
industry.

The computational mesh used for the RANS simulations is shown in Fig.5.14. The
mesh was a structured hexahedral type consisting of 7.0 x 10° cells, the mesh was clustered
towards the outer wall in order to keep the wall y™ < 1.

The solver used was ANSYS Fluent v15, run as a pressure based coupled solver using
the k — w SST turbulence model. The temperature boundary conditions were taken from
the casing rig test case.

It was found that the simulations needed to be run in an unsteady manner in order to
obtain convergence. The simulations were run with a 0.1 s time-step for 1000 time-steps,
20 though flow periods, to allow for initial transients to decay. Averages were then taken
over a further 1000 time-steps. A typical surface monitor of the outer wall heat transfer
can be seen in Fig.5.15. Whilst simulations were successfully run using the SGDH and
GGDH turbulent heat flux models, it was found not to be possible to get the casing rig
case to converge when using the AFM model. The simulation using the AFM model would

diverge even when run with low relaxation factors and small time-steps.
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Figure 5.15: Surface monitor of outer wall heat transfer
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5.4.2 Results & Discussion

Temperature Profiles

Time averaged temperature profiles from the RANS simulations are compared to the ex-
perimentally measured temperatures and the time averaged LES temperature profiles. The
results are shown at the six measurement locations around the casing rig in Fig.5.16. The
temperature has been non-dimensionalised as 7" = (T — Tiner)/(Touter watt — Lintet)s
with the distance from the outer wall r being non-dimensionalised by the duct height H
=0.32 m.

Firstly comparing the results of the RANS simulations to the LES, it can be seen that in
general the RANS simulations are agreeing well with the LES temperature profile. Com-
paring the RANS simulations to the experimental data it can be seen that at section 6, the
furthest upstream section, the peak in the temperature profile caused by the streamwise
vortices is not as pronounced as in the experimental data. The streamwise vortices have
a significant effect on the mixing between the thermal boundary layer and the cold free
stream, this effect was not fully captured by the LES and RANS simulations, this is giving

lower free stream temperatures compared to the experiment.

Heat Transfer

A key output of the RANS simulations is the accurate prediction of the wall temperature
gradient and hence the wall heat transfer. Temperature data measured using the fibre mea-
surement system has sufficient spatial resolution to calculate the wall temperature gradient,
and this data is available at sections 6, 5 & 4. It is difficult to obtain an accurate mea-
surement of the temperature gradient in the experiment, as small changes in the measured
temperature can have a large effect on the gradient. The gradient was calculated by fitting a
straight line through the data, this was to minimise the effect on the gradient of noise from
the measurement data. The first point closest to the wall was not used and the linear fit was
through the next 5 points. The integral method for calculating the gradient from Ebadi et.
al. [18] was also tested and found to give very similar results to the linear best fit method.

The near wall temperature profile at section 6 is shown in Fig.5.17. Due to the presence
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Figure 5.16: Temperature profiles at six measurement locations in casing rig
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Figure 5.17: Wall temperature gradient at section 6

of the streamwise vortices at section 6, it is difficult to accurately predict the heat transfer
at this location, as can be seen by the large differences from the experimental heat transfer.

The near-wall temperature profiles at section 5, further downstream in the casing rig,
are shown in Fig.5.18. The SGDH model has predicted a temperature profile that is close
to that of the experimental data, giving a good prediction of the wall heat flux. The GGDH
model is predicting a thicker thermal boundary layer but is still predicting a heat transfer
that is close to the experiment. The thicker profile predicted by the GGDH model could be
due to the streamwise vortices still having an effect on the temperature profile at section 5.

Section 4 is the furthest downstream location where the fibre temperature data is avail-
able. It is the furthest from the effect of the streamwise vortices and closest to that of
a turbulent natural convection boundary layer. The temperature profiles at section 4 are
shown in Fig.5.19. The SGDH model is now starting to under-predict, but is still within the
required 20%. This under-prediction of the heat flux by the SGDH model is the trend that
is found when the SGDH is used for turbulent natural convection flows.

Contours of the time averaged outer wall heat transfer from the LES and RANS sim-
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Figure 5.19: Wall temperature gradient at section 4
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ulations are given in Fig.5.20. The Nusselt Number has been calculated using the outer
wall radius Nug = hR/\ and the conductivity is based on the inlet temperature. The gen-
eral form of the heat transfer distribution is a small initial region of very high heat transfer
where the cold fluid first comes into contact with the hot wall and the thermal boundary
layer is very thin. As the laminar boundary layer grows and thickens the heat transfer then
reduces. The boundary layer then transitions through the formation of streamwise vortices,
these vortices cause a significant increase in the wall heat transfer when the vortices im-
pinge onto the outer wall. After the streamwise vortices decay the turbulent boundary layer
grows and thickens, causing the heat transfer to be reduced.

Comparing the results of the RANS simulations to the LES simulation it can be seen
that the vortex formation and transition location is occurring later in the RANS simulations.
The effect of the vortices is also propagating further downstream in the RANS simulations,
this was seen in the temperature profile at section 5. In the top half of the cavity the reduc-
tion in heat transfer as the turbulent boundary layer thickens and forms a stably stratified
region is not present in the RANS simulations, giving a higher heat transfer in the top of the
cavity. The GGDH model is also predicting a higher heat transfer than the SGDH model in

this region and is not predicting a reduction in heat transfer due to the stable stratification.

Turbulent Heat Fluxes

As no experimental data is available for the turbulent heat fluxes in the casing rig, the
terms predicted by the RANS simulations using the different turbulent heat flux models are
compared to the terms resolved by the LES simulation. The terms are compared in polar
coordinates as the circumferential W and outer wall normal U/T” terms.

Profiles of the circumferential turbulent heat flux term (W) are shown at the six
measurement locations in Fig.5.21. It can be seen that in general the RANS models are
under-predicting the streamwise! turbulent heat flux. The SGDH model is predicting al-
most zero values at all six locations, this is due to the streamwise temperature gradient

being small. The GGDH model is also under predicting the streamwise turbulent heat flux,

IThe circumferential velocity is much larger than the radial velocity, hence the circumferential turbulent
heat flux can be considered the streamwise turbulent heat flux.
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Figure 5.20: Time averaged heat transfer contours on casing rig outer wall

but at the locations further downstream in the rig the model is performing better and is
predicting the same trend as the LES.

Profiles of the wall normal turbulent heat flux (U;7") are shown in Fig.5.22 at the six
measurement locations in the casing rig. It can be seen that there is a trend that in the
upstream sections of the rig the RANS models are under-predicting the wall normal tur-
bulent heat flux whereas at the downstream sections the RANS models are over-predicting
the turbulent heat flux. The reason for this trend is due to the effect of buoyancy on the
turbulent fluctuations. In the upstream sections of the rig the flow is on top of the heated
wall and the buoyancy force acts to increase the turbulent fluctuations. In the downstream
sections of the rig the flow is underneath the heated wall giving a stable stratified flow, the
buoyancy force then acts to damp out the turbulent fluctuations. This effect is resolved by
the LES simulation but is not modelled by the RANS simulations. The effect on the flow
can be seen as transition occurs later in the RANS simulations compared to the LES. At the

top of the rig the wall heat transfer has been over-predicted by the RANS simulations due
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to the over-prediction of the wall normal turbulent heat flux.

The casing rig is a challenging case for a models to predict the turbulent heat fluxes.
This is due to the complexity of transition through the formation of streamwise vortices
and the effect of buoyancy aiding and damping turbulent fluctuations. It has been found
that the RANS simulations tend to under predict the streamwise turbulent heat flux with
the SGDH model giving an almost zero value. The wall normal turbulent heat flux showed

under-prediction in the lower half of the rig and over-prediction in the top half.

5.4.3 Buoyancy Modification

It was found that the RANS simulations did not predict the reduction in heat transfer at the
top of the casing rig. This was found to be due to the over-prediction of the wall normal
turbulent heat fluxes at the top of the casing rig. The SGDH and GGDH turbulent heat
flux models do not contain any buoyancy terms, so cannot model the reduction in turbulent
fluctuations in stably stratified regions. The AFM model has one buoyancy term but this
model requires an extra equation for the temperature variance to be solved. This extra
computational cost combined with the instability of the AFM model does not make this an
attractive option. What is desired is a modification to the turbulent heat flux model to allow
for the effects of buoyancy to be modelled.

A modification to the GGDH model has been developed in order to include the effects
of buoyancy in the model. The GGDH model was chosen as the starting point as it performs
better than the SGDH model but without the instability of the AFM model. The baseline
GGDH model has a constant C' = 0.15 that scales the predicted turbulent heat flux. This
constant has been replaced by the function given by Equation.5.6.

In Equation.5.6 the term tanh }%} determines if the flow is over a horizontal or vertical
surface. Where u is the velocity perpendicular to the gravity vector and v is the velocity
parallel to the gravity vector. If the flow is parallel to a vertical surface then the term will
become 0 and the function will revert to C' = 0.15. The term sgn (%%) determines if
the flow is above or below a heated surface. If the flow is below a heated surface the term
will be -1, and +1 for flows above a heated surface. The function will therefore increase the

turbulent heat flux when the flow is above a heated surface and decrease the turbulent heat
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Figure 5.21: Circumferential turbulent heat flux term in casing rig
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Figure 5.23: Time averaged heat transfer contours on casing rig outer wall

flux when the the flow is below a heated surface. This modification to the GGDH model

will be referred to as GGDH+.

orT

C =0.15 (1 + tanh ’%‘ sgn (‘%87>) (5.6)
j

A RANS simulation was run using the GGDH+ model, with the same numerical method
as described previously. The outer wall heat transfer is compared to the other RANS sim-
ulations and the LES results in Fig.5.23. The modification to the GGDH model can be
seen to have reduced the heat transfer in the top half of the cavity compared to the baseline
GGDH model. The heat transfer distribution is now closer to that predicted by the LES
simulation.

The effect of the GGDH+ model on the predicted circumferential and wall normal tur-
bulent heat fluxes is shown in Fig.5.24 and Fig.5.25 respectively. For the circumferential
turbulent heat flux the predictions are still low compared to the LES and have been further

reduced towards the top of the domain. For the wall normal turbulent heat flux the results

99



Increase over baseline

SGDH (UDF) 6.4
GGDH 59
GGDH+ 5.7

Table 5.2: Fluent UDF increase in computational cost per time-step

are similar to the baseline GGDH model in the bottom half of the rig. Towards the top of
the rig the modification is working as desired as is reducing the turbulent heat flux term to
be closer to the LES value. At section 1 the modification has reduced the turbulent heat
flux too much and the value is close to zero.

This study has demonstrated that the modification to the GGDH term is able to improve
the wall heat transfer in the region where the flow is underneath a heated surface. Out-
side of this region the modification had little effect over the baseline GGDH model. This
modification can therefore be used in combination with the GGDH model to give improved

predictions for cases with stably stratified flows.

5.4.4 Computational Cost

The aim of this investigation was to produce numerical predictions at a computational cost
available to engineers. The increase in computational time when using the UDF are com-
pared to a baseline case without any UDF, the results are given in Table.5.2. It can be seen
that the increase in computational cost is due to the use of UDF rather than more complex
turbulent heat flux models. This can be seen as the SGDH model using the UDF takes over
six times longer than the baseline case, also using the SGDH model. If the more advanced
GGDH and GGDH+ models were implemented directly into Fluent then it may be possi-
ble to use these models with little computational cost increase. It was found that in all of
these cases a time-step of 0.1 s was stable and the simulations took a similar number of
time-steps to converge.

The baseline casing rig case with a 7 million cell mesh took ~45 s per time-step on
a 32 core engineering desktop PC, or 25 hours for 2000 time-steps. This is a reasonable
computational time for an engineer, but the 6 days for a case using the UDF would likely

be too long, and would instead require time on a more powerful cluster.
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Figure 5.24: Circumferential turbulent heat flux term in casing rig
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Figure 5.25: Wall normal turbulent heat flux term in casing rig
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Figure 5.26: Cross section of reduced casing rig computational mesh

5.4.5 Reduced Mesh study

The mesh used for the initial RANS simulations was the same mesh as used in the LES
study of the casing rig. This allowed for a direct comparison of the RANS with the LES
but this mesh is not representative of the type of mesh that would be used by engineers in
industry when performing RANS simulations. A study has therefore been conducted using
a reduced mesh of the casing rig geometry.

The computational domain will include only the measurement section of the casing rig
and will no longer include the inlet section. The mesh refinement will also be reduced,
giving a coarser mesh. A cross section of the reduced mesh is shown in Fig.5.26, the mesh
contains 7.7 x 10° cells compared to 7.0 x 10° in the larger mesh. This order of magnitude
reduction in mesh size causes a significant reduction in computational cost, both in CPU
time and memory requirement. The reduced mesh still has the cells clustered towards the
walls keeping the outer wall y < 1.

The boundary conditions were the same as used on the previous larger mesh, except
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that the inlet now used a total pressure profile to represent the effect of the inlet section.
The numerical set up was also kept the same as in the previous RANS simulations, but it
was found that the simulations converged sufficiently well when run in a steady manner.
Removing the need to run an unsteady simulation gave a large reduction in computational
cost, with the baseline SGDH case taking under 10 minutes to run on a 32 core PC. It was
also found that the AFM model was able to be run using reduced mesh and give a converged
solution.

The outer wall heat flux profiles from the reduced mesh RANS simulations are com-
pared to the time averaged LES results in Fig.5.27. It can be seen that the RANS sim-
ulations with the reduced mesh have not predicted the streamwise vortex formation near
section 6. The predicted transition location has also moved further downstream to between
sections 3 and 4, visible due to the increase in heat transfer in this location. Comparing the
three RANS simulations to one another it can be seen that the GGDH and AFM models are
in general predicting higher levers of heat transfer than the SGDH model. This is likely due
to the prediction of larger turbulent heat fluxes. The GGDH and AFM models are giving
similar predictions to one another but the GGDH model has been found to be more stable.

Looking at the temperature profiles from the reduced mesh simulations in Fig.5.28, it
can be seen the RANS profiles are agreeing in general with the LES. This shows that the
reduced mesh can be used to predict the general flowfield. It can also be seen that the
GGDH and AFM models are giving similar predictions to one another.

It has therefore been shown that for the casing rig case it is necessary to include the
inlet into the computational domain and have a fine mesh in order to capture the streamwise
vortices. The reduced mesh was not able to predict the correct distribution of outer wall heat
flux but could be used by engineers to predict the general flowfield. It was also found that
when the AFM model case converged the results were very similar to the GGDH model
case. As the AFM model has been found to be less numerically stable than the GGDH

model, the GGDH model is the best of the two for engineering simulations.
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Figure 5.27: Outer wall heat transfer contours, RANS simulations with reduced mesh

5.4.6 Casing Rig conclusions

RANS simulations were conducted on the gas turbine casing rig geometry to test the perfor-
mance of different turbulent heat flux models. The casing rig is a challenging test case for
the simulations as it features transition and the formation of streamwise vortices. There is
also flow both above and below a heated wall, giving situations where the buoyancy forces
are aiding or inhibiting boundary layer growth at different locations inside of the rig.

A baseline RANS simulation using the SGDH model was compared to simulations run
with the GGDH turbulent heat flux model. It was found that it was not possible to get a
simulation using the AFM model to converge. The models were compared with data from
experimental measurements and from an LES simulation of the rig.

The temperature profiles predicted by the RANS simulations were similar to each other
and followed the same trend as the experiment. This shows that the simplest SGDH model
could be used if a qualitative prediction of the temperature field is required. The simulations

predicted the streamwise vortices forming later on in the rig and hence did not predict
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Figure 5.28: Non-dimensional temperature profiles in casing rig, RANS simulations with
reduced mesh
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the temperature peak found in section 6 of the experiment. This also gave lower mixing
between the thermal boundary layer and the free-stream.

A key output of the simulations is the prediction of the wall heat flux, which is set by
the wall temperature gradient. The temperature gradient predicted by the RANS simula-
tions was compared to experimental data at sections 6, 5 & 4 in the rig. At section 6 the
streamwise vortices were present, this made heat transfer predictions difficult and makes it
hard to draw conclusions on the performance of the models. Further downstream at section
5 the effects of the vortices were still present in the simulations but both the SGDH and
GGDH models were giving good wall heat flux predictions. Finally at section 4 the flow
was closest to that of a turbulent boundary layer flow, both models were giving good pre-
dictions of the heat flux but the trend of the SGDH model under-predicting was starting to
appear.

The turbulent heat flux terms that were predicted by the models were compared with
resolved terms calculated by the LES simulation. For the streamwise term it was found that
the RANS models under-predicted compared to the LES. The SGDH model performed the
worst and predicted almost zero values for the streamwise term. The GGDH model per-
formed better when predicting the streamwise heat fluxes, and at the downstream turbulent
sections could predict the locations for the peaks in the profile. For the wall normal tur-
bulent heat flux the RANS models tended to under-predict at the bottom of the rig and
over-predict at the top of the rig, this was due to the effect of buoyancy on the turbulent
fluctuations.

The RANS models did not predict the reduction in wall heat transfer towards the top of
the casing rig caused by the development of a stratified flow. A modification to the GGDH
model was developed to account for the effect of the buoyancy forces on the turbulent heat
flux terms. The GGDH+ model was found to improve the predictions of wall heat flux and
turbulent heat fluxes at the top of the casing.

The SGDH and GGDH temperature profiles were similar meaning the simpler model
could be used for qualitative flow predictions. It was also found that the AFM was too
unstable to be used in this case, which would mean that this model may not be suitable

for test cases run by engineers. The best model for engineering use would therefore be the
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GGDH model with the GGDH+ modification, giving a compromise between computational

cost and accuracy.

5.5 Conclusions

RANS simulations run using three different turbulent heat flux models were validated on
three separate test cases, the heated vertical plate, the differentially heated tall cavity and
the gas turbine casing rig.

The heated vertical plate was used as a validation case as it operates at Rayleigh Num-
bers that are the same order as an industrial gas turbine during shutdown. There is also
validation data from different literature sources, including measurements of turbulent heat
fluxes. The differentially heated cavity was used as there is a large experimental dataset
available, including measurements of mean and rms temperatures and velocities. The ex-
perimental data from the tall cavity was supplemented by a DNS simulation of the cavity,
providing resolved turbulent heat flux terms for validation of the RANS modelled terms.
The final validation case was the gas turbine casing rig, this test case is the closest to that
of a real industrial gas turbine, operating at the same Rayleigh Number and using engine
representative geometry. The temperature measurements from the experiment was supple-
mented by data from an LES simulation of the rig.

A method for implementing new turbulent heat flux models into ANSYS Fluent was
developed. This method involved suppressing the internal turbulent heat flux model and
then adding in the turbulent heat flux as a source term into the energy equation. Simulations
were then run to validate this method of implementation, which was found to be successful.

For each of the three validation cases RANS simulations were run, in order to be repre-
sentative of the type of low computational expense simulations that are commonly used in
industry. A baseline simulation was performed which used the SGDH turbulent heat flux
model, this was compared to results from simulations using the GGDH and AFM turbulent
heat flux models that had been implemented into Fluent using UDFs. The results from the
RANS simulations were compared to the validation data for the three test cases, looking at

temperature and velocity fields, heat transfer and turbulent heat flux predictions. Accurate
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prediction of wall heat transfer is a key requirement for the models as this parameter is
important in engineering design calculations.

The baseline case using the SGDH model was able to predict the general flow and
temperature field, meaning that the SGDH model is useful if the general temperature or flow
field is all that is required. The GGDH model could also predict the general temperature
and flow fields, showing the implemented model did not having an adverse effect on the
calculation. The AFM model performed similarly to the GGDH model in the vertical plate
and tall cavity cases but was too unstable to be used in the casing rig case.

For the wall heat transfer prediction it was found that the SGDH model consistently
under-predicted the heat transfer, giving errors of over 20%, this would make the SGDH
model unsuitable for engineering design calculations. The implemented GGDH and AFM
models were found to perform much better in heat transfer predictions than the baseline,
with an under-prediction usually around 10%. This puts the models within the 20% error
margin and allows these simulations to be used for engineering design. The heat transfer
predictions of the GGDH and AFM models were very similar, showing that there is little
benefit for the increased cost and complexity of the AFM model, with the downside of
being less stable.

When comparing the wall heat transfer in the casing rig predicted by the LES to the
RANS simulation using the GGDH model, it was found that the RANS simulation over-
predicted the heat transfer at the top of the casing. In this region the flow is stably stratified
which reduces the heat transfer, however this effect is not included in the GGDH model.
A modification to the GGDH model was developed, known as GGDH+. This modification
added a factor that accounted for if the flow was underneath or on top of a heated surface,
and modified the turbulent heat flux accordingly. This modification was found to improve
the heat transfer and turbulent heat flux predictions over the baseline GGDH model.

The best choice of turbulent heat flux model for prediction of heat transfer in a gas
turbine would therefore be the GGDH model. This is due to the increased accuracy over
the SGDH model and the lower cost and better stability over the AFM model. If the case is
likely to involve regions stably stratified flow then the GGDH+ model would likely be more

appropriate. The SGDH model is still useful for simulations where computational cost has
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to be very low, such as a large design of experiments, where trends are more important than

exact values or where only the general flowfield is required.

110



Chapter 6

Streamwise Vortex Study

An investigation was conducted into the formation and development of streamwise thermal
vortices. The vortices are of interest as they can locally increase the heat transfer and
could cause problems if they occurred in a gas turbine during shutdown. The vortices have
been observed in both the casing rig experiment and numerical simulations. The formation
mechanism of these vortices and what sets the vortex wavelength is not well understood, so
a numerical investigation using the casing rig geometry was conducted.

Numerical studies using LES allowed the flow to be visualised and parameters such as
helicity and vorticity to be shown. A method for the formation of the streamwise vortices
was proposed, which involved the interaction of an incoming boundary layer vortex with
buoyancy forces from the heated wall.

Simulations were also run varying several parameters such as wall temperature and
fluid properties. The variation in wavelength with temperature was found to agree well
with existing experimental data. It was then shown that the variation in wavelength with
temperature was not due to changes in fluid properties.

A final simulation used a heated inner wall, so the flow was underneath a heated sur-
face. In this case the streamwise vortices did not occur but instead a secondary flow phe-

nomenon occurred.
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Figure 6.1: Schematic of thermal vortex wavelength

6.1 Background

Streamwise vortices were found to develop in the gas turbine casing rig, they were observed
in both the experiment and the numerical investigation. The vortices formed as the laminar
boundary layer from the inlet flowed over the heated outer wall of the rig. The buoyancy
force normal to the flow direction caused the boundary layer to wrap up into pairs of counter
rotating vortices. These vortices then acted as the transition mechanism for the boundary
layer.

The vortices’ impact on the heat transfer from the heated outer wall, when the vortices
impinge onto the heated wall the heat transfer is enhanced. This heat transfer enhance-
ment by the vortices gives characteristic streamwise streaks on a contour of outer wall heat
transfer. The distance between these streaks is set by the vortex wavelength A, shown
schematically in Fig.6.1.

The physical mechanism for the development of the streamwise vortices and the factors
that set the wavelength are not well understood. There are several studies in the literature
that have investigated this vortex phenomenon. An experimental investigation into the
vortices was conducted by Cheng and Kim [12]. The experiment used air flowing over a
heated inclined plate with the vortices being visualised using smoke. The experiment was
conducted with plate angles ranging from 0 to 20° from the horizontal and temperature
differences between the heated plate and the ambient air of between 15.5°C and 37.5°C.
This gave Grashof numbers based on z, the distance from the plate leading edge, of Gr =

1.02 x 10% to 2.13 x 10%. It was found that the inclination angle of the plate did not have

112



a significant effect on the wavelength of the vortices but there was an effect when the plate
temperature was varied. A correlation was presented giving the ratio of critical distance to
the vortex wavelength, z./A = C Gr;/ * Where the critical distance Z. 18 the distance from
the start of the heated wall to when the vortices start to form and A is the vortex wavelength.
The constant C had upper and lower bounds of 0.088 and 0.068 respectively.

The development of streamwise vortices over a heated plate was also investigated by
Sparrow and Husar [86], this time using water as the working fluid. At a fixed AT = 11°C
between the fluid and the heated plate the wavelength of the vortices was not found to vary
significantly over the range of plate angles from 30° to 60° from the vertical. The temper-
ature difference A7 was found to have an effect of the wavelength, with the wavelength
decreasing as AT was increased. The number of vortex streaks increased from 30 to 42 in
a 20 cm width, as AT was increased from 9°C to 28°C.

A more recent investigation into the streamwise vortices was conducted by Jeschke et.
al. and Jeschke and Beer [34, 33]. This investigation used water flowing over an inclined
plate which was heated with a constant heat flux heater. The vortices were visualised using
liquid crystal thermography which allowed for quantitative measurements of the local heat
transfer. The heat transfer enhancement due to the vortices impinging onto the heated plate
was able to be visualised.

The studies on the streamwise vortex phenomenon often consider the problem to be that
of a flow stability problem and analyse the vortices using stability theory, such as in studies
by Chen and Tzuoo [11] and Tumin [100]. To the authors knowledge however there is no
literature that describes the physical mechanism of the vortex formation.

The streamwise vortices show some similarity to hairpin or horseshoe vortices that form
in the viscous sublayer of a boundary layer [22]. The mechanism for the formation of these
hairpin vortices is due to stretching of a transverse vortex element, as described by Kline
et al. [41]. It may be the case that the streamwise vortices are therefore a form of hairpin

vortices.
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Figure 6.2: Schematic of casing rig geometry

6.2 Numerical method

The vortices were investigated using LES simulations of the casing rig geometry, shown
schematically in Fig.6.2. The computational mesh and simulation set-up were the same
as that used for the LES simulation described in Chapter.3. Changes to boundary condi-
tions and material properties were applied one at a time, with the other factors being kept
constant.

For simulations where the material properties were varied, a piecewise linear function

of the property with temperature was multiplied by a constant scaling factor.

6.3 Results & Discussion
6.3.1 Vortex Formation

The mechanism of the formation of the streamwise vortices was investigated using the

baseline case with a 150°C outer wall temperature. The vorticity at the start of the heated
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Figure 6.3: Non-dimensional z-vorticity, streamwise velocity & temperature at three cen-
treline locations

outer wall is concentrated in the boundary layer which formed as the flow travels though
the inlet section. The vortex is formed close to the wall and is in the in the spanwise z
direction, this can be seen in Fig.6.3.

As the boundary layer flow is heated by the outer wall some sections of the boundary
layer, containing the spanwise vortex, rise up due to the action of buoyancy forces. These
rising sections of the boundary layer then enter fluid that has a higher streamwise velocity
than the boundary layer. This higher velocity can be seen by looking at the streamwise
velocity profiles in Fig.6.3. This higher velocity causes the section of fluid and spanwise
vortex to move ahead of the fluid and spanwise vortex still in the slower moving fluid. The
spanwise vortex is then stretched as the upper sections move ahead of the lower sections,
this vortex stretching can be seen in Fig.6.3. This stretching causes parts of the vortex to
become streamwise and form a counter rotating vortex pair. This process is also shown
schematically in Fig.6.4.

In Fig.6.5 contours of non-dimensional z vorticity, circumferential velocity and temper-

ature are given on a plane at a angle of 7.5° from the start of the outer wall. The vorticity has

been non-dimensionalised by the buoyant velocity (\/ gBAT R) and the outer wall radius
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Figure 6.4: Schematic showing formation of streamwise vortices

(R), the circumferential velocity has been non-dimensionalised by the buoyant velocity
and the temperature is given as 7. It can be seen that at several locations the boundary
layer spanwise vortex has been raised up, in between these locations the vortex remains
close to the outer wall. The raised up sections of the vortex are then in the faster moving
fluid, which can be seen in the contour of streamwise velocity, and will move ahead of the
sections of the vortex that remained closer to the wall. Finally this upwards movement of
sections of the vortex can be seen to be driven by a section of rising hot fluid.

The effect of the rising boundary layer moving into faster moving fluid can also be seen
in Fig.6.6. Stream-traces were released 5 mm from the start of the heated outer wall and
coloured by non-dimensional circumferential velocity. Some of the traces can be seen to
have moved further away from the wall than others and then have a higher circumferential
velocity. These traces can then be seen to move ahead of the slower fluid and form the
streamwise vortices.

When the boundary layer vortex is stretched and is turned streamwise the vortices form
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into counter rotating pairs. This can be seen be looking a contours of helicity further
downstream at section 6, a location of 15° from the start of the outer wall, shown in Fig.6.7.
Helicity contours show the location of streamwise vortex cores. The sign of the helicity
also shows the direction of rotation of the vortices, in this case positive values represent a
clockwise rotation looking into the rig. It can be seen that the vortices have formed into
counter rotating pairs by the different signs of the helicity contours in each pair.

A similar vortex phenomenon is that of Gortler vortices, which can form when fluid
flows over a concave surface [75]. The flow instability is due to centrifugal forces which
act normal to the curving flow, this centrifugal force acts in a similar way to the buoyancy
force acting normal to the wall. There will also be some centrifugal forces effecting the
flow in the curved casing rig, but this can be shown to be small compared to the buoyancy
forces. It the buoyancy force per unit volume is given by Fg = pog3(T — Tp) and the
centrifugal force per unit volume is given by For = #V*/r , the ratio of buoyancy forces to
centrifugal forces is given by ¥'5/F,, = 95(T=To)R/v2, For the casing rig case this comes out
to ~ 60, showing that the centrifugal effect is small and the vortex formation can be said to
be a buoyancy driven phenomenon.

The mechanism for the formation of the streamwise vortices has been proposed. The

118



Section 6 (15°)

0 x

-8
annhid .'9" (U R LN[

Figure 6.7: Contours of non-dimensional helicity at section 6

vortices require a buoyancy force that is normal and in the direction away from the wall in

order to form. The mechanism that sets the initial wavelength is not yet understood.

6.3.2 Heat Transfer Enhancement

The streamwise vortices can locally have a significant impact on the wall heat transfer.
When the rotating vortex pair impinges onto the heated wall the boundary layer becomes
very thin and regions of high heat transfer occur. Conversely when the vortices move fluid
away from the heated wall this causes a thickening of the thermal boundary layer giving
reduced wall heat transfer. This effect is shown schematically in Fig.6.8. These regions
of increased and reduced heat transfer give characteristic stripes in a contour of outer wall
heat transfer, which can be seen in Fig.6.9.

Literature data for the local heat transfer is available from Jeschke et. al. [34]. At
different streamwise Grashof Numbers the spanwise variations in Nusselt Number were
plotted, it was found that the peak heat transfer was up to 1.6 times the spanwise average. A
similar plot is shown in Fig.6.10, this is the variation in instantaneous wall Nusselt Number
across the width of the casing rig. The heat transfer is plotted on a line 15° from the start
of the heated wall, which is the location of section 6 of the rig. This location equates to

a streamwise Rayleigh Number of Ra, = 1.37 x 10° or a streamwise Grashof Number of
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Figure 6.10: Outer wall heat transfer across width of duct on a line 15° from start of heated
wall

Gry = 1.92 x 10°. The spanwise coordinate z has been non-dimensionalised by the duct
width W and the wall Nusselt Number has been calculated using the outer wall radius R.
The streamwise vortices can be seen to cause significant local variation in wall heat
transfer across the duct width, with peak Nusselt Numbers over 1000 and the lower val-
ues below 300. In order to quantify the heat transfer enhancement the average (N_u) and
standard deviation (o) across the width have been calculated. The ratio of heat transfer en-

hancement caused by the vortices is 2.25 at section 6. The ratio is defined as (m + a) / (m — a) .

6.3.3 Wall Temperature Study

Previous literature studies on the development of the streamwise vortices have found that
the effect of wall temperature on the vortex wavelength (A) is quite weak and follows a
Gr'/* trend. An investigation was conducted to see if this effect was also found using the
numerical simulations of the casing rig.

The baseline simulation used an outer wall temperature of 150°C and this was compared
to simulations run with wall temperatures of 50, 100, 200 & 250 °C.

The instantaneous outer wall heat transfer for the different wall temperatures is shown
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in Fig.6.11. It can be seen that as the outer wall temperature is increased the location of the
onset of the vortices moves upstream and the vortex wavelength decreases. The strength
of the vortices also increases with increasing wall temperature, this can be seen by the
increased heat transfer caused by the vortices and that the effect of the vortices propagates
further downstream. The increase in heat transfer due to the vortices is lowest in the 50°C
case, this is due to the relatively small temperature difference between the wall and inlet
temperature of 28°C, compared to the other cases. In this case the flow was found to
separate from the inner wall of the rig and impinge on the outer wall, this is the cause of
the peaks in heat transfer seen near section 2.

The wavelength of the vortices decreasing with increasing wall temperature can also
be seen by looking at contours of helicity, shown at section 6 for three temperatures in
Fig.6.12. The non-dimensional helicity shows 13 pairs of vortices for the 100°C case and
14 pairs for the 150°C and 200°C cases. The strength of the vortices in the 100°C case can
be seen to be lower at section 6 due to them having had less time to develop compared to
the other cases.

The data for the vortex wavelength at the different wall temperatures is given in Ta-
ble.6.1. The average wavelength was calculated by dividing the width of the casing rig
(502 mm) by the number of visible vortex pairs. Also given in Table.6.1 is the critical
length z., this is the arc length from the start of the heated wall to the point where the
vortices started to effect the wall heat transfer. This critical length can then be used to
calculate the critical Grashof Number (G7.). The fluid properties used to calculate the
Grashof Number were based on the film temperature, the average of the outer wall and
inlet temperatures.

The vortex wavelength for the different wall temperatures is plotted against the critical
Grashof Number in Fig.6.13, and the data is compared to experimental correlations from
Cheng and Kim [12]. It can be seen that the results from the LES simulations follow the
same Gr.* trend as the correlation. The results are very similar considering they come from
different rigs with different geometries. The different rigs would also have had different

inlet boundary layers, which could also have effected the transition location.
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Figure 6.12: Instantaneous contours of helicity at section 6 at different wall temperatures

Wall Temp (°C) Vortex Pairs A (mm) z.(mm) Gr,

50 9 55.8 450  2.20 x 108
100 13 38.6 200  4.45 x 107
150 14 35.9 150 2.30 x 107
200 14 35.9 100 7.13 x 106
250 21 23.9 70 2.39 x 10°

Table 6.1: Wavelength and critical distance for streamwise vortices at different wall tem-
peratures
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Figure 6.13: Vortex wavelength against critical Grashof Number for different wall temper-
atures

6.3.4 Prandtl Number study

It was found that the effect of outer wall temperature on the vortex wavelength was quite
weak and followed a Gr* trend. It was thought that this change in wavelength could be due
to variations in fluid properties such as the fluid viscosity or conductivity with temperature.
These changes of fluid properties with temperature will effect the Prandtl number of the
fluid.

An investigation was conducted running simulations with a wall temperature of 150°C
but with fluid properties that had been scaled to alter the Prandtl number. Four cases were
run, one with the dynamic viscosity (¢) double that of air and one with half that of air,
keeping the other properties constant. The other two cases scaled the thermal conductivity
(A) to that of double and half that of air. As the Prandtl Number is given by Pr = c,u/\,
these changes will either double or halve the Prandtl Number. Apart from the changes to
the fluid properties the simulations were the same as the baseline case and were run in the
same way.

The vortex wavelength and critical length were extracted from the simulations as de-

scribed previously and the results plotted in Fig.6.14. It was found that there was better col-
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lapse of the data when plotted against the critical Rayleigh Number as opposed to Grashof
Number. The results from the cases with different wall temperatures were found to follow
a trend of Ra/* and the cases with varying fluid properties was also found to follow this
trend.

The outer wall heat transfer with varying fluid properties can be seen in Fig.6.15. The
effect of doubling and halving the dynamic viscosity can be seen to have had a relatively
small effect on the vortex wavelength. The lower viscosity case gave a shorter wavelength
forming 15 pairs of vortices in the rig, compared to the 14 pairs for the baseline case
and 13 for the higher viscosity case. A larger effect on the wavelength was found when the
thermal conductivity was varied, with a higher conductivity giving a shorter wavelength. In
the higher conductivity case 18 vortex pairs were formed compared to the 13 pairs from the
lower conductivity case. The effect of varying the fluid properties on the critical distance
(x.) can also be seen in Fig.6.15. The viscosity had a small effect on the critical distance,
with reducing viscosity reducing the critical distance. The effect from doubling and halving
the thermal conductivity was more significant, when the thermal conductivity was doubled
the critical distance reduced to 50 mm compared to 150 mm in the baseline case. The
distance at which the vortices break down and the flow becomes turbulent can also be seen
to have decreased. When the conductivity was halved the critical distance increased and
the effect of the vortices on the wall heat transfer can be seen to propagate all of the way to
the exit of the rig. The data from varying the fluid properties can be seen in Table.6.2.

These results showed that the viscosity had less of an effect on the vortices than the
thermal conductivity. This suggest that the initial spanwise vortex formation, which would
be affected by the viscosity and the momentum boundary layer, play a less important role
in the formation of the streamwise vortices. This is in comparison to the buoyancy effects,
which are driven by the wall heat transfer and affected by the thermal conductivity.

The overall effect of doubling and halving the fluid Prandtl Number by changing the
viscosity and conductivity was lower than expected. The changes in Prandtl number caused
by the wall temperature change were much smaller than the factor of 2 changes that were
investigated, going from Pr = 0.712 at 50°C to Pr = 0.703 at 250°C. But the magnitude

of the effect from changing the wall temperature was similar to the effect from the large

125



. e 50
v 100
. * A 150
= 200

Lo v

x/A\=0.088 Ra,>%® .-~ * 250

P e 2u
e v 0.5

"_x' ] 2\
+ 0.5\

/ xJ/A\=0.068 Ra %
0
1008 10° 107 10® 10°

Ra,

Figure 6.14: Vortex wavelength against critical Rayleigh Number varying fluid properties

Case Vortex Pairs A (mm) z.(mm) Gr,
211 13 38.6 230 2.08 x 107
0.5u 15 33.5 130 6.00 x 107
2\ 18 27.9 50 8.53 x 10°
0.5\ 13 38.6 250 1.07 x 108

Table 6.2: Wavelength and critical distance for streamwise vortices with different fluid
properties

changes in Prandtl number. This shows that the effect of the vortex wavelength changing

with temperature cannot be put down to changes in fluid properties alone.

6.3.5 Heated Inner Wall

The vortices formed when the flow was on top of the heated outer surface, so the case
of when the flow is underneath a heated surface was then investigated. A simulation was
conducted using the casing rig geometry but with the inner wall heated and the outer wall
unheated.

The boundary conditions for the simulation set the inner wall to a uniform 150°C and
the outer wall to an adiabatic boundary condition. The computational mesh used for the

simulation was modified from the previous test cases, the mesh is shown in Fig.6.16. The
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Figure 6.15: Contours of instantaneous non-dimensional outer wall heat transfer with vary-
ing fluid properties
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Figure 6.16: Cross section of mesh used for heated inner wall case

mesh still used 7.0 x 10° cells but the cells were now clustered towards the inner wall
instead of the outer wall, this kept the inner wall y+ < 1.

The heated inner wall simulation required a smaller time step in order to remain stable,
compared to the heated outer wall cases. The heated inner wall simulation used a time step
of 0.01 s compared to the 0.1 s used previously. The simulation was run for 4000 time
steps to allow for the flowfield to develop with averages then taken over a further 4000 time
steps. The inner wall heat transfer was monitored throughout the simulation to check for
convergence, this history monitor is shown in Fig.6.17.

The temperature and velocity field from the heated inner wall simulation are shown in
Fig.6.18. It was found that the flowfield was very different from that in the heated outer
wall case. Whereas the flow close to the heated outer wall stayed attached, in the heated
inner wall case the flow separates from the inner wall, giving a large separated region in
the top half of the rig.

This separated region at the top of the rig can be seen by looking at the inner wall heat
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Figure 6.18: Cross section of non-dimensional temperature and velocity from heated inner
wall case
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Figure 6.19: Inner wall non-dimensional heat transfer

transfer. It is visible in Fig.6.19 as the region with very non-uniform heat transfer near
section 1.

Also visible in the heat transfer contour further upstream in the rig is a distinctive
herringbone pattern in the heat transfer. This pattern is caused by a vortex phenomenon
which originates at the side-walls of the rig and migrates towards the centreline. These
vortices are a form of secondary flow which form in curved channels. These Dean vortices
[52] where investigated for the flow in a curved rectangular duct by Thangam and Hur [90].
The important non-dimensional parameter for predicting the formation of the vortices is
the Dean Number, given by Dey = Re HC’IQO'5 where the Reynolds Number is given by
Rey = UH /v and Cl is the curvature ratio Rj,,../ H. For this heated inner wall case the
curvature ratio is 1.575/0.32 = 4.9 and the Reynolds Number is 1.1 x 10* this gives a Dean
number of 5000 and puts the flow into an unstable region where the vortices are expected
to occur.

These vortices can be visualised using iso-surfaces of helicity, shown in Fig.6.20. It
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can be seen that the vortices originate in the corner between the heated inner wall and
the side walls, this in in contrast to the streamwise vortices which form throughout the
width of the rig. As one vortex forms and moves away from the side wall and towards the
centreline another vortex forms in the corner downstream of the first, this in turn leads to
the herringbone pattern. The direction of rotation of the vortices formed at the two corners
are different, shown by the different colours of the iso-surfaces, this is different from the
streamwise vortices which form as a counter-rotating pair.

It has therefore been shown that the streamwise vortices did not occur in the heated
inner wall case. Instead a form of secondary flow occurred in the curved duct which also

had an effect on the wall heat transfer.

6.4 Comparison with Hairpin Vortices

The streamwise vortices show some similarity to hairpin or horseshoe vortices that form in
the viscous sublayer of a boundary layer [22]. The formation mechanism for the hairpin

vortices is due to stretching of a transverse vortex element as described by Kline et al. [41].
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Figure 6.21: Vortex wavelength in wall units against critical Rayleigh number

This is very similar to the proposed mechanism for the formation of the streamwise vortices
found in the casing rig. It is therefore thought that the streamwise vortices could be a form
of hairpin vortices.

Firstly the wavelength of the hairpin vortices will be compared to that of the streamwise
vortices. The wavelength of the hairpin vortices in wall units is typically AT ~ 100,
[41, 32] where AT = AU, /v. The wavelength of the streamwise vortices in the casing
rig was calculated in terms of wall units, using the wall shear stress at the point where the
vortices became visible.

The results are plotted against the critical Rayleigh number in Fig.6.21. It can be seen
that the A" values are of the same order as the hairpin vortices, with the average value
being 80, but with a large amount of scatter. A large variation in wavelength from At =
20 — 200 was observed however by Oldaker and Tiederman [62], from experiments in a
water channel. The similarity of the wavelength to that formed by the hairpin vortices
suggests the two mechanisms may be linked.

A difference in the behaviour of the hairpin vortices to the streamwise vortices occurs

as the vortices propagate downstream. The streamwise vortices stay close to and parallel to
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Figure 6.22: Schematic of hairpin vortex

the wall, whereas the hairpin vortices lift up and make an angle of around 45° to the wall.
This lifting of the hairpin vortex was demonstrated by Head and Bandyopadhyay [26] and
is shown schematically in Fig.6.22.

The theory that hairpin vortices are a type of Gortler instability has been disputed by
Jang et al. [32]. The different downstream behaviour of the streamwise vortices and hairpin
vortices would also suggest this. It was also shown with the heated inner wall case that a
buoyancy force away from the wall is required for the vortices to form, this is not the case
for hairpin vortices. The fact that the wavelength in wall units of the streamwise vortices is
similar to that of the hairpin vortices does suggest some link between the two. It could be
the case that the initial wavelength in the spanwise vortex is set by the same mechanism as

the hairpin vortices, before the buoyancy forces start to dominate the vortex development.

6.5 Conclusions

An investigation into the formation of streamwise vortices was conducted in order to better
understand the physical mechanism of how the vortices form. Large eddy simulations were
conducted using the casing rig geometry which allowed for different boundary conditions
and flow parameters to be modified.

A proposed physical mechanism for the formation of the streamwise vortices was de-
scribed. The spanwise boundary layer vortex is raised up at certain points by the action of
buoyancy forces. The raised up sections of the vortex are then in faster moving fluid and

move ahead of the lower sections of the vortex. This action causes the spanwise vortex to
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become stretched and turn streamwise, forming the counter rotating vortex pairs.

The effect of the heat transfer enhancement due to the effect of the vortices was shown.
There was significant variation in heat transfer across the duct width, with the peaks in heat
transfer being over twice that of the lower regions of heat transfer.

The effect of wall temperature on the wavelength of the vortices was investigated. Pre-
vious studies in the literature found a relationship of wavelength to Gr"/*, an investigation
was conducted to see if this relationship also occurred in the numerical simulations of the
casing rig. Simulations with wall temperatures varying from 50°C to 250°C were run and
compared with the experimental correlation. It was found that there was good agreement
between the two datasets, giving confidence in the simulations.

It was thought that the variation in vortex wavelength with temperature could be down
to the effect of changing fluid properties with temperature. A study was then conducted
varying the Prandtl number of the fluid in the simulation. This was achieved by doubling
or halving the fluid viscosity or thermal conductivity. The effect on the vortex wavelength
obtained by changing the viscosity was relatively small but changing the conductivity had
a more significant effect. The changes in wavelength were lower than expected which
shows that the wavelength changes with temperature cannot be put down to changes in
fluid properties alone.

A final investigation was to investigate if vortices would form when flowing underneath
a heated surface. A case was run with the inner wall of the rig heated to 150°C and the outer
wall unheated. It was found that the streamwise vortices did not form but instead a form of
secondary flow occurred. This secondary flow vortex gave a distinctive herringbone pattern
in the contour of wall heat transfer. This investigation shows that the flow does need to be
on top of a heated surface in order for the streamwise vortices to form.

The streamwise vortices were then compared to the similar hairpin vortices found in
boundary layers. Whilst the wavelength of the two types of vortex was similar, the vortex
behaviour was different, meaning that the streamwise vortices are unlikely to be a form of

hairpin vortices.
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Chapter 7

Shutdown Flow Control in Gas
Turbines

During the shutdown of a gas turbine, natural convection flows occur inside of the engine
casing. These natural convection flows cause the top of the engine casing to cool slower
than the bottom of the casing. This non-uniform cooling can cause the casing to distort,
known as “cat back” distortion. This distortion leads to reduced tip and seal clearances
which could cause rubbing and binding. In this study different methods for reducing the
non-uniform casing heat transfer in an industrial gas turbine during shutdown have been
investigated. A baseline case with no active method for reducing the casing heat transfer
has been compared with purge and flow extraction methods. It has been found that the new
proposed extraction method improves the uniformity of the casing heat transfer during the

initial shutdown period.

7.1 Introduction

Natural convection flows occur inside of gas turbine casings during shutdown. These flows
cause non-uniform cooling of the casing and cause the casing to distort, known as “cat-
back” distortion. This distortion of the casing is undesirable as it can cause rubbing and
binding of seals and rotor blades, reducing the operational flexibility of the engine. In order
to reduce the casing distortion during shutdown, methods to make the casing heat transfer
more uniform have been analysed. If the shutdown heat transfer can be made more uniform

and the casing distortion reduced, rotor tip and seal clearances could potentially be reduced.
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Figure 7.1: Cross Section of Gas Turbine Casing, modified from [59]

This could lead to improved engine efficiency and increased compressor stability.

A cross section of a large industrial gas turbine is shown in Fig.7.1. The region of
interest is the large cavity inside of the outer casing, which surrounds the combustor cans.
Immediately after a gas turbine is shut down the outer casing is at a temperature of around
350 °C. The outer casing is a relatively thick cast component which takes days to cool
down [53]. This is compared to the combustor cans which are made of much thinner
metal and cool more quickly, giving temperature differences of over 100 °C between these
components. The different temperatures inside of the engine casing cause buoyancy driven
flows to occur. There is also a flow of air though the engine driven by the draught from
the chimney downstream of the engine. These flows then determine the convective heat
transfer inside the engine casing.

The flowfield inside of the engine is shown schematically in Fig.7.2. In areas where
the flow inside of the engine casing impinges on the outer wall, the heat transfer from
the hot outer casing is increased. At the top of the engine a region of thermally stratified
flow occurs below the outer casing; in this stratified flow region the heat transfer from the
casing is reduced. The low heat transfer in the stratified region and higher heat transfer in

the impingement regions causes the outer casing to cool non-uniformly. This non-uniform
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cooling then leads to “cat-back” distortion of the casing.

7.2 Investigation

This study involved conducting simulations looking at the effectiveness of different meth-
ods for reducing the casing distortion in an engine during shutdown. The simulations were
used to predict the flow and heat transfer inside of a 3D geometry representative of a large
industrial gas turbine casing. The different methods for reducing distortion were evaluated
based on the uniformity of the heat transfer around the casing, as a larger non-uniformity
would give rise to greater casing distortion. This method of conducting 3D simulations of
natural convection shutdown flows is not common in the literature or industry. Instead cor-
relations are often used to obtain the casing heat transfer [24] however correlations cannot
easily predict changes in heat transfer due to changes in design.

The baseline case for this study had no active method of controlling the natural con-
vection flows occurring inside of the gas turbine casing. Without any active controlling
method it would be expected that a region of thermally stratified flow would occur at the
top of the casing. This stratified layer would give low heat transfer from the outer casing.

In order to reduce the non-uniform cooling during shutdown a purge system may be
employed. The purge system injects cool air into the top of the engine through a hole in
the outer casing. The aim of this system is to break up the stratified layer of air at the top
of the casing, hence increasing the heat transfer in this region. Experience from engines
has found that the purge system does not completely eliminate the casing distortion and it
would be desirable to reduce this further. A purge case simulation was conducted in order
to observe the heat transfer distribution using this system.

A proposed method for controlling the outer casing heat transfer is an extraction based
method. Instead of injecting air into the casing, flow is extracted from the casing, with the
aim of removing the thermally stratified layer of air. One feature of the extraction method is
that it could potentially be retrofitted to existing engines if they are using the purge system.
The flow would be extracted through the hole in the casing used for the purge flow, with

modifications limited to the external pipework.
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7.3 Test Case

The geometry used for this study, shown in Fig.7.3, is representative of a large industrial
gas turbine. Previous studies of natural convection flows tend to use very simple geometries
such as the heated concentric cylinder [43], the heated cavity [6] or the heated wall [78, 97].
The inclusion of complexities into the geometry, such as the combustor cans and transition
ducts, can cause effects such as the blockage and local acceleration of the flow. This can
cause a significant difference to the flowfield over the simple test cases.

The geometry consists of a casing outer wall of 3.7 m diameter and an inner wall of
1.32 m diameter, between these is the main flow cavity. The flow enters the cavity though
an inlet representing the flow from the compressor exit, followed by a diffuser into the main
cavity. From the main cavity the flow would then go into the 16 combustor cans, which are
represented by the 16 circular exits in the front wall of the casing.

The boundary conditions used in the transient simulations are representative of those
from an industrial gas turbine just after shutdown. Over the simulation time period of 50
seconds the wall and inlet temperatures are assumed to be constant, as this is much shorter
than the shutdown period of several days. The heat fluxes calculated during this period can
be used to determine if distortion is likely to occur, by observing the uniformity of the heat
flux profile around the casing. As the gas turbine slowly cools the temperatures are likely
to become circumferentially non-uniform. It is believed that the inlet temperature coming
from the compressor exit would develop a temperature profile, with hotter fluid towards the
top of the inlet. This temperature profile could well exacerbate any thermal stratification
inside of the outer casing.

The walls all had constant temperature boundary conditions applied, the outer walls
used 350 °C and all of the other walls used 200 °C. The inlet flow from the compressor
was also at a constant 200 °C, with the inlet being modelled as a constant pressure inlet.
The effect of the draught through the engine from the chimney was also included in the
simulations, this flow was modelled by a 1 kg/s target mass flow rate applied at the com-
bustor outlet. For the cases with a purge flow, this was modelled using a mass flow inlet

boundary condition with an inlet temperature of 20 °C. For cases using flow extraction, this
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was modelled using a pressure outlet boundary condition with a target mass flow rate.

The Rayleigh Number (W) for this case is 4.8 x 10'°, based on the outer wall
radius of 1.85 m, a AT of 150 °C and a reference temperature of 275 °C. This puts the flow
into the turbulent natural convection regime. As the case also features a forced flow though
the outlet, representing the draught from the chimney, then the heat transfer may be a mixed
convection case. To determine if the case in mixed or natural convection the Richardson
number is calculated. Based on the outlet mass flow rate of 1 kg/s and the outlet area of
2.51 m? the outlet velocity is 0.617 m/s, the Richardson number is therefore 13.0, which

puts the case just into the mixed convection regime.

7.4 Numerical Method

The simulations were performed using ANSY'S Fluent v15, using the pressure based solver
with the k—w SST turbulence model [4]. The SGDH turbulent heat flux model was used for

most of the simulations, with the GGDH and GGDH+ models also being tested, see section
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Case Mesh Cell Count Total Outer Wall Heat Transfer (W)

Baseline 4.6 M 12 045
Refined 8.8 M 12 161
Difference —0.95%

Table 7.1: Mesh independence study.

7.6. A second order upwind scheme was used for spatial discretization and a second order
implicit time stepping scheme was used. The simulations were initially run in a steady
manner, the results of which were used as the initial conditions for an unsteady simulation.
A time-step of 50 ms was used for the simulations, which were run for 1000 time-steps
to allow for calculation transients to decay, before averages were calculated over a further
1000 time-steps. The meshes used in the study consisted of 4.6 million cells and were
an unstructured tetrahedral type with prism layers in the boundary layer and a hexahedral
core, Fig.7.4. The prism layers kept the wall y* around 1 or lower. Simulations were also
performed using an 8.8 million cell mesh and the results were found to agree well with the

baseline 4.6 million cell mesh, Table.7.1.
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7.5 Baseline Investigation

The baseline case for the study used the gas turbine geometry with no active method for
controlling the shutdown casing heat transfer. The only inlet into the domain was from the
compressor exit and the only outlet from the domain was the combustor outlet.

The flowfield in the baseline case is three-dimensional and is driven by a combination
of buoyancy forces and the draught through the engine. The flow can be visualised by look-
ing at time averaged stream-traces originating from the inlet and coloured by temperature,
Fig.7.5. The flow enters the domain through the inlet and diffuser and flows into the main
cavity. The flow travels radially outward from the diffuser exit and is drawn towards the
combustor outlets. The flow also reverses direction axially as it moves towards the outlet,
this flow reversal in the axial direction can be visualised by velocity vectors in Fig.7.6, in
a section showing the top of the cavity. As the flow moves radially outwards some of the
flow is accelerated through the small gaps between combustor cans. This can be seem in
Fig.7.7, showing the velocity vectors in the plane of axial section C-C. These accelerated
jets impinge on the outer wall causing locally enhanced heat transfer, as can be seen in
Fig.7.8.

Also visible in Fig.7.5 is that the flow is not symmetric about the vertical axis but
the fluid has a preferred direction around the combustors. As the fluid takes one direction
around the combustor this influences the fluid in the adjacent combustors to also flow in this
direction. This non-symmetry in the natural convection flowfield for flows with symmetri-
cal geometry and boundary conditions has also been observed by Holtzman et. al. [28] and
Yuan et. al. [107]. It was noted by Holtzman et. al. that the symmetrical flowfield is not
stable above a critical Grashof Number. There is only a small difference in heat transfer
distribution between the left and right hand sides of the casing due to the flow asymmetry,
this can be seen in Fig.7.9, with the difference in the total heat transfer between the left and
right sides being under 0.6%. In both sides of the casing the trend of low heat transfer at
the top of the casing compared to the bottom of the casing is clear.

As well as the draught through the casing the flow is also driven by buoyancy forces, in

particular near the hot outer casing. The rising fluid driven by buoyancy forces can be seen
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in Fig.7.7. It can be seen looking at the surface streamlines in Fig.7.8 that the fluid tends to
rise close to the cylindrical part of the outer wall, it is diverted away from the conical part
of the outer wall by the impinging jet flow. At the top of the casing a thermally stratified
region occurs, where the buoyancy forces are reducing the flow velocity, this can be seen
by the low velocity region with few stream-traces in Fig.7.5. This stratified region reduces
the heat transfer at the top of the casing by reducing the wall temperature gradient.

The effect of the three-dimensional flowfield on the outer wall heat transfer can be seen
in Fig.7.8. The effect of the combustors causing local flow acceleration and impingement
on the outer wall can be seen in the local peaks of heat transfer. The lower heat transfer at
the top of the casing due to the stratified region is also evident.

The time averaged heat transfer on the cylindrical and conical sections of the casing
outer wall was area averaged axially at circumferential locations from the bottom to the
top of the casing. This axially averaged outer wall heat flux is plotted around the casing in
Fig.7.10, with 0° being the bottom of the casing and 180° at the top of the casing. It can
be seen that the general trend of the data has a lower heat flux at the top of the casing, this

trend is also evident from the linear best fit through the data.
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This non-uniform heat transfer on the outer casing is responsible for the non-uniform

cooling and casing distortion that occurs in industrial gas turbines.

7.6 Turbulent Heat Flux Model

The initial simulations in this investigation used the SGDH turbulent heat flux model. This
was chosen as it is the simplest and most robust model and the results are suitable for
comparisons of cases and finding trends. To determine the effect of using a more advanced
turbulent heat flux model, simulations were run using the baseline case with the GGDH
and GGDH+ turbulent heat flux models.

It was found that when using the GGDH and GGDH+ models the simulation was less
stable then the baseline case. The time-step of 50 ms used for the baseline case had to
be reduced to 1 ms to keep the simulations stable. The reduction in time-step meant that
the flow time that averages were calculated over had to be reduced to keep an acceptable
computational cost, a flow time of 50 seconds would have taken approximately 45 days on
a 160 core machine. The simulation was therefore run for 2000 time-steps before averages

were obtained over a further 5000 time-steps.
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The outer wall heat transfer profile from the cases run the GGDH and GGDH+ turbulent
heat flux models is compared to the baseline case in Fig.7.11. Initially it can be seen that in
all three cases there is still a heat transfer gradient from the bottom to the top of the casing.

In the GGDH case the heat transfer has been enhanced at the bottom of the casing and
the values are lower compared to the SGDH model at the top of the casing. This can also be
seen more clearly if the Nusselt number is axially averaged over the cylindrical and conical
sections of the outer casing, the circumferential distribution shown in Fig.7.12.

It can be seen in Fig.7.12 that the baseline case using the SGDH model has a profile that
is almost symmetrical about the vertical axis. This is due to the sufficient averaging time
of 50 seconds used for this simulation. The cases using the GGDH and GGDH+ models
can be seen to show more asymmetry, showing that the averaging time of 5 seconds was
not sufficient for the averages to fully converge.

The distribution of heat transfer in Fig.7.12 using the GGDH+ model can be seen to

have a spot of high heat transfer. This spot is caused by impingement of cold flow from
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the inlet onto the outer wall and can be seen in the time averaged stream-traces shown in
Fig.7.13. This high heat transfer in the average profile is likely due to the averaging period
being too short, if averaged over a longer period the stream-traces would become more
symmetrical and the impingement region would likely be spread over a larger area.

What is clear from the stream-traces and heat flux profile of the GGDH+ case is that
the heat transfer at the top of the casing has been significantly reduced compared to the
baseline and GGDH cases. The GGDH+ model includes a term that reduces the turbulent
heat flux for the case of a fluid underneath a hot surface, this has the effect of reducing
the wall heat transfer which has been observed in this case. The large stratified region
with low heat transfer will gave a larger vertical gradient in heat transfer compared to the
baseline case and would make the distortion problems more pronounced than the baseline
case would predict.

The use of more advanced turbulent heat flux models has been found to have an impact
on the the predicted natural convection flow and heat transfer in the gas turbine case, but the

models come with an increased computational cost. For engineering design cases the base-
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Figure 7.13: GGDH+ case, time averaged stream-traces looking rearwards into cavity

line SGDH model may be sufficient for predicting trends and deltas between designs. The
more advanced models could therefore be used later in the design process or for analysis
work for cases where a large eddy simulation is not possible.

The further simulations in this investigation will use the SGDH turbulent heat flux

model.

7.7 Heat Transfer Control Investigation

It has been found that the baseline case—with no methods for controlling the casing heat
transfer during shutdown—gave a non uniform casing heat flux, which would lead to casing
distortion. Two methods have been investigated in order to control the casing heat transfer
during shutdown and reduce the casing heat flux non-uniformity. The two methods are a
purge method where cold air is injected into the casing and an extraction method where air
is extracted from the casing. The two methods are shown schematically in Fig.7.14. The

main aim of both of these methods is to reduce the stratified region and increase the heat
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transfer at the top of the casing.

7.7.1 Purge Case

The first method to control the casing heat transfer was the purge flow case. In this case
cold fluid is injected into the top of the casing in order to increase the heat transfer at the top
of the casing. This technique of using a purge flow is used by large industrial gas turbines
currently in service.

The mesh for the purge case was modified from the baseline by adding a circular inlet
of 60 mm diameter to the top of casing, with mesh refinement around the inlet. The purge
flow boundary condition was 0.13 kg/s flow at 20 °C.

The aim of the purge flow was to increase the heat transfer at the top of the gas turbine
casing. The outer wall heat transfer is shown for this case in Fig.7.16. The purge flow
has increased the heat transfer in small regions very close to the top of the casing, one
region directly around the purge hole and the other further rearward. The high heat transfer

directly around the purge hole is caused by the high HTC from the high velocity jet of the
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purge air. The high HTC region further rearward is due to a recirculating flow impinging
on the sloping rear casing, this can be seen by looking at the velocity vectors on a cross
section through the casing, Fig.7.17.

There is a region from 110° to close to the top of the casing of relatively low heat trans-
fer, in which the effect of local increases in heat transfer caused by the flow acceleration
around the combustors is not visible in the heat transfer distribution. This can also be seen
by looking at stream-traces in the cavity, Fig.7.15. There are fewer stream-traces in the top
half of the cavity, indicating a low flow region. This effect is due to the purge flow inter-
acting with the inlet flow. In the baseline case the flow into the cavity from the compressor
is circumferentially uniform, but in the purge case the distribution is skewed with less flow
going into the top half of the cavity. This can be seen by looking at the circumferential
velocity distribution at the compressor inlet, Fig.7.18. The low velocity into the top half
of the cavity gives a large region of stagnant flow at the top of the casing, causing the low
heat transfer region. The root cause of the low velocity into the top half of the cavity is a

vortex which forms at the top half of the diffuser exit, this can be seen by looking at the
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velocity vectors in Fig.7.17 and an iso-surface of Q-criterion at the diffuser exit in Fig.7.19.
In summary the purge flow is causing a blockage to the flow in the top half of the cavity
giving the low outer wall heat transfer.

Looking at a circumferential distribution of axially averaged heat flux around the cas-
ing, Fig.7.23, the results from the purge flow analysis show that this method also produces
a gradient in heat transfer from the bottom to the top of the casing.

In order to reduce the blockage effect caused by the purge, a case with a lower purge
mass flow rate of 0.05 kg/s was investigated. The blockage effects however are still present
in the lower mass flow rate case. This means the casing heat transfer profile cannot easily
be modified by changing the purge mass flow rate.

Due to the blockage effect, the purge method of controlling the casing heat transfer is
not providing a uniform distribution of casing heat flux. This non-uniform cooling could

then lead to casing distortion during shutdown.

7.7.2 Extraction Case

Another method for reducing the non-uniformity of casing heat transfer is flow extraction
from the gas turbine casing. Instead of injecting air into the casing as in the purge case,

flow is extracted in order to reduce the stratified flow at the top of the casing.
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The first extraction method tested was a system using the same 60 mm diameter hole
used in the purge case, now used for extracting flow. This was to allow for the extraction
system to potentially be retrofitted into existing engines. This test case used the same mesh
as the purge case but the inlet at the top of the casing was changed to an outlet with a target
mass flow rate boundary condition. An initial mass flow rate of 0.13 kg/s was used in order
to be consistent with the purge case.

The flowfield in the extraction case can be visualised by stream-traces released from
the inlet, shown in Fig.7.20. It can be seen that the flow is more uniform than in the purge
case with no large blockage region in the top half of the cavity. The low velocity stratified
region has also been reduced by the extraction flow. This can be seen by in the velocity
vectors at the top of the casing, Fig.7.21.

The time averaged outer wall heat flux is shown in Fig.7.22. It can be seen that the
profile is now more uniform, with the heat transfer being enhanced at the top of the casing.

Results of the axially averaged heat flux around the casing outer wall is plotted around
the circumference for the three cases in Fig.7.23. The heat flux profile around the casing is

more uniform in the extraction case than both the baseline and purge methods. This is true
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Figure 7.22: Extraction Case, Outer Wall Heat Flux With Surface Streamlines

for both a reduction in the local heat transfer peaks from the combustors and the general
trend around the circumference. There is a peak in the heat transfer near to the top of the
casing for the extraction case, this heat transfer enhancement is due to flow acceleration
close to the extraction hole.

In order to obtain a quantitative comparison of the three cases the gradient of a linear
fit though the data in Fig.7.23 has been calculated. The gradient shows the trend of heat
transfer from the bottom to the top of the casing. Ideally the gradient of the linear fit would
be zero, giving no change in the distribution of heat flux around the circumference. The
linear fit for the extraction case shows a 33% reduction in the gradient compared to the
baseline case, showing the more uniform heat transfer distribution with the extraction case.
The linear fit has been calculated using data from 10° to 170°, this avoids the large peak in
heat transfer around the hole which can skew the gradient calculation.

The extracted mass flow in this case was 0.13 kg/s to be consistent with the purge flow
case, however lower mass flow rates could potentially be used. A lower mass flow rate

would have a lower velocity through the extraction hole and less heat transfer enhancement
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Figure 7.23: Circumferential Distribution of Axially Averaged Outer Wall Heat Flux

around the hole, which could give a heat flux profile that is more circumferentially uni-
form. A lower extraction mass flow of 0.05 kg/s was therefore tested. The circumferential
distribution of heat flux with two extraction mass flows is shown in Fig.7.24, it was found
that the lower mass flow case gives a heat flux profile that is similar to the 0.13 kg/s case,
but the region of enhanced heat flux near to the extraction hole is now smaller. This lower
mass flow rate may not be optimal however as the general trend of heat flux is still lower at

the top of the casing compared to the bottom.

7.7.3 Two Hole Extraction

The first extraction method tested used the same 60 mm diameter hole for extraction, as was
used in the purge configuration. This was to allow potential retrofitting of the extraction
system to existing engines fitted with the purge system. For new engine designs a better
system may be possible if the constraint of using the single 60 mm hole is removed. An
alternate method would therefore be extraction from two ports. It can be seen in Fig.7.10
that the lowest heat transfer does not occur right at the top of the casing but at around 170°,
measured from the bottom of the casing. These locations of lowest heat transfer line up
with the point of the combustor being closest to the casing. A modification was tested that

added two holes, of 60 mm diameter, at the locations of lowest heat transfer. The total
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Figure 7.24: Extraction case, circumferential outer wall heat flux with different extraction
mass flows

mass flow rate extracted through both holes was initially kept at 0.13 kg/s to allow for a
comparison with the other methods.

The results of the two hole extraction are shown in Fig.7.25. The distribution of heat
flux looks more uniform than for the single extraction hole but the local regions of high
heat transfer around the extraction holes are still present.

In order to reduce the local high heat transfer around the two extraction holes a case
with a 0.05 kg/s extraction mass flow was tested. It can be seen in Fig.7.26 that the lower
mass flow rate reduced the region of high heat transfer at the top of the casing but the
general trend of heat flux is now lower at the top of the casing than the bottom.

The two hole extraction case does give a more uniform heat transfer profile than the
single hole however the two hole method would be difficult to retrofit and may not be

worth the extra complexity of the single hole.

7.8 Comparison

A comparison of the contours of heat flux on the cylindrical section of the outer casing for

the different methods is shown in Fig.7.27. It can be seen that the extraction methods give a
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Figure 7.27: Comparison of heat flux on cylindrical section of outer casing

more uniform heat flux profile than the baseline and purge cases. The differences between
the one and two hole extraction are relatively small so the benefits of the two hole system
may not be worth the increased complexity. The extracted mass flow rate can be varied to
tune the heat flux profile depending on the results found in service.

The circumferential distribution of wall heat transfer from baseline case is compared
to the 0.13 kg/s extraction case, in Fig.7.28. It can be seen that the profile of outer wall
heat transfer is more uniform using the extraction, with a reduction in the difference in heat

transfer from the top to the bottom of the casing.

7.9 High Mass Flow Case

The previous methods for controlling the shutdown flow tried to modify the natural con-

vection flowfield to improve the uniformity of the casing heat transfer. An alternative tech-
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nique would be to increase the forced mass flow through the engine to the point at which
the natural convection heat transfer would become small, this would occur at a Richardson
number of Rz < 0.3. For the baseline case the forced mass flows was 1 kg/s which gave
mass averaged outlet velocity of 0.9 m/s, a forced mass flow of 5 kg/s would give an outlet
velocity ~4.5 m/s. Using the outer casing radius of 1.85 m, the outer casing temperature of
350°C and the inlet temperature of 200°C this would give R: = 0.28, putting the flow into
the forced convection regime.

A simulation was run using the baseline case but with a target mass flow rate increased
from 1 kg/s to 5 kg/s. For consistency with the baseline the case was run with a 50 ms time-
step for 1000 time-steps, averages were then computed over a further 1000 time-steps.

For this case the inlet flow was assumed to stay at a constant 200°C. If the increased
airflow was drawn from cool ambient conditions then this temperature could decrease,
however the source of the air could be hotter air from downstream of the turbine and be
recirculated back into the inlet.

Looking at the results of the outer wall heat transfer from the high mass flow case
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Figure 7.29: Outer wall Nusselt number contours for baseline and high mass flow rate
cases

compared to the baseline case in Fig.7.29, it can be seen that the levels of heat transfer are
much higher in the high mass flow rate case. This would have the effect of cooling the
gas turbine more quickly during shutdown, which may not be desirable if a quick start-up
is required. The high mass flow rate has performed as desired in creating a heat transfer
distribution that is circumferentially very uniform .

It can be seen that while the heat transfer is circumferentially uniform there is a large
axial gradient in the heat transfer, this may cause issues of increased stress in the outer
casing. The cause of the large axial gradient can be seen by looking at velocity vectors
on the rig centreline, shown in Fig.7.30. The high heat transfer region further rearward
is due to flow from the inlet impinging onto the outer wall. As this flow moves radially
inwards towards the outlet, a recirculation region occurs towards the front section of the
outer casing. This recirculation region is the cause of the lower heat transfer region at the
forward section of the outer wall.

The high mass flow rate case was able to provide a circumferentially uniform outer
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Figure 7.30: Velocity vectors in high mass flow case, Section between combustors 1 & 16

wall heat transfer but also caused large axial gradients in heat transfer. This method of con-
trolling the shutdown flow, by making the natural convection heat transfer small compared
to the forced convection, can therefore not be recommended as a method for reducing the

casing distortion.

7.10 Post Shutdown Case

The previous test cases were run using boundary conditions that were representative of an
engine just after shutdown, the wall temperatures were therefore circumferentially uniform.
As the engine cools a vertical temperature gradient occurs, with cooler temperatures occur-
ring at the bottom of the engine in both the metal and inlet air. This temperature gradient
will affect the natural convection flowfield which in turn will affect the wall heat transfer.
The effect of this temperature gradient will be investigated, one method would be to
perform a conjugate simulation starting from the initial shutdown and proceeding for sev-
eral hours of flow time. The issue arises that the flow time-scale is much shorter than the
time-scale of the large metal components. If a simulation was run with a 50 ms time-step
then hundreds of thousands of time-steps would be required to run for several hours of flow

time.
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An alternative method is to prescribe temperature boundary conditions at several times
after shutdown. This method has a much lower computational cost as only tens of seconds
of flow time have to be simulated to calculate the average wall heat transfer. The problem
occurs in that the temperature boundary conditions are not well known, due to the limited
shutdown temperature data. Simulations will therefore be run using boundary conditions
that are representative of those at two points after the initial shutdown. The results will
show the trend of how the temperature gradient effects the heat transfer.

Two cases were run representing an engine at +2 hours and +8 hours after shutdown.
The geometry was the same as the baseline case with no active method of controlling the
flow. A vertical temperature profile was applied to the boundary conditions for the outer
casing and the inlet. The +2 hour case used an inlet profile that varied linearly from 50 to
100°C, and an outer wall profile that varied from 275 to 325°C. The +8 hour case used an
inlet profile that varied from 25 to 75°C, and an outer wall profile that varied from 175 to
275°C. The forced draught was assumed to keep a constant 1 kg/s for all of the cases. The

numerical method for these cases was the same as the previous baseline case.

7.10.1 Results and Discussion

The outer wall Nusselt number from the baseline +2 hour and +8 hour cases are given in
Fig.7.31. The Nusselt number was calculated using the local outer wall temperature, with
the reference temperature being the average inlet temperature. It can be seen that the heat
transfer profile is very different post shutdown, implying a different flowfield.

The top of the cavity does not show the effect of the accelerated flow through the com-
bustors impinging on the outer wall, and there is a region of high heat transfer at the bottom
of the outer wall. This heat transfer profile can be explained by looking at stream-traces in
the cavity, shown for the +2 hour case in Fig.7.32, the +8 hour case is qualitatively similar
to this. It can be seen that the cold flow from the lower part of the inlet sinks as it flows
into the main cavity, where it then impinges onto the outer wall. This cold flow impinging
on the hot outer casing causes the region of high heat transfer at the bottom of the casing.

The effect of the flow accelerated through the combustors and impinging on the outer

wall is not visible in the contours of the post shutdown cases. This can also be seen in
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Figure 7.31: Outer wall Nusselt number contours at different shutdown times

Fig.7.32, in that the jet from the combustor does not reach the outer wall. Instead it is
stopped by the natural convection boundary layer rising next to the outer wall, which is
much thicker then in the baseline case. The natural convection effects are having a more
significant effect than the jetting caused by the forced flow through the combustors in the
post shutdown cases. This is confirmed by calculating the Richardson number which is
25.3 and 24.8 for the +2 hour and +8 hour cases respectively. These numbers put the flow
into the natural convection regime compared to the baseline in the mixed convection regime
with a Richardson number of 8.0.

The region of low velocity thermally stratified fluid can also be seen to be larger in the
post shutdown case compared to the baseline case. This is causing the region of very low
heat transfer towards to top of the casing.

The effect of the post shutdown temperature gradient on the gradient of outer wall heat
transfer is shown in Fig.7.33. As suspected the vertical temperature gradient has exacer-

bated the vertical heat transfer gradient which has significantly increased over the baseline
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Figure 7.32: +2 hour case, time averaged stream-traces looking rearwards into cavity

case. This figure illustrates the need for an active method of controlling the shutdown
flowfield inside of the engine. If the thermally stratified layer is allowed to develop this
decreases the heat transfer in the top of the casing, causing the stratified layer to increase
further. This acts as a positive feedback mechanism which will ultimately cause casing dis-
tortion. Therefore a shutdown flow control method would ideally stop the stratified layer

from forming.

7.11 Conclusions

An investigation was conducted into methods for reducing the non-uniformity of heat trans-
fer from industrial gas turbine casings during shutdown. Numerical simulations were per-
formed on a geometry that is representative of a section of a large industrial gas turbine.
The simulations were run in an unsteady manner and the results were taken from the time
average of the simulations.

A baseline case with no active method for controlling the casing heat flux distribution

was found to have lower heat transfer at the top of the casing, this region of low heat transfer
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Figure 7.33: Circumferential Distribution of Axially Averaged Nusselt Number

would be responsible for casing distortion.

The use of more advanced turbulent heat flux models was investigated. When the
GGDH+ model was used the vertical heat transfer gradient was found to increase. This
was due to a larger region of stratified fluid forming at the top of the cavity. The penalty
of using the more advanced models was an increased the computational cost so the SGDH
model was used for the rest of the study.

A case with a purge system, which injected cool air into the top of the engine casing
was then investigated. It was found that the casing heat transfer in the purge case was also
non-uniform, with low heat transfer at the top of the casing caused by a blockage from the
purge flow.

A new extraction method for reducing the casing heat flux non-uniformity was then
investigated. The casing heat flux distribution in this case was found to be more uniform
than both the baseline and purge cases. The initial extraction mass flow rate was 0.13 kg/s,
in order to be consistent with the purge case, but other mass flow rates were investigated.
This allows some scope for the heat flux profile in the engine to be tuned by adjusting the

extracted mass flow rate.
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A two hole extraction method was then tested with the aim of further improving the
uniformity of heat flux. It was found that the two hole method gave results similar to the
one hole extraction.

The extraction method was found to give an improved heat flux distribution over the
baseline and purge cases for the initial shutdown period and could give reduced casing
distortion compared to the baseline and purge methods. The extraction method therefore
has potential to improve the shutdown performance for both new engine designs and current
engines if retrofitted.

An alternative method for controlling the shutdown flow is to make the forced convec-
tion large compared to the natural convection, this was achieved with a large mass flow
rate through the engine. The distribution of heat transfer with a large through-flow was cir-
cumferentially uniform but gave a large axial heat flux gradient which could cause thermal
stresses.

The casing heat transfer distribution was then investigated at different times after the
initial shutdown. It was found that the vertical gradient in heat transfer was increased in the
post shutdown cases. This was due to an increased stratified region at the top of the cavity.
The Richardson number of the flow also increased as the natural convection flows became
dominant over the forced draught. The need for a method to control the shutdown flowfield
was shown in order to stop the large stratified region from forming.

In this study the natural convection flow inside of a gas turbine casing during shutdown
was simulated. Different methods of controlling the shutdown flow were investigated and
potential improvements have been identified. It has been shown that the proposed extraction

method could give an improved shutdown performance.
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Chapter 8

Conclusions

8.1 Summary

During the shutdown of a gas turbine natural convection flows occur inside of the engine
casing. These natural convection flows cause non-uniform heat transfer inside of the engine
and can cause the casing to become distorted. The first step in alleviating the shutdown
casing distortion is to understand the flowfield inside of the engine.

Engineers need a computationally low cost method for predicting the natural convec-
tion flow and heat transfer occurring inside of the engine, this means the use of RANS
simulations. It has been found that commercial solvers give errors in wall heat transfer
greater than 20% for high Rayleigh number natural convection flows. Methods to improve
the prediction of heat transfer in gas turbines during shutdown have therefore been investi-
gated.

Experimental data is required in order to validate any new numerical methods. There
are limited datasets in the literature and those available tend to use simple geometries.
Ideally validation data would come from a real engine during shutdown but this is very
difficult to obtain. Instead a test rig was constructed by MHI that represented a section
of gas turbine casing and operated at the same Rayleigh number as a gas turbine during
shutdown.

Validation data from the casing rig gave mean temperature profiles and wall heat trans-
fer measurements. In order to better understand the flowfield inside of the casing rig Large

Eddy Simulations (LES) were conducted. The simulations gave insight into the vortex
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transition mechanism as well as providing turbulent statistics that could not be obtained
directly from the experiment. The combination of experimental and LES data could then
be used to validate RANS simulations.

In order to provide further validation for new numerical methods a literature test case
was used. The differentially heated tall cavity was chosen as a test case due to the large val-
idation dataset available. Both temperature and velocity data is available and data includes
both mean and rms measurements, however the turbulent heat flux terms (W) are not
available. In order to get a better understanding of the flowfield and to calculate turbulent
statistics a Direct Numerical Simulation (DNS) was performed, this allowed the turbulent
heat fluxes to be resolved. The combination of experimental and DNS data could then be
used to validate the new numerical models.

In order to improve predictions of natural convection flow and heat transfer using RANS
simulations, different models for the turbulent heat flux term were implemented. The base-
line model, the Simple Gradient Diffusion Hypothesis (SGDH), was found to be unsuitable
for high Rayleigh number natural convection flows and gave errors in heat transfer greater
than 20%. More advanced models for the turbulent heat flux such as the Generalised Gra-
dient diffusion Hypothesis (GGDH) and the Algebraic Flux Model (AFM) were then im-
plemented into the commercial solver. The performance of the models was then evaluated
using the validation datasets.

During the investigation into the flowfield in the gas turbine casing rig, it was found
that streamwise vortices appeared in the rig and acted as the flow transition mechanism.
The vortices were of interest as they caused a significant enhancement in heat transfer. A
numerical investigation was conducted into the vortices in order to try and understand how
the vortices form and which factors can affect the vortex wavelength.

An investigation was conducted looking at different methods for controlling the natural
convection flow inside of a gas turbine casing during shutdown. Simulations were con-
ducted looking at a baseline case, with no active method of controlling the flow. This was
compared to cases with purge flows injected into the casing and with flows extracted from
the casing. The uniformity of the heat transfer distributions around the casing produced by

the different flow control methods were then compared.
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8.2 Conclusions

A review of the literature found that there are very few studies looking at natural convec-
tion flows in gas turbines during shutdown, with no cases for large industrial gas turbines.
Experimental test cases were found looking at natural convection at high Rayleigh numbers
in simple geometries, such as a vertical plate or cavity flows, which could be used as CFD
validation cases. There was a gap in the literature for a experimental test rig that represents
an industrial gas turbine and operates at engine realistic Rayleigh numbers.

Large eddy simulations were performed on the gas turbine casing rig, it was found that
the vortex transition mechanism that was observed in the experiment was also predicted by
the simulations. The transition also occurred at a lower Rayleigh number than would be
found on a heated vertical plate, This was due to the buoyancy forces from the flow on top
of the heated surface enhancing the boundary layer growth. At the top of the heated rig,
when the flow was underneath a heated surface, the wall heat transfer was found to reduced
due to the thermal stratification reducing the turbulent fluctuations.

The DNS simulation performed on the tall cavity geometry gave a dataset that comple-
mented the experimental data. The mean values of temperature and velocity were in good
agreement with the experiment but it was found that the DNS predicted higher tempera-
ture fluctuations. This was likely due to the higher frequency temperature fluctuations that
were resolved in the simulation but not measured in the experiment. The turbulent heat flux
terms that were resolved by the DNS were then used for validation of turbulent heat flux
models.

A method was developed to implement the more advanced GGDH and AFM turbulent
heat flux models into the commercial solver ANSYS Fluent. The more advanced models
outperformed the baseline SGDH model when predicting wall heat transfer and turbulent
heat fluxes in the vertical plate and tall cavity test cases. The wall heat transfer was then
within the 20% target, making the simulations suitable for engineering design. It was
found that the AFM model suffered stability issues and would not converge when used on
the casing rig geometry. The RANS simulations had a computational cost ranging from

a few minutes on an engineering PC to a day on a cluster, this would put the simulations
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within the reach of engineers.

When comparing the wall heat transfer in the casing rig predicted by the LES to the
RANS simulation using the GGDH model, it was found that the RANS simulation over-
predicted the heat transfer at the top of the casing. In this region the flow is stably stratified
which reduces the heat transfer, however this effect is not included in the GGDH model.
A modification to the GGDH model, known as GGDH+, added a factor that accounted for
if the flow was underneath or on top of a heated surface, and modified the turbulent heat
flux accordingly. This modification was found to improve the heat transfer and turbulent
heat flux predictions over the baseline GGDH model, with the computational cost of the
GGDH+ model being the same as the standard GGDH model.

The SGDH model has been shown to generally give errors in wall heat flux greater than
20%, but the model is useful to engineers due to its fast runtime. It may be useful for studies
where trends are more important than absolute values such as a large design of experiments.
It has been shown that the GGDH and GGDH+ models offer improved accuracy relative
to the baseline SGDH model but with around a sixfold increase in computational time.
The increase in computational time over the baseline SGDH model is due to the use of a
UDF to implement the models. If the models were implemented directly into the solver
a significant speed-up would be possible. A final option available to engineers is to use
a LES rather than a RANS simulation. The LES simulations were found to give the best
agreement with experimental data, but have a increased computational cost over RANS
simulations. The LES has to be run in an unsteady manner and requires a finer mesh than
the RANS simulations. LES may be useful to engineers for certain analysis cases where
the improved accuracy justifies the increased computational cost.

A mechanism was proposed to describe the formation of the streamwise vortices that
were found in the casing rig. Simulations were performed to investigate what sets the vortex
wavelength. It was found that the variation of wavelength with wall temperature agreed
with experimental correlations found in the literature. It was thought that the wavelength
changes could be due to changes in material properties however investigations showed that
was not the case. Finally the effect of flow underneath a heated wall was investigated and

it was found that in this case the vortices did not occur, showing the need for a buoyancy
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force away from the wall.

The investigation into controlling the flow in a gas turbine during shutdown showed
the low heat transfer stratified region in the baseline case. It was found that the purge
flow case caused a blockage at the top of the cavity and therefore did not increase the heat
transfer in this region. The extraction flow case showed a more uniform distribution of
heat transfer with the extraction flow removing the stratified region. The extraction method
could therefore improve the shutdown flowfield and reduce distortion if implemented into

gas turbines.

8.3 Future Work

The validation dataset produced by the gas turbine casing rig is unique but time was limited
for collecting data. The experimental campaign for the second build of the rig was less than
three weeks. It would be useful to obtain detailed near wall temperature measurements in
the top half of the rig, where the flow is underneath of the heated wall. This would allow for
the wall heat flux to be calculated and would allow for a more detailed validation throughout
the whole of the casing rig.

To make the new turbulent heat flux models easier to use they could be integrated into
the commercial solver. Currently with the User Defined Function (UDF) implementation
the internal turbulent heat flux model has to be suppressed and the new model added as a
source term, several new variables have to be saved using User Defined Memory (UDM)
allocations. If the models were fully integrated then choosing a turbulent heat flux model
could be as simple as choosing a turbulence model. The runtime may also be reduced by
avoiding duplication of calculations by both the solver and the UDF.

The buoyancy modification similar to that in the GGDH+ model could also be applied
to the SGDH model to give an SGDH+ model. This could give improved predictions when
the flow is underneath a heated surface relative to the baseline SGDH model.

The calculations performed on the gas turbine used constant temperature boundary con-
ditions. A conjugate simulation however would allow the wall temperature to vary depend-

ing on the metal temperature, which in turn would depend on the heat transfer. A conjugate
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simulation is very computationally expensive as it requires simulations with small time-
steps to be run for long periods of time. This cost could potentially be reduced using the
method developed by Fadl et al. [19], allowing for larger fluid time-steps. The simulation
could also be improved by adding a representation of the compressor upstream of the main
cavity, this would remove the need to specify an air temperature gradient at the entrance to

to main cavity.

8.4 Final Remarks

The main contribution of this thesis is the improvement of predictions of natural convection
heat transfer through the implementation of more advanced turbulent heat flux models.
The models were validated with datasets created through high resolution simulations in
combination with experimental data. The models have a relatively low computational cost
and are now in use by engineers performing simulations of high Rayleigh number flows.
The work in this thesis can ultimately be used to improve the shutdown performance of

gas turbines, leading to improved operational efficiency.
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Appendix A
Turbulence Modelling Study

A.1 Turbulence Model

The role of the turbulence model is to close the Reynolds stress term (W) that appears
the Navier Stokes momentum equation after the Reynolds averaging process has been per-
formed.

The choice of turbulence model for a RANS simulation can have a significant impact
on the solution. A study has therefore been conducted to determine which model performs

best for natural convection flows.

A.2 Eddy-viscosity model

A method for determining the Reynolds stress term is to use the Boussinesq approximation.
The Reynolds stress is assumed to be proportional the mean rates of deformation, Equa-
tion.A.1 [103]. A model for the eddy-viscosity j; is then required, leading to a family of

eddy-viscosity turbulence models.

—— ou; oUu;\ 2

A.2.1 Spalart-Alilmaras Model

A one-equation eddy-viscosity turbulence model was developed by Spalart and Allmaras

[83], solving a single equation for the eddy-viscosity. The model also needs a turbulent
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length scale to be specified in order to calculate the turbulent dissipation, the length scale
is often defined as the distance from a wall.

The Spalart-Allmaras (SA) model has been found to perform well for boundary layer
flows but struggles with complex geometries where the turbulent length scale is hard to

define.

A.2.2 [ — e Model

The k—e model devolved by Launder and Spalding [47] is a two-equation model. Equations
are solved for the turbulent kinetic energy % and the dissipation of turbulent kinetic energy
€. The problem of having to define a turbulent length scale in the Spalart-Allmaras model
is resolved by calculating a turbulent length scale as [ = k3 /€. The turbulent viscosity is
then calculated as p; = pcu%.

The k£ — e model is the most widely used and validated model [103]. It has found to per-

form well in confined flow cases common in industry but performs less well in unconfined

flows.

A.2.3 Lk — w Model

The k£ — w model of Wilcox [105] is another two-equation eddy viscosity model. In this
model equations are solved for the turbulent kinetic energy k£ and the specific dissipation
rate of turbulent kinetic energy w. The turbulent viscosity is then calculated as p; = pf.
The k£ — w model has some advantages over the £ — € model in that w tends to infinity close
to the wall and does not require wall damping functions. Problems can occur in the free

stream as w tends to zero making the turbulent viscosity indeterminate.

A.24 Lk —w SST Model

The k — w SST turbulence model developed by Menter [55] was designed to combine the
benefits of the £k — ¢ model and & — w models. The £ — w model is used near to the wall
and is blended into the & — ¢ model in the free stream. The & — w SS7T model has since

found use a general purpose turbulence model [103].
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A.3 Reynolds Stress Model

An alternative method to using the Boussinesq approximation for obtaining the Reynolds

stress is to solve a transport equation for each stress component, known as a Reynolds stress

model [25]. In a 3D simulation six equations are solved for the v/v’, v'v’" , w'w’ , u/'v" , v'w’
and v/w’ stresses with a seventh equation for the dissipation of turbulent kinetic energy e.
The Reynolds stress model has been found to outperform eddy-viscosity models for

more complex flows but has also been found to suffer from convergence issues [103].

A.4 Buoyancy Effects in Turbulence Models

Buoyancy forces can have an effect on the turbulent kinetic energy of a flow. For example
the buoyancy forces in a stably stratified flow can act to damp out turbulent kinetic energy.
This buoyancy effect can be modelled by including source terms in the equations for the

kinetic energy, Equation.A.2 and specific dissipation rate of kinetic energy, Equation.A.3

[5].

Opk) , ApkUL) _ 9 KH&) %} LGt Gr—pBhw (A2)

ot ox; 0z o) Ox;
d(pw)  I(pwl;) 3} e\ Owl] « 5 1 0k Ow
= — | — | +—Gx+Gup— 2(1-Fy)poy0———
ot * ox; Oz, ot o, ) O0x; +Vt G =pu™+2( Vo 20 Oz Ox;
(A.3)
The key terms in these equations are the buoyancy production terms G and G,
pe OT
Gy = 8gi— 3 A4
b =By Pr, 0z, 3] (A4)
w w
Gup = Ecle<c3eGb) - EGb [S] (A.5)

Where the terms C;. = 1.44 and C5, = tanh |§| where v is the component of flow parallel

the the gravity vector and « is the component perpendicular to the gravity vector [3].
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The option is available in ANSYS Fluent v15.0 as a beta feature to enable these buoy-

ancy source terms for the £ — w S'ST" model.

A.5 Turbulence Model Study

An investigation into the best turbulence model to use for natural convection simulations
was conducted. The test case chosen was the differentially heated tall cavity running four
test cases using different turbulence models. The models tested were the k —w SST, k —e,
Reynolds stress model (RSM) and the Spalart-Allmaras (SA) model. In all cases the SGDH
turbulent heat flux model was used, with the details of the computational mesh and method
the same as discussed in Chapter.5.

The temperature profiles predicted by the RANS simulations are compared to the ex-
perimental and DNS datasets in Fig.A.1. At the cavity mid-height it can be seen that the
results are all very similar, differences between the simulations are only apparent towards
the top and bottom of the cavity. In particular the RSM and the £ — e models are not
predicting the correct temperature profile.

The results of the predicted wall heat flux compared to the experimental data at nine
locations in the tall cavity are given in Table.A.1. Also given are the average difference and
the standard deviation over all nine locations. It can be seen the the £ — ¢ model has the
lowest average difference but the spread of the results is quite large ranging from 38.6% to
-13.1%. The k — w SST model has the second lowest average but the spread of results is
much tighter, from -13.7% to -36.2%. The RSM is tending to over-predict and give large
errors in the wall heat flux and finally the SA model is tending to under-predict the wall
heat transfer.

The k—w SST model has been chosen as the best model for the natural convection sim-
ulations. This is due to the accurate predictions of the general temperature profile and the
reasonable predictions of wall heat transfer. The heat transfer results were also consistent
over the cavity height, which would make it easier to determine the effects with simula-
tions run with different turbulent heat flux models. Whist the & — ¢ model had a lower

average difference in heat transfer from the experiment, the large spread of results would
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yH (%) k—wSST k—ce¢ RSM SA

95 -13.7% -13.1% -6.0%  -9.8%
90 -20.7% -05% 14.6% -19.2%
70 -16.4% 241% 49.8% -21.6%
60 -26.3% 14.6% 39.8% -33.8%
50 -24.7% 204% 502% -35.3%
40 -36.2% 4.6%  303% -47.4%
30 -34.6% 11.5% 424% -48.0%
10 -27.6% 38.6% 106.1% -45.8%
5 -24.0% 17.9%  87.5% -40.3%

Average -24.9% 13.1% 46.1% -33.5%
o 7.5% 15.0% 342% 13.8%

Table A.1: Difference in wall heat flux from experimental data with different turbulence
models

make it harder to determine if a particular turbulent heat flux model was giving improved
heat transfer predictions. The k£ — € model also did not give the correct mean temperature

profile at some cavity heights.

A.6 Buoyancy Effect Study

An investigation into the effect of including buoyancy source terms in the turbulence model
was conducted. The baseline simulation used the k£ — w SST model without any buoyancy
terms, this was compared to a simulation using the terms in the k£ and w equations. The test
case was again the tall cavity and the SGDH turbulent heat flux model was used in both
cases.

The predictions of turbulent kinetic energy from the baseline RANS case and the case
with buoyancy terms are compared to results from the DNS simulation at nine cavity
heights, shown in Fig.A.2. The turbulent kinetic energy has been non dimensionalised
by the square of the buoyant velocity, (1/g3AT) ? = 0.2212. The key result is that the two
RANS simulations are giving very similar predictions for turbulent kinetic energy. It can
be seen that the only difference between the two RANS cases occurs close to the top and
bottom wall. This is due to the buoyancy source term being proportional to the temperature

gradient in the direction of the gravity vector. As there is only a small vertical tempera-
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Figure A.1: Non-dimensional temperature profiles in tall cavity with different turbulence
models
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y/H (%) Baseline Buoyancy Term

95 -13.7% -13.6%
90 -20.7% -20.8%
70 -16.4% -16.7%
60 -26.3% -26.6%
50 -24.7% -24.8%
40 -36.2% -36.0%
30 -34.6% -34.5%
10 -27.6% -29.1%
5 -24.0% -26.0%

Table A.2: Difference in wall heat flux from experimental data with buoyancy effects

ture gradient at the cavity mid-height, the buoyancy source term disappears. However the
vertical temperature gradient at the top and bottom of the cavity has only resulted in small
changes to the turbulent kinetic energy profile.

The effect of the buoyancy source term on the wall heat transfer can be seen in Ta-
ble.A.2. There is very little difference between the baseline case and the case with the
buoyancy terms included in the turbulence model.

The results of this investigation into buoyancy effects in the turbulence model has found
that they do not lead to significant differences in prediction of turbulent kinetic energy or
heat transfer. The buoyancy source terms are also a beta feature in ANSYS Fluent v15.0
so may cause numerical stability issues. Furthermore it is a fallacy as described by Spalart
[84], that obtaining the correct value of k and w is the key for success in a two-equation

model. The buoyancy terms will therefore not be used in the main investigation.

A.7 Conclusions

An investigation was conducted into which turbulence model would be best for natural
convection simulations. It was found that the k£ — w SST" performed the best in terms of
predicting the correct temperature profiles in the tall cavity. The £ — w SST model also
gave consistent predictions of the wall heat transfer, which will make improvements due to
different turbulent heat flux models easier to identify. The k — w S ST model was therefore
used for the main investigation.

The effect of including buoyancy terms in the turbulence model was also investigated. It
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Figure A.2: Non-dimensional turbulent kinetic energy in tall cavity
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was found that including buoyancy source terms in the £ and w equations had only a small
effect on the predicted turbulent kinetic energy and heat transfer. The buoyancy source

terms were therefore not used in the main investigation.
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Appendix B
Casing Rig Inlet Design

B.1 Initial Inlet Design

The inlet used on the casing rig for the first experimental campaign in 2015 was a straight
section of duct 0.32 m length with a bellmouth at the inlet. There were no flow conditioning
features such as honeycombs or contractions in the inlet design. It was found that this inlet
did not provide a sufficiently uniform inlet flow. Looking at smoke flow visualisation of the
inlet, Fig.B.1, it can be seen that large corner vortices are present. The flow is recirculating
which has carried the smoke further upstream than where it was injected. The vortices
propagated downstream into the heated section of the rig giving a complex inflow into the
rig. This flow then made it very hard to compare the measured temperature profiles with

CFD results.

B.2 Contraction Design

It was decided that a new inlet was to be designed for the second experimental campaign in
2016. The aim of the new inlet was to obtain a uniform flow, free of large flow structures,
at the start of the measurement section of the rig. The new inlet would have several features
in order to obtain the desired flow-field, shown schematically in Fig.B.2. These features

include:

* Bellmouth, this prevents flow separation from the front of the inlet

 Contraction, this causes flow acceleration into the inlet and causes the thinning of the
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Figure B.1: Smoke flow visualisation in initial inlet

boundary layers
* Honeycomb, to act as a flow straightener

 Screen, to break up large flow structures

The new inlet with the contraction and flow conditioning features can be seen in Fig.B.3.

B.2.1 Contraction

The most important factor in designing a contraction is the area ratio [21], for this design
a ratio of 9 was chosen. The end of the contraction has dimensions 0.32 m by 0.502 m
to match the measurement section of the casing rig. The start of the contraction then has
dimensions 0.96 m by 1.506 m to give the required contraction ratio. In order to minimise
boundary layer growth it was decided to avoid any discontinuities in both the gradient and
rate of change of gradient of the contraction walls. This would be achieved using 5th order
Bézier curves. The formula for a Sth order Bézier curve is given by:

5

B(X)=>" (f) (1-X)"X'P, (B.1)

1=0
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Figure B.2: Schematic of Contraction Inlet

Figure B.3: Inlet Contraction
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Where X = /L the x coordinate normalised by the contraction length L. The polyno-
mial constants P; are (0.16,0.16,0.16, 0.48,0.48,0.48) for the curve defining the vertical
contraction and (0.251,0.251,0.251,0.753,0.753,0.753) for the curve defining the hori-
zontal contraction. These values set the start and end locations of the contraction. As well
as setting the gradient and rate of change of gradient at the start and end of the contraction
to zero.

The length of the contraction was set to 1 m, the length was determined by running
steady RANS simulations for a range of lengths and noting the outlet velocity and total

pressure profiles.

B.2.2 Flow Conditioning Features

Located around the inlet was a bellmouth, this was designed to avoid a sharp edge at the
inlet. This reduced the chance of flow separating at the inlet and causing a non-uniform
flow entering the contraction.

A screen was designed to be added to the very inlet of the rig, the aim of this was to
break up large flow structures and prevent them from entering the rig. The screen was made
of a fine metal mesh.

Honeycombs were designed to be added before and after the contraction to act as flow
straightening devices. The honeycomb was 40 mm in depth and covered the full duct width
and height. The honeycomb core diameter was 6.3 mm which gave an aspect ratio of 6.3

for the honeycomb cells.

B.3 Inlet Flowfield Validation

In order to check if the inlet was providing a uniform flowfield at the start of the measure-
ment section, several traverses with a velocity probe were conducted. Six traverses were
conducted at a location 150 mm upstream from the start of the heated wall and at locations
450, £150 and 241 mm from the duct centreline. As can be seen in Fig.B.4 the profiles
are all similar, which shows there is little velocity variation across the duct width. The

velocity profiles are also very flat across the duct height, this shows that the inlet section
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Figure B.4: Velocity profiles at rig inlet

of the rig is performing as required. The new inlet design is producing an inlet condition

which allows for simpler analysis of the measurement section flowfield.

B.4 Conclusions

The inlet used on the gas turbine casing rig for the 2015 experimental campaign was found
to not provide a uniform flow into the measurement section of the rig. A new inlet was
designed by the author for the 2016 experimental campaign. The new inlet design had
several features to provide a uniform flow at the beginning of the measurement section.
These features included a 9:1 contraction as well as honeycombs and a screen. Results
obtained by velocity traverses showed that the inlet velocity profile was uniform with the

new inlet design.
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Appendix C

Instrumentation Design

C.1 Introduction

Several different measurement techniques were used in the gas turbine casing rig. The
measurements were designed to provide a CFD validation dataset and so measurements

were taken to provide the necessary boundary conditions and validation profiles.

C.2 Thermocouples

Temperature profiles from the casing rig were obtained using rakes of thermocouples at
each of the six measurement locations, shown in Fig.C.1. The rake consisted of 18 thermo-
couples attached to a bar to provide support. The thermocouples used were K-type class 1
with a wire diameter of 0.2 mm and an accuracy of +0.9°C. Analysis gives the response
time of the thermocouples in free air to be 0.49 s, equivalent to 2.0 Hz. The locations of
the 18 thermocouples on the rake are given in Table.C.1.

In order to obtain wall temperature boundary conditions 78 thermocouples were used to
measure the outer wall temperature and 18 thermocouples were used to measure the inner
wall temperature.

The thermocouples were sampled at a frequency of 1 Hz for 300 seconds. This 5 minute

sampling period allowed time for the averages to converge.
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Figure C.1: Thermocouple Rake

Distance from

Thermocouple outer wall (mm) % Duct height
1 1 0.3
2 5 1.6
3 10 3.1
4 15 4.7
5 20 6.3
6 25 7.8
7 30 9.4
8 40 12.5
9 50 15.6
10 70 21.9
11 90 28.1
12 110 34.4
13 130 40.6
14 150 46.9
15 190 59.4
16 230 71.9
17 270 84.4
18 310 96.9

Table C.1: Rake thermocouple locations
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Figure C.2: Optical fibre schematic

C.3 Fibre Measurement

Temperature data was also obtained using the optical fibre temperature sensor, this allowed
a 2D temperature profile to be obtained simultaneously. The fibre sensor used was a LUNA
ODiSI-B10 system. This was operated in high resolution mode allowing measurements to
be taken with spacings of 0.64 mm along the fibre at a frequency of 11.9 Hz and an accuracy
of +1.6°C. The optical fibre was arranged into a pattern of 15 rows, this was placed normal
to the flow to allow a temperature profile across the duct width to be captured, this is shown
schematically in Fig.C.2. The location of each row of the fibre is given in Table.C.2. The
fibre system was also traversed close to the wall and the first row of fibre used to give

detailed temperature measurements that could be used to calculate the wall heat flux.

C.4 Velocity Traverse

The inlet velocity profile was measured to ensure the inlet section of the rig was providing
a uniform flow into the measurement section of the rig. A velocity traverse was performed
at a location 150 mm upstream from the start of the heated wall using a hot-wire probe.

The probe was traversed vertically through the duct at locations 450, £150 and +241 mm
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Distance from
outer wall (mm)

~
Q

% Duct height

1 1 0.3%
2 4 1.3%
3 7 2.2%
4 10 3.1%
5 13 4.1%
6 16 5.0%
7 19 5.9%
8 22 6.9%
9 25 7.8%
10 28 8.8%
11 33 10.3%
12 38 11.9%
13 43 13.4%
14 48 15.0%
15 53 16.6%

Table C.2: Optical fibre row locations

from the duct centreline. It was found that the velocity profile was very flat and had little
variation across the duct width. The probe used was a KANOMAX 0964-02 temperature

compensated omni-directional sensor, with a KANOMAX 6332D airflow transducer.

C.5 Laser Based Velocity Measurement

It is not possible to use hot-wire based velocity measurement techniques in the measure-
ment section of the rig. This is due to the non-isothermal flow causing temperature fluc-
tuations, these temperature fluctuations cannot be distinguished from velocity fluctuations
by the hot wire and are difficult to compensate for. The hot-wire could be used in the inlet
section due to the flow being isothermal in this region.

Laser based systems do not suffer from this temperature limitation so two different
laser based techniques were tried, Particle Image Velocimetry (PIV) and Laser Doppler
Anemometry (LDA). Both techniques require the flow to be seeded with particles that can
be visualised with the laser but it was found that getting adequate seeding was difficult.
For seeding both smoke particles, generated by heating oil, and particles of fine aluminium

oxide powder were tried. The low velocity meant that the aluminium particles did not get
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carried with the flow. Whereas the smoke was still hot from being vaporised oil, which
meant the smoke was buoyant. It was also difficult to get the required smoke density in
the rig to allow for reliable measurements. Due to this problem with the flow seeding and
limited experiential time it was not possible to obtain velocity data in the measurement

section of the rig.
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And now for something completely different. . .
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