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Abstract

The major contribution of this thesis is to propose a film cooling jet model that
can be used in a numerical code (Computational Fluid Dynamics - CFD code), so
that the prediction of the flow in a film~cooled turbine is facilitated in terms of
effort and computational time.

The numerical code utilized in the course of this research is based on a Finite
Volume Method, coupled with a Ni-Lax-Wendroff algorithm. The Reynolds
Averaged Navier-Stokes (RANS) equations are solved in connection with an
algebraic, isotropic turbulence model (Baldwin-Lomax). The numerical code is
typical of those used to predict flows in gas turbines.

The film cooling jet model is based on the macro flow features occurring
just downstream of the injection hole. The modeling is based upon a large
panel of experimental observations and utilized the governing equations of fluid
mechanics. A numerical method, so-called Immersed Boundary Method (IBM),
is introduced in order to include the model in the computational mesh. This
method is entirely local. This induces a limited cost for the upgrade of the current
numerical code. Meanwhile, it preserves an accurate representation of the jet
model in the computational mesh. The coefficients of the model are calibrated
with the aid of experimental measurements taken for a large spectrum of flow
regimes, representative of engine conditions. The computational performances,
when using the model in a numerical code, are evaluated as a function of the
mesh density. More precisely, an axial and a lateral mesh density of N x = 4 - 7
and Ny = 7 - 11 grid nodes per hole diameter is shown to be optimal. For
these mesh densities, the marginal gain of computational accuracy becomes low
(CQ rv 1%) and the loss of computational time (overhead (J rv 1%) compared to a
flow without a jet is minimized.

In order to validate the use of the jet model, several flow cases of a steady coolant
jet are presented in this thesis. First of all, the prediction of the aerodynamic
structures of the jet downstream of the injection site, using the model, is reasonably
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accurate. In reference to several published papers, it is proposed that the major
discrepancies of the prediction are due to the isotropic treatment of the turbulent
field inside the jet. The prediction capability of the model is compared with two
other injection strategies. It is shown that the model produces results that are at
least as accurate as the most complex injection strategy, while being 6 times faster.
The prediction of the adiabatic film cooling effectiveness (typical design value)
is found in agreement with experimental measurements taken from the literature.
It is also shown that the model can be used for jet moderately laterally inclined.
Coolant jets often pulsate in a turbine. The model is used in several flow cases
of a typical pulsating, so-called quasi-steady regime. In this case, the overhead
is shown to be only about (J rv 4%. The prediction of the unsteady flow field
conforms the assumptions used. Eventually, it is shown that the model can be used
to predict the transonic flow through a film-cooled turbine blade passage. The
mesh size for a film-cooled turbine blade having 67 holes requires 2.13 . 106 grid
nodes. The overhead is found to be about (J rv 0.1% per hole. The prediction of
the design values, such as blade loading, adiabatic film cooling effectiveness and
heat transfer rate at blade surface is comparable to the experimental data.



Resume

La contribution majeure de cette these est de proposer un modele de jet de
refroidissement qui peut etre utilise dans un code de calcuI numerique (Computa
tional Fluid Dynamics - CFO code) de telle sorte que la prediction de l'ecoulement
dans une turbine refroidie par film est facihtee en termes d'effort et de temps de
ca1cul.

Le code de caIcul numerique utilise au cours de cette recherche est base sur
une methode au Volumes Finis, couplee avec un algorithme Ni-Lax-Wendroff.
On resout les equations de Navier-Stokes moyennees (RANS) avec un modele
de turbulence algebrique et isotropique (Baldwin-Lomax). Ce code de calcul est
typique de ceux utilises pour predire les ecoulements dans les turbine a- gaz.

Le modele de jet de refroidissement est base sur les structures d'ecoulement
macroscopiques se produisant juste a- l'aval du trou d'injection. On base la
modelisation sur un large panel d' observations experimentales et en utilisant les
equations regissant la mecanique des fluides. On propose une methode numerique
pour l'implementation du modele, appelee Immersed Boundary Method (IBM).
Celle-ci pennet d'inclure Ie jet tri-dimensionel dans un maillage de caleul d'une
maniere entierement locale. Ceci induit un coOt de developement minimal du code
de caleul utilise, tout en preservant une representation precise du modele du jet.
Les coefficients du modele sont calibres a- l'aide de mesures experimentales prises
dans un large spectre de regimes d'ecoulernents, representatifs de ceux regnant
dans une turbine. Les performances de calcul lors de l'utilisation du modele
dans un code numerique sont evaluees en fonction de la densite du maillage. En
particuHer, on montre qu'un maillage ayant Nx = 4 - 7 et Ny = 7 - 11 noeuds
de grille par diametre du trou d'injection, dans la direction axiale et laterale du jet,
est optimal. Pour ces densites de maillage, Ie gain marginal de precision de caleul
devient faible (CQ /"V 1%) et la perte de temps de caleul (a c::: 1%) par rapport a
un probleme d' ecoulement sans jet est minimise.

Different cas d' ecoulcments contenant un jet stationaire de refroidissement sont
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presentes dans ceUe these afin de valider l'utilisation du modele de jet. On montre
tout d'abord que la prediction des structures aerodynamiques du jet apres Ie site
d'injection, al'aide du modele, est raisonablement precise. En reference ad'autre
recherches publiees, on estime que les anomalies majeures de la prediction sont
dues au traitement isotropique du champ de turbulence al'interieur du jet. La ca
pacite de prediction du modele est comparee adeux autres methodes d'injection.
On montre que Ie modele produit des resultats au moins aussi precis que la me
thode la plus complexe, tout en etant 6 fois plus rapide. La prediction de l' efficacite
adiabatique de refroidissement par film (valeur typique de design) est trouvee en
accord avec des mesures experimentales prises dans la literature. On montre que
Ie modele peut etre aussi utilise pour predire des jets moderement inclines 1ate
ralement. Les jets de refroidissement ont souvent un caractere pu1sant dans une
turbine. Le modele est utilise dans plusieurs cas d'ecoulements d'un regime pu1
satif typique, dit quasi-stationaire. Dans ee cas-la, 1a perte de temps de calcul est
evaluee a seu1ement (J f"'-J 4%. La prediction de l'ecoulement instationnaire est
conforme aux hypotheses utilisees. Finalement, on demontre que Ie modele peut
etre utilise pour predire l' ecoulement transonique atravers un passage d' aubes de
turbine refroidies par film. La taille du maillage utilise pour calculer l'ecou1ement
atravers une passage d'aubes ayant 67 trous d'injection est de 2.13 . 106 noeuds
de grille. On obtient une perte de temps de caleul de seu1ement (J ~ 0.1%par trou
d'injeetion. La prediction des valeurs de design, telJes que la difference de pression
sur 1'aube, 1'efficacite adiabatique de refroidissement par film et Ie taux de transfert
de chaleur ala paroi de l'aube est comparable aux valeures experimentales.
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Chapter 1

Introduction

1.1 Film-cooling in support of the improvement of energy con
version systems

The need for energy conversion devices at a large scale

With the paddle of the 21st century, energy supply is more than ever a major tech
nical, economical and political stake. Since the second world war, the continuous
growth of the world population and economy, coupled recently with the entrance
in the free market economy of important developing countries, have significantly
increased the energy consumption of today and of the foreseeable future. In this
context, energy conversion technologies are a fundamental part of the new global
village. The energy conversion technologies are fortunately diverse, regarding
their type of energetic transformation process, their total capacity of energy pro
duction and their exergetic value. The diversification of energy production tech
niques allows to face foreseen and unforeseen local or global events that change a
human society. In this respect, the development of renewable energy technologies
(wind, solar, hydraulic, biomass, geothermal, etc.) are highly greeted. Meanwhile,
the conversion of primary fuels such as oil, natural gas, coal and nuclear into elec
trical, thermal or mechanical energy is still by far the major mean that can sustain
the energy supply in regards of the rapidly growing world energy demand. Large,
medium and micro fossil-fuel-based power plants, for electrical and heating sys
tems, as well as combustion-based engines for transportation systems, have still
means to be improved and to be used at a large scale.

Gas turbine: a major energy conversion device

One of the main characteristics required for an energy conversion engine is to de
liver usable power in a continuous way. To this effect, turbomachines are the most
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efficient and broadly used engines conceived by humans. Turbomachines are es
sentially composed of rows of rotating (rotor) and non-rotating (stator) blades. The
work exchange resulting from the dynamic interaction of the fluid flowing through
a turbomachine (in particular through the rotating blades) is the key element of
this type of energy conversion device. The idea of this engine is very ancient.
It goes back to the Roman civilization where peasants were using "paddle-type"
water wheels for grinding grain. During the industrial revolution in the 19th cen
tury, the use of turbomachines started to spread, favored by new disposabilities
of fossil fuels at a large scale. There are many different types of turbomachines,
see Lakshminarayana [53]. They can be broadly classified in three groups, that
are namely hydraulic machines (water-based), steam turbines (nuclear-fission and
coal-fired based) and gas turbine (natural gas and oil-fired based). Gas turbines
are widely used for transportation systems, such as aircraft engines (see Fig. 1.1),
where the propulsive work created by the exhaust gas is the main objective, see
Hill and Peterson [44]. There is also a large use of gas turbines for producing elec
tricity at different power output scales (typically from 100 [kW] to 100 [MWl).
Gas turbines are basically composed of three main devices, see Fig. 1.2. A

'\
HPTLPT

Combustor
LPC.HPC

Figure 1.1: Schematic ofthe GE90-94B turbofan engine. Its diameter is about 3.4 1m] and
its length is about 7.3 [mi. It can deliver a thrust of 416 [kN] at sea level. H P denotes
High Pressure, LP denotes Low Pressure. C denotes Compressor and T denotes Turbine.
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Figure 1.2: Simplified example of the thermodynamic cycle ofa gas turbine.

working gas, such as air, is first sucked into a compressor where it is pressurized.
Then, the pressurized gas is guided through a combustion chamber where the fuel
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(primary energetic source) is burnt so that the temperature (enthalpy) of the work
ing gas is increased. Eventually, the hot (high enthalpy) gas enters a turbine where
it is expanded. This is where it exchanges its energetic content by making the rotor
blade disks rotate. The rotative motion of the turbinc disks entrains the compressor
disks. For aircraft engines, the remaining energetic content of the working gas at
the exhaust of the turbine is used in terms of propulsive work.

The need of high gas temperature for better thermal efficiency

The engineering of such a sophisticated energy conversion device is a key to im
prove its efficiency. Improving the efficiency of an engine leads to lower econom
ical and environmental costs. In particular, it is wished to have the Specific Fuel
Consumption (SFC - amount of fuel burnt per unit thrust for an aircraft engine) to
be as low as possible. To meet this objective, a high thermal efficiency (fraction
of thermal energy actually transformed in mechanical work) is required. One of
the most efficient ways to improve the thermal efficiency is to increase the Turbine
Entry Temperature (TET - mean stagnation temperature of the working gas at the
outlet of the Nozzle Guide Vane (NGV) of the turbine). As an example, an in
crease of the TET by 100 [KI rises the thermal efficiency of about 5 - 7%, which
is quite substantial. In 1939, one of the first industrial gas turbine built had a TET
of about 830 [K]. During the next three decades, the TET has approximatively in
creased by 10 [Klyear] to reach a value of about 1200 [K] in the late 1960's [76].
Although large efforts have been made to get better thermal, mechanical and cor
rosion resistivity of blade materials at high temperature, there is no such material
that can withstand a TET of more than 1200 - 1400 [K] long enough, in terms of
the standard blade lifetime needed for commercial use.

Internal versus external air cooling

Since materials technology reached a dead-end stage in the 1960's for blade
thermal management1, air-cooled turbines have been commercially introduced at
that time. Using diverse cooling techniques of the turbine parts, the TET has been
increased up to more than 2000 [K] in some of the most advanced propulsive sys
tems existing in the 2000's. As such, the cooling of turbine material parts located
just at the outlet of the combustion chamber is one of the few key elements (maybe

1Nowadays, materials technology is still a large research topic in turbomachinery, especially for
blade mechanical and thermal stresses, manufacturing, etc...
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with engine control and combustion) that adds most of the economical and envir
onmental value of modern gas turbine design. Many types of cooling systems have
been developed, tested and utilized. For example water cooling, steam cooling, li
quid metal cooling and air cooling. In aerospace applications, air cooling is by
far the most used technique. This thesis deals with air-based cooling systems. All
the existing air cooling techniques necessitate to layout cold air within the turbine
parts. For this purpose, cold air is first bled from the compressor or less often from
the combustion chamber outer annulus (up to 20% of the working gas mass flow
can be withdrawn for cooling). Then, it is bypassed through internal channels and
directed toward the turbine NOV and downstream rotors. Air-based cooling sys
tems can broadly be classified in two different types, see LeOrives [55] and Fig.
1.3.

HOT~.•.......GAS

COOLING AIR IMPINGEAENT

Internal cooling

t:f;~::'7 uncertain - not ready

TRANSPIRAnON

Figure ].3: Schematics ofdifferent air-based cooling systems.

• Internal cooling

- Convection cooling: cold air flows through internal passages of the
blade material and is ejected at the blade trailing edge or blade tip.
The blade material is cooled due to the forced convection occurring
between the coolant and internal walls.
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- Impingement cooling: cold air is injected through several inserts inside
the blade. It eventually hits the internal blade walls. A reduction of the
blade wall temperature is obtained.

• External cooling

- Film cooling (full coverage): on the turbine blade surface (and also
on other turbine components), small holes are drilled, of a diameter
typically of 0.5 - 1.0 [mm] (100 times smaller than the blade chord),
see Fig. 1.4. Through these small cooling holes, cold air is injected
into the mainflow, in the form of a coolant jet. The goal is that the
coolant jet forms a thin layer shielding the blade surface from the hot
gas.

- Transpiration cooling: as this is the most recent cooling technique, it
is stilI under development. The idea is to have a porous blade material.
The coolant passes through the small pores to create a thin cold layer
onto the blade external surface.

Historically, internal cooling techniques were the first to be applied. However,
internal cooling is less efficient than external cooling. Indeed, in internal cooling,
the external side of the blade is only moderately cooled. Internal cooling can be
used for a Turbine Entry Temperature (TET) of no more than 1600 [K). External
cooling, especially film cooling, is now largely used for turbine cooling. The most
advanced film cooling technique allows the external blade walls to withstand a
TET of around 2000 rK]. In a film cooling system, the better the film-cooling
holes are shaped and placed in the blade surface, the better the heat protection of
the blade is, so that the TET can be increased. Thus, the design of film-cooled
turbine blades sets the entire turbo-engine thermal efficiency.

1.2 Modeling multiooscale flows to improve design

Designing film-cooled turbine blade

The design of turbine cooling systems can either focus on the internal coolant
channels and/or the cooling holes at the blade surface. This thesis focuses on the
flow physics occurring nearby the cooling holes. It is therefore assumed that the
flow conditions of the coolant within the internal channels are known. The design
of a cooling hole is a large topic in itself. There is a large number of different
hole geometries that have been investigated, see for instance Hyams and Leylck
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Internal coolant passages

Nozzle Guide Vane - NGV
Stator blade: 50-100 Imm]

Coolant jet
hot gas

Blade outer surface
to be cooled

Figure 1.4: Example ofa film-cooled high-pressure turbine. Adaptedfrom Hill and Peterson
[44/.

[46]. The simplest hole geometry is an inclined cylindrical tube. Shaping the hole
length and profile has shown to be beneficial in some cases but there are still no
standard rules. This thesis focuses only on cylindrical holes. In some situations,
more than aoo holes per blade can be used in order to ensure an efficient cooling
of the blade walls. However, increasing the total coolant mass flow leads to an
increase of the losses induced by the cooling system, namely the mass flow deficit
at high enthalpy (fluid extracted from the compressor) and mixing losses due to the
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coolant jet-mainstream interaction. The designer has thercfore to carefully balance
the aerothermodynamics of the flow through thc film-cooled turbine passage, often
highly loaded and transonic, to maximize thermal efficiency. The measure of a
good thermal protection of blade matcrial by film-cooling can be done by several
means. One of the most used value is the adiabatic film-cooling effectiveness 17.
It scales the difference of temperature experienced at the surface of a film-cooled
versus a non-film-cooled blade. The blade wall is considered adiabatic in this case.

Taw - T rec
7J = '1'C TT - Tec

(1.1)

where Taw is the temperature obtaincd at the adiabatic wall with the presence of a
film-cooling jet, 'I~'ec is the recovery temperature2 at the same wall without film
cooling and Tf is the coolant total temperature beforc emerging out of the hole.
Another important value is the heat transfer rate q~ occurring at the film-cooled
isothermal blade wall.

I [BT]fJw = -K, 8
n wall

(1.2)

(1.3)

where K is the gas conductivity and n is the normal direction of the blade wall
surface. The interaction between the coolant jet and frcestream flow is commonly
scaled by two ratios. There is first the Density Ratio DR which scales the coolant
density pC to the freestream fluid density pi.

pc
DR=

pi

This ratio gives a sense of the temperature difference between the coolant and the
freestream flow. The second scaling is given by the Blowing Ratio BR which
scales the coolant to freestream mass flux.

(1.4)

where U reprcsents the flow velocity. A high blowing ratio (BR » 1.0) means a
strong coolant jet and a low blowing ratio (BR « 1.0) means a weak coolant jet.

2The recovery temperature is always smaller or ideally equal to the nearby total freestream temper
ature. Indeed, the deceleration of the freestream flow in thc boundary layer experienced friction losses
(ideally it should be an isentropic process).
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In general, the designer needs to adjust the freestream and coolant flow conditions
in order to get a density and blowing ratio that lead to the highest fi 1m-cooling
etl'ectiveness and the lowest heat transfer rate. In the meantime, the cost function,
that is the absolute loss of work exchange through the turbine, has to be minimized.

Sensitivity of metal temperature

The fatigue of the blade material strongly depends on the surface metal temperat
ure. The designer should ensure that the surface metal temperature is kept below
a certain value (with a security factor) during the life of the turbi ne. When a novel
film-cooled turbine blade is commercialized, it should be ensured that the tools
utilized for its design, model or predict film-cooling effectiveness and/or surface
heat transfer within a specified range of accuracy. Indeed, as an example, an error
of D.1] = 0.1 in the modeling or prediction of the film cooling effectiveness leads
to an error of D.T = 0.1 (Tj, - Tree). Knowing that the difference of temper
ature between the coolant and the freestream can be much higher than 200 [K],
this leads to an error of at least 20 [K] in the modeling or prediction of the surface
metal temperature. At these high temperatures, an increase of 20 [K] of the surface
metal temperature can lead a reduction of .50% of the blade lifetime. This shows
how critical it is to have accurate tools for the design of film-cooled turbine parts.

Computational Fluid Dynamics (CFD) in support of design

Overall, in order to perform a good aerothermodynamics design optimization, a
parametric study of the different flow conditions and geometrical dimensions typ
ical of a film-cooled turbine blade has to be carried out. Thus, the designer needs
a design tool that is, at the same time:

• Accurate, to ensure a relevant design result.

• Computationally efficient, to shrink the turnover time, hence design cost.

It is the intention in this thesis to propose a novel numerical tool that can be used
to design film-cooled turbine blades and also to investigate flows through them
in a reasonable time scale. It takes the form of a film-cooling jet model that can
be embedded in a standard Computational Fluid Dynamic (CFD) code. In fact,
as computer Central Processing Unit (CPU) power is almost doubling every 18
months, CFD becomes a powerful tool on which the design and optimization of
film-cooled turbine blades can be based. Numerical methods that solve the Navier
Stokes equations of fluid motion are nowadays accepted as tools for investigating
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the fluid dynamics occurring in turbine flows. However, depending on the flow
problem to be solved, there is stilI room for improvement of numerical methods
and physical models to gain accuracy and reduce computational costs.

FilmMcooling: a multiMscale flow phenomenon

In order to create an efficient numerical tool for computing, investigating and
designing film-cooled turbine blades, it is first essential to understand the fluid
dynamics underlying film-cooling flow in turbines (see Chapter 3 for an in-depth
review of such flows). Film-cooling jets arc typical of a broadly studied flow, that
is Jet In Cross Flow (HCF). The jet in cross flow phenomenon in turbines is multi
scale by nature. The coolant jet, coming out of the hole, gradually mixes with the
freestream (hot gas) flow with a characteristic length scale of the hole diameter.
In contrast, the aerodynamics of the turbine passage flow, e.g. passage vortex, has
a much larger length scale. These scales may differ by up to two orders of mag
nitude. Thus, in order to carry out a relevant design, it is necessary to understand
and model the fluid dynamics occurring at these two flow scales. This is a major
challenge since the interaction of several flow scales leads to very complex flow
phenomena, turbulence in fluid being the best example. A relevant numerical pre
diction of such flows needs therefore to be able to reveal and/or model accurately
the smallest length scale, that is the length scale of the coolant jet.

1.3 Literature Review

Many researchers have numerically studied fi 1m-cooling jets using different nu
merical methods. A chronological literature review of few selected relevant stud
ies, going from film-cooled flat plate to film-cooled turbine blade configuration is
done below. Indeed, it is intended to give the reader a comprehensive review on the
state of the art of the best numerical approaches when dealing with film-cooling
jet flows. Light will ultimately be shed on the approach chosen in this thesis for
the modeling of a film-cooling jet.

Previous numerical approaches for solving filmMcooling flow: filmMcooled flat
plate configurations

Bergeles et af. [11] used a partially parabolic scheme with an anisotropic coef
ficient associated with the turbulent stress term to compute an isolated jet. The
coolant velocity was specified at hole exit and the grid contained about 104 grid
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nodes. The accuracy of the prediction for blowing ratio higher than 0.5 was found
to be strongly linked to the type of velocity profile specified at hole exit, particu
larly as the jet starts to lift off. The conclusion is that extending the computational
domain inside the coolant hole itself may improve the accuracy of the prediction.
Demuren et ai. [25] performed a large series of computations of a jet issuing nor
mally to the surface with different grid refinement, to have up to 15 grid nodes per
hole diameter. It was concluded that the grid spacing near the hole needs to be
very fine to accurately resolve the jet bending at hole exit, which has a strong im
pact on the downstream coolant flow evolution. Leylek and Zerkle [56] presented
a full three-dimensional Reynolds-Averaged Navier-Stokes (RANS) computation
of a film cooling jet in a flat plate. The plenum chamber, coolant hole and cross
flow region were modeled. The computation was carried out using a wall function
procedure for the near wall treatment, requiring a grid of 2 . 105 nodes in total.
About 15 grid nodes per hole diameter in streamwise and lateral direction were
used. It was found that the coolant flow inside the pipe is already complex and has
a strong influence on the downstream evolution of the jet and on the film cooling
effectiveness. Furthermore, the velocity profile at hole exit is a strong function
of the blowing ratio. In the continuation of this work, Walters and Leylek [90]
did the same type of computation but they increased the mesh size up to 6.2 . 105

grid nodes. The mesh was essentially densified in the boundary layer region in
order to use a two-layer, k ~ E type of turbulence model. Using this strategy, the
computational cost is significantly increased (no quantification is given) but the
near-hole flow field prediction greatly differs compared to a calculation using wall
function. In particular, the flow field at the hole exit exhibits a much more com
plicated flow field, in particular with a tiny recirculating zone at the trailing edge
of the hole. This results in a better prediction of film-cooling effectiveness down
stream of the hole. More recently, Lakehal [52] presented a comparative study of
different RANS-based turbulence modeling strategies for solving a film-cooling
jet issuing from a hole inclined at an angle of 35° in a flat plate. The mesh con
tained about 4.3 . 105 grid nodes, with more than 150 cells within the hole exit
area. The computational mesh included both the plenum chamber and hole. The
conclusion of the study is that the right modeling of the anisotropic turbulent mix
ing between the coolant jet and freestream is essential to accurately predict the
lateral spreading of the jet. Meanwhile, it is worth using a highly complex turbu
lent model only if the mesh is carefully refined in the region of the jet. In the last
10 years, few researchers (see for instance Yuan et al. [941, Wegner et ai. [921,
Muldoon and Acharya [69]) have started to use Large-Eddy Simulation (LES) and
even Direct Numerical Simulation (DNS) methods to investigate film-cooling jets.
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These methods are very helpful to gain insight of the fluid dynamics oeeurring in
such flows, and also to support turbulence model development. Meanwhile, due to
the fact that the unsteady flow field must be computed, the computational cost is
still much greater than for RANS-based methods. More flow structures, at smaller
scales, are revealed using these methods but the gain in accuracy versus compu
tational cost in the prediction of flow quantities relevant for the designer, such as
film-cooling effectiveness and/or heat transfer level, is still uncertain.

Previous numerical approaches for solving film~cooling flow: film~cooled tur~

bine blade configurations

Garg and Gaugler [32] presented a study of the effect of the coolant velocity and
temperature distribution at hole exit on the heat transfer coefficient on three dif
ferent film-cooled turbine blades (namely the C3X vane, VKI rotor and the ACE
rotor). For each turbine case, a mesh was used covering only the mid-span region.
This mesh had about 1 . 106 grid nodes, with about 20 cells per hole. The calcula
tion did not start inside the cooling hole, instead the velocity and temperature pro~

file at hole exit was defined using a 6th order polynomial function ensuring mass
flow and energy conservation. It was found that the predicted heat transfer coeffi
cient depends strongly on the imposed velocity and temperature profile at hole exit.
Therefore, a proper definition of the boundary condition at hole exit is of primary
importance to have a good prediction, but it is a complex function of many vari
ables. Garg and Abhari [33] did a comparative study of measured and predicted
Nusselt number at the surface of a rotating turbine blade (ACE). The computa
tional mesh included the entire blade span. It contained about 2.28.106 grid nodes
in total and each of the 93 cooling holes was covered by 10 to 20 computational
cells. The plenum chamber and hole were not included in the computational mesh.
The film injection was specified through a uniform velocity and temperature pro~

file at the location of hole exit. On the pressure surface, an underprediction of the
Nusselt number was found and in the suction surface, a reasonably good predic
tion of the Nusselt number was obtained. More recently, Garg and Rigby [34] and
Heidmann et ai. [42] presented a numerical investigation of a film-cooled turbine
blade where the hole and plenum chamber were gridded. The complexity of the
meshing was underlined, since a multitude of different grid blocks (up to 2300!)
needs to be connected together to fully model the interior and exterior of the film
cooled blade, see Fig. 1.5. Due to the complexity of the problem, in terms of
mesh size and topology, only the midspan section was computed, with symmetry
boundary condition at the bottom and top side of the computational domain. For
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Figure 1.5: Example of the complexity of a 3D grid needed to solve simultaneously the
flow through a film-cooled turbine passage as well as in the holes and plenum chamber
(Heidmann et al. [42]).

only computing 2 - 3 holes per row (in the midspan section), a mesh size up to
1.6 . 106 was used [42]. Although very detailed qualitative predictions of the flow
field were found, it is still unclear if the gain in accuracy for predicting wall heat
transfer is relevant, compared to a numerical approach that does not include the
plenum and hole.

The need for a film-cooling model

It is evident from the above cited literature that the meshing of the film-cooling
hole and plenum is a major strategic decision. Due to the multi-scale nature of
the flow to be investigated, a balance has to be struck between accuracy on one
hand and grid size and run time on the other. In particular, with hundreds of
holes used on some turbine components, grids of hundreds of millions of nodes
may be required. Furthermore, the complexity arising from the meshing can be
a real bottleneck. In order to solve these issues, various authors have proposed
the application of film-cooling models within CFD. A literature review of former
research carried out in this area is provided below.
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Film-cooling model in two-dimensional codes

Crawford et at. [22] proposed an injection jet model that can be implemented in
a two-dimensional boundary layer code. Essentially, the coolant fluxes are de
rived by a one-dimensional momentum and energy balance and a lateral augment
ation of the eddy viscosity is given to account for the lateral mixing. They have
shown good prediction of Stanton number but only for blowing ratio below 0.8.
Schonung and Rodi l81] presented an injection model that can also be used in a
two-dimensional boundary layer code. The strategy was to specify a new bound
ary layer profile just after the near hole elliptic region. The profile is given using a
one-dimensional momentum balance of the incoming boundary layer and coolant
fluxes. In order to reproduce the lateral entrainment of the hot fluid, which en
hances the mixing, a dispersion model term was added to the equations solved,
acting as a source term. Haas et at. [40J extended this model to take account of
the density ratio between the hot and cold fluid. The model showed a good pre
diction capability in a two-dimensional environment, with one row of holes. Tafti
and Yavuzkurt [87] developed another two-dimensional injection model in which
the coolant fluid trajectory and penetration profile were based on semi-empirical
results and observations. The three-dimensional mixing is accounted for through
an "entrainment fraction", correlated to experimental observation. The model was
successful in predicting film cooling in a two-dimensional multirow environment.
Abhari [2] extended the model to be used in a two-dimensional environment by
specifying a plane jet after hole exit with CFD. The entrainment fraction was
modified to take the effect of density ratio. The model was shown to be well
suited for the prediction of heat transfer on film-cooled turbine blades, except in
the region immediately downstream of the injection rows. Kulisa et at. [51] used a
two-dimensional boundary layer code coupled iteratively with a three-dimensional
approach to compute the coolant jet. The three-dimensional jet behavior was de
scribed using an integral formulation of the equations of conservation over the jet
cross-section. The resultant jet flow field was incorporated in the two-dimensional
boundary layer computational procedure using a source term approach. Good pre
diction of the coolant jet evolution was shown but only in the center plane; the
freestream fluid entrainment was not incorporated, i.e. no model of the counter
rotating pair was proposed. It was emphasized that agreement with experimental
observation is strongly dependent on the jet behavior near hole exit. Very recently,
Forest et al. [30] proposed a three-dimensional mixing model that includes the
effect of the counter-rotating vortex pair through a source term, to be coupled to a
two-dimensional boundary layer code. The model coefficients were eleverly tuned
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to experimental data obtained in a turbine blade cascade. The prediction of heat
transfer on the suction side surface of a blade was reasonably good, however a
large discrepancy was found on the pressure side surface.

Film-cooling model in three-dimensional RANS codes

Very few attempts have been made to include a fully three-dimensional film
cooling jet model within a CFD code. As the only attempt known by the author,
Dalhander et al. [23] proposed a three-dimensional source term approach to take
into account the effect of the coolant fluid on the boundary layer flow. The intro
duction of the source term is not only done at the injection site but also downstream
to control the evolution of the mixing process. The injection model ensures mass
flow and energy conservation but the downstream source terms showed to be very
sensitive to the flow case simulated. The direct control of the flow a long dis
tance downstream of the injection site may be very tedious. Using this method,
significant deviations of the predicted film-cooling effectiveness compared to ex
perimental data were found. In addition, the three-dimensional coolant jet flow
field was not revealed.

1.4 Research objectives

The main objective of the current research can be summarized by the following
question:

• Given a flow through an energy conversion engine having two main flow
scales, how could we model them in order to be able to predict the con
sequence of their interaction upon the global peiformance of the engine in
a reasonable time scale?

Obviously, this thesis is certainly not solving once and for all the above question,
but it tentatively tries to give a relevant strategy leading to a solution. In connec
tion to the above question, the particular flow case to be studied is a collection of
film-cooling jets issuing through a turbine blade. The goal is to propose a novel
three-dimensional jet model that can be used by a designer using a CFD code for
his task. Incidentally, the model should also be usable for further research con
cerning more generally jets in turbine flows. To the author's knowledge, this is the
first time that such a model is proposed. The potential ofLES and DNS methods is
great for the accurate resolution of such flows. Meanwhile, in terms of daily design
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of film-cooled turbine blade, there is still a huge gap to be covered before some
robust and fast methodologies are established when using them. It has therefore
been chosen to base the model upon a RANS approach. This means that the model
should reproduce the macro flow features pertaining to a jet in cross flow near
the hole exit. It has been shown in the literature review that a relevant numerical
prediction of a film-cooling jet necessitates the complex meshing of the plenum
chamber, hole and blade passage. An order of magnitude of 106 grid nodes are
needed to accurately resolve the fluid dynamics of such a flow. This is why the
model development is performed at the hole exit. Thus, it is wished to alleviate the
problem of meshing inside the hole and internal channels. In connection to this,
it is intended to propose a numerical technique that allows immersing the film
cooling jet model inside any RANS-based CFD code. The numerical immersion
technique should allow to use the jet model in a mesh that is analog to those stand
ard ones used for prediction of flows through blade passages. In order to ensure an
accurate modeling, a calibration of the model coefficients with three-dimensional
experimental data should be pursued. An in-depth pertc)rmance analysis of the
CFD-embedded film-cooling model, in terms of computational accuracy versus
computational costs, is a must to show the relevancy of the proposed methodology.
In addition, the model should be validated against a wide range of test cases, from
fi 1m-cooled flat plate to fi 1m-cooled turbine blade configurations. These validation
steps should, in parallel, serve to gain knowledge of the flow physics occurring in
film-cooling jets. In summary, the detailed research objectives are:

1. Modeling of a film-cooling jet near the hole exit.

2. Development of a numerical technique to immerse the model in a CFD al
gorithm.

3. Calibration of the model coefficients using experimental data.

4. Analysis of the computational performance of the model.

5. Validation of the model in different geometries, from film-cooled flat plate
to film-cooled turbine (including blind test cases).

6. Gain insight of the effect of hole geometry, location and coolant to
freestream flow regime upon thermal protection.

A prerequisite to this research is to have a RANS-based CFD code at hand. To
this purpose, a three-dimensional unsteady RANS code (so-called MULTI3 [15])
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has been first developed and brought into operation. The code is based on the
Ni-Lax-Wendroff algorithm coupled to a Finite-Volume Method (PVM) for space
discretization. This is essentially an explicit, time-marching, second order accurate
algorithm, typical of codes used for computing turbomachinery flows. The algeb
raic, two~layer, isotropic Baldwin-Lomax turbulence model is included in the code
for the treatment of the turbulent field. Thus, the present numerical work is strictly
done in the context of isotropic turbUlence.

1.5 Thesis outline

• The technical and scientific reasons that lead to this thesis are given in
Chapter 1. In particular, the need to have a numerical tool for predicting
film~cooling jets in turbines in a reasonable time scale is explained. The
literature review leads to the modeling strategy chosen. In this respcct, a
thoughtful research procedure is discussed at thc end of the Chapter.

• Chapter 2 introduces the theoretical background for building a standard tur
bomachinery CPD code. The numerical issues linked to it, namely the gov
erning equations of motion to be solved, computational algorithm, turbu
lence modeling, boundary conditions and code stability are shown.

• The development of a novel film-cooling jet model is described in Chapter
3. The selected flow features to be modeled are discussed, on the basis
of experimental observations available in the literature. The mathematical
derivations that express the modeling of a film-cooling jet are shown. Even
tually, an overview of the film-cooling jet model is given in a flow chart.

• The numerical immersion of the model in a CFO code is explained in
Chapter 4. It first discusses the strategy chosen, namely the Immersed
Boundary Method (IBM). The general methodology of the numerical im~

mersion is described and its application to the flow studied in this thesis
is shown. The inputs needed for the model are explained. Eventually, an
overview of the full CFD-embedded film-cooling jet is given in a flow chart.

• Chapter 5 is centered around the calibration of the model coefficient. For
this purpose, the film~cooled flat plate experiment of Bernsdorf [13] is util
ized. The calibration process is explained. A broad range of flow regimes is
included in the model calibration. Thus, it is shown that the model can be
used for different flow and geometrical configurations.
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• The model performance, in a steady state sense, is evaluated in Chapter 6.
It is first shown that the use of the model in a CFD code leads to a stable
and converging solution. The resulting mass flow error is quantified to be
small enough. A study of the computational accuracy versus computational
cost is pursued in order to propose an optimal use of the CFD-embedded
film-cooling jet model.

• Chapter 7 deals with the steady aerodynamic validation of the model. The
predicted velocity and vorticity fields for different flow regimes are com
pared to accurate experimental data. Discrepancies in the prediction are
discussed. The effect of the hole injection angle and blowing ratio is invest
igated. Eventually, a comparison of the predictive capability of the model
versus two other numerical injection strategies is shown in order to assess
the merit of the modeling strategy chosen.

• In Chapter 8, a steady heat transfer validation of the model is performed. Ex
perimental data found in the literature serve as reference (blind test cases).
The discrepancies in the prediction of film-cooling effectiveness are ex
plained, in particular the isotropic treatment of the turbulence. The model is
also tested for coolant flow cases having a high lateral injection component.
This study allows to propose further developments of the model to increase
its range of application.

• As flows in turbine are inherently unsteady, in a periodic mode, it is shown
in Chapter 9 that the model can also be used when the flow field surround
ing the hole is pulsating. The type of unsteadiness generally occurring in
turbines is first discussed. Based on this analysis, a step toward using the
model in such flow situations is made. The computational cost is shown to
be low when used in an unsteady mode.

• In order to show that the model can effectively be used to predict flows
through film-cooled turbine blade passages, Chapter 10 presents a computa
tion in such a configuration. Up to 67 cooling holes are taken into account
in the prediction of the flow field of a film-cooled transonic turbine cascade.
The computational cost is low, compared to a calculation without any cool
ing. The effects of the blowing ratio and the spatial location of the cooling
rows of holes are discussed.

• Chapter 11 concludes by pointing to the key results obtained in this thesis. In
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addition, an outlook for further model development and utilization is even
tually given.
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Chapter 2

Numerical Method

This Chapter introduces the numerical method used to solve the governing equa
tions of fluid motion. Based on the numerical method presented herein, a CFD
code, so-called MULTI3 (see Burdet and Lakehal [15]), has been coded. This CFD
solver serves as the main tool for the numerical implementation and validation of
the film-cooling jet model presented in the next Chapters. The numerical algorithm
employs a Ni-Lax-Wendrotf approach in the context of the Finite-Volume Method
(FVM). The stability analysis and artificial smoothing of the numerical scheme is
discussed in this Chapter, as well as the handling of the diverse boundary condi
tions to be imposed.

2.1 Governing equations

2.1.1 The three-dimensional Reynolds-Averaged Navier-Stokes
equations

In this thesis, the three-dimensional compressible Reynolds-Averaged Navier
Stokes (RANS)l equations are numerically solved in order to study flows through
gas turbines. Any flow quantity ¢ can be decomposed into two parts, by two
means. For density p and pressure P, the following Reynolds decomposition is
used

¢ = ¢ + ¢' (2.1 )

where ¢ is the mean averaged value and ¢' is the fluctuation. For the velocity and
energy fields, the following Favre decomposition applies

¢ = ¢+ ¢" (2.2)

I Since the compressibility effect needs to be taken into account, fluctuation of density and temper
ature must be taken into account. Hence, a Favre-averaging procedure (see Wilcox [93]) is performed
for the velocity and energy fields.
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where ¢ is the mean mass-averaged value and ¢/' is the fluctuation. The averaging
reads

- 1 it+T

¢ = lim - ¢(c;')dc;
T-HX) T t

The following relations apply [93]

(2.3)

(2.4)

¢' = 0 p¢" = 0 (2.5)

In the following, each flow quantity is expressed in terms of its averaged value.
The RANS equations model the fundamental laws of mass conservation (Eq. 2.6),
momentum conservation (Eq. 2.7) and energy conservation (Eq. 2.8).

( ap- (7 (TPJo - pq<,u
J
'()ap-u' D p-'u'uoo) ., <".__~+ ~ J = __ + +B'

at aXj aXi aXj ~

a ['It' (T!~ - (J'U'l 'U'() J- % ~J ~ J

aXo
J

(2.6)

(2.7)

(2.8)

where Ui are the cartesian components of the velocity vector ('i = x, y, z), E is
the total energy per unit mass, iI is the total enthalpy per unit mass, Ti5are the
cartesian components of the laminar stress tensor, iff are the cartesian components
of the laminar heat flux vector and B i are the cartesian components of a body force
acting on the fluid. From now on, signs of averaging are omitted for clarity. The
turbulent kinetic energy, denoted by pk, is defined as

1---
Pk = -pu"'u"2 ~ 't

(2.9)
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(2.11)

The turbulent kinetic energy, up to the hypersonic range, can be considered negli
gible compared to the pressure P [93]. As flows of interest in this study are much
lower than hypersonic range, the contribution of the turbulent kinetic energy is
neglected. The laminar stress tensor Tb and the Reynolds (turbulent) stress tensor

Ti~' = -p'u~'u'J are defined through the Boussinesq model (turbulent kinetic energy
is neglected).

L T (L T) [1 (aUi atlj ) 1(aUk) ]
Tij = 'Tij + Tij = 2 P + P, '2 aXj + aXi -"3 aXk l5ij (2.10)

where p,L is the laminar molecular viscosity and It'1' is the eddy (turbulent) viscos~

ity. The eddy viscosity pT' models the effect of the dissipation of the smallest flow
structures. The laminar molecular viscosity ItL is found using the Sutherland's
law. It is valid up to a temperature of 1500 [K].

3
L C1T'i

it =---
C2 +T

where T is the static temperature, C1 = 1.458.10-6 [kg/msYKJ and C2 = 1l0A
[K]. To model the laminar heat flux vector q[-', as well as the turbulent heat flux
vector q; = pu'JHI!, Fourier's law is employed.

(2.12)

where cp is the specific heat at constant pressure, PrL is the laminar Prandtl
number and PrT the turbulent Prandtl number. In general, PrJ, = 0.71 and
PrT = 0.9. The turbulent molecular diffusion and transport are commonly
modeled as follows

1 - (L ItT) Dk-p7./! -'n'·"u" + T!'·'lt~' = II. + - --
.J 2 ~ 't ~.J ~ r AX ax j

(2.13)

Since the turbulent kinetic energy is neglected, the effect of the turbulent molecular
diffusion and transport is also neglected in this study [93J.

2.1.2 Conservative form

In many situations, flows through gas turbines contain both subsonic and super
sonic regions, due mainly to the presence of large pressure gradients. Therefore,
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shocks can occur through blade passages. In order to satisfy the Rankine-Hugoniot
conditions for shocks, the equations of motion have to be solved in a conservative
form.

DQ = _ [DFI EJGI EJHI ] [ 8FV 8G v DHv ] B (2 14)
EJt 8 + D' + ~ + ~) + 8 + 8 + .x . y uZ ux y Z

where Q is the state vector, FI, G I, HI are the inviscid fluxes, F v , G v , Hv are
the viscous fluxes and B is a body force.

p
pux

Q = p'uy
pUz
pE

pU:c
2pux +P

(J'LLxU y ,GI =

pUx'lJ,z

pHux

o

PU y

PU:c'u,y
2

pUy + P ,HI =

p'uyuz
pHuy

pUz

pUx 7..l z

(Juyu z

pu; +P
pHuz

(2.15)

(2.16)

T.T;X

Fv = - Txy

Txz

TxxUx + TxyUy + TxzUz - qx

o
Txy

G v = - Tyy
Tyz

TxyU x + Tyy'LL y + Tyz'U,z - qy

o

(2.17)

(2.18)

H v =-
Txz

Tyz

T zz

Txz'U,x + Tyz 7..l y + Tzz'LL z - qz

(2.19)
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To characterize the state of the working gas, the perfect gas model is used. It
relates the total energy per unit mass E to the pressure P.

P = ('Y ~ 1) [PE ~ ~ ((pnx )2 + (pny)2 + (p'u z )2)]
2p

where the total energy per unit mass E is given by

(2.20)

(2.21)
222

V'x + 'lLy + V'z
E = cvT + ' 2

cp

where T is the static temperature and Cv is the specific heat at constant volume.
The isentropic exponent 'Y reads

cp
'Y =-

Cv
(2.22)

For air at ambient temperature, it is of the order of 'Y = 1.4. In the following,
the isentropic exponent is assumed to be constant. The specific heat at constant
pressure cp is related to the gas constant Rg .

(2.23)

If not explicitly specified, the working gas is air. The gas constant value for air
that is used is 287 [J/kgK]. The total enthalpy per unit mass H is a function of the
total energy per unit mass E and temperature T.

(2.24)

2.1.3 Non-dimensionalization

The RANS equations to be solved are used in practice in a non-dimensionalized
form. This is due to computer hmitation to represent a number. This allows all
computed state variables to be about the same order of magnitude. The reference
values are the dominant length of the problem L Te ! (e.g. blade axial chord for
flow problem through a turbine), the inlet stagnation density PTe! and the inlet
stagnation speed of sound aTe!. Indeed, as flows though turbines significantly
vary around the speed of sound aTe!, the speed of sound is a better scale of the
velocity than the inlet freestream velocity, as opposed to external flow problems.

* ;rx =--
L Te !

y* y

LTef
z*
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p*=~
Pre!

J-L* =~
J-Lre!

'1'
T* = -2"""'--

are!/Rg

(2.25)

Ultimately, the reference Reynolds number Rere ! scales the viscous fluxes when
treating the conservative form of the non-dimensionlized RANS equations.

(2.26)

2.1.4 Turbulence model

The zero-equation Baldwin-Lomax turbulence model, see Baldwin and Lomax
[8], is chosen to compute the eddy viscosity fi,'I'. The model employs a two-layer
technique, in which the inner eddy viscosity fiT is boundary layer affected and the
outer viscosity J-Lr scales the turbulent diffusion in the freestream. This turbulence
model is isotropic, since the eddy viscosity fi,T, at a given discrete location in
the flow, has no preferred direction, i.e. it gets the same value for al1 the spatial
directions. Essentially, the Baldwin-Lomax model has to be used in a so-called
"profile line". The "profile line" is characterized by a line that leaves the wall
surface orthogonal1y, in the "y-direction", going up to the freestream region. All
the parameters needed for the model are computed in this profile line. Thus, this
is a turbulence model that does not take into account the spatial and time history
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of the turbulence. The two-layers Baldwin-Lomax turbulence model is given as
follows

Y < Ym
y> Ym

(2.27)

where Ym is the distance to the wall where the character of the eddy viscosity
switches. The inner eddy viscosity /-LT is given by

(2.28)

(2.29)

where Iw I is the absolute vorticity magnitude. lmix is the characteristic mixing
length

lmix = I<vKY (1- e-::f)
where At = 26 and the von-Karman constant K,vK is set to K,vK = 0.41. The
non-dimensional wall distance y+ is given by

+ Pwall'U,TYY =---
/-Lwall

where U T is the wall friction velocity,

Pwall

(2.30)

(2.31)

where Twall is the wall shear stress vector. It is given by the projection of the shear
stress tensor T onto the tangential t and bi-tangential b vectors to the surface. The
absolute magnitude of the vorticity Iwl reads

Iwl= (
()uz _ a,lJ,y) 2 + (~ux _ ()uz ) 2 + (~'lLY __ ()ux) 2 (2.32)
()y az oz ()x ox Dy

The outer eddy viscosity IJ,~' is expressed as follows

/-L~ = paBLCcpFwk}kleb (2.33)

The wake function Fwk allows to recognize wakes from boundary layer regions.
It is found by taking the minimum value between the quantities YmaxFmax and
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CWkYmaxU~iff / F max found on the observed line profile. The maximum velocity
difference 'Udif f is defined by subtracting the maximum absolute velocity found on
the observed profile line to the minimum one (which is equal to zero if the profile
line is attached to a wall). The distance Yrnax is found on the profile line where
lmixlwl is maximum. The Fmax factor is given by

1
Frnax = -- [lmix IwlLIJ=y

K,vK ,max

The Klebanoff intermittency function Fkleb is given by

Fk1eb ~ [1 + 5.5 m6] -1

(2.34)

(2.35)

where 8 = Ymax/Ckleb. The model coefficients arc: (tBL = 0.0168, CCP = 1.6,
Cwk = 0.25, Ckleb = O.~3. For three-dimensional flow problem, the eddy viscosity
near corners is affected by the two adjacent walls. In order to take this effect into
account, a blending function f BL is introduced to smoothly distribute the eddy
viscosity. Indeed, in these corner regions, the eddy viscosity is computed twice
from the two adjacent walls, that is namely Ij,~~ and I-j,~;. Eventually, the two eddy
viscosities Ij,~~ and /I~; that have been found are combined together through the
blending factor fBL to get the eddy viscosity /IT'.

(2.36)

Following the work of Bassi et al. [9], the blending function f BL is given by

1
:-::r

f = 1 Y<;2 1
::-:2+::-:2
Y<;1 Yc2

(2.37)

To reproduce the effect of the laminar to turbulent boundary layer transition, Bald
win and Lomax [8] have proposed that the eddy viscosity is set to zero everywhere
in a profile when the maximum computed value of the eddy viscosity Ij,~~a:r; is less
than a specified value, that is

(2.38)

It is proposed [8] to have the transition coefficient Ctr equal to 14.
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The numerical method used to solve the unsteady RANS equations is explained in
this section. The solution procedure consists of an explicit, time marching, Finite
Volume Method (FVM) that is second order accurate in space and time. For time
discretization, the one-step Ni-Lax-Wendroff scheme has been chosen, originally
developed by Ni [70] to solve the Euler equations. The solution algorithm is based
on a central cell-vertex variable allocation. This type of scheme is typical of those
used nowadays in industry. The stability criterion is analytically derived for the
inviscid term and is found empirically for the viscous term. A second and a fourth
order artificial smoothing are applied to the system of equations to be solved. In
deed, this central scheme yields unrealistic oscillations (odd-even wiggles). These
numerical artifacts can be partially damped out by a fourth order artificial smooth
ing. In addition, shocks can be better predicted with the help of a second order ar
tificial smoothing. A one-dimensional non~reflecting boundary condition strategy
is selected to specify the flow conditions at inlet and outlet planes.

2.2.1 Time discretization

Knowing the value of the state vector Q at time n, one can explicitly find its new
value at time n + 1, using a Taylor series expansion.

(
8Q )n (82Q)n Ilt

2
Qn+1 = Qn + 8t Ilt + tlt2 -2- + 0 (Ilt 3

) (2.39)

The state vector Q can be expressed as a function of the inviscid and viscous fluxes
using the conservative form of the RANS equations (see Eq. 2.14). This allows to
rewrite Eq. 2.39 as

Qn+1 _ Qn = -Ilt (8FI + (j.GI + oH1 _ o:v _ 0C:v _ DHv ) n
8x oy OZ ax ay 8z

_ Ilt
2

8 (aFI + oG1 + OHI _ tlFv _ (jGv _ 8Hv)(rJ2 40)
2 at ox ay 8z ox oy OZ .

Defining 8Q = Qn+1 - Qn and rearranging the second term yields

8Q = -tlt [aFI + a,GI + aHr _ a,Fv _ a?v _ a/fvl nax ay az rJ,T dy at
_ !:J..t [-!2- (Ilta,FI)n + J2... (Ilt aG1)n + -7-- (Ilta!II)n (2.41)

2 ace at ay at uz at
_!:J..t [_J2... (Ilta!,v)n __ ,a (IltaGv)n _ J2... (Iltalfv)n]

2 ax at ay at az at
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The second-order change of the inviscid and viscous fluxes (F, G, H) is intro
duced as

8(F, G, H) = ~t 8(F,~, H)

This enables to write Eq. 2.41 in a more compact form.

8Q = 8Q11 + 8Q12 + 8Qv1 + 8Qv2

(2.42)

(2.43)

(2.44)

where the inviscid and viscous first- and second-order changes of the state vector
(8Q1 1 , 8Q12' 8Qv1 , 8QV2) are defined as

8Q = -~t [OFI + O~I + 8H1 ]nh ox By az
8Q = ~t [8!'v -t- oGy + 0!Iv Jn

V 1 ax ay oZ

8Q12 = _~t [;t (8F1)n + tv (8G1)n + tz (8H1tj
8Q = .6.t [-ft- (oF )n + -ft- (8G )n + JL (8H )nV2 2 ox v oy v az v

2.2.2 Space discretization

The computational mesh is assumed to contain only hexahedral cell volumes. The
state variables are stored at the intersections of the mesh lines, that are namely the
grid nodes. The grid nodes G N define the vertices of the computational ceIls C
(there are 8 vertices per hexahedral cell), see Fig. 2.1. The FVM assumes that the
state variables are constant within the volume of a pseudo-cell P. The pseudo
cell P includes the near-space volume surrounding the grid node GN, in between
the adjacent grid nodes. Thus, the space discretization of 2.44 at each grid node
G N employs the integration of Eq. 2.44 over the volume Vp associated to the
pseudo-cell P.

Applying the Gauss theorem to Eq. 2.45 yields

8Q = - (~n p Isp (Fhnx + Gh'Hz + Hllnzt d8
+ (~t) P Isp (Fv1n x + G V1 n y + H V1 nz)n d8

- (~J) p Isp (8F12 n x + 8G12 ny + 8H12 n z yn dB

+ (~J) p Isp (8Fv2 n X + 8GV2 n y + 8Hv2 n Z yr" dB

(2.46)
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Figure 2.1: Stencil of the numerical algorithm

surface S~

where ni are the cartesian components of the unit vector normal to the surface
Sp. D.tp is the time step associated to the pseudo~cel1 P and Sp is any of the 6
boundary faces of the pseudo-cell P. In reality, the dimension of the pseudo-cell
P is not explicitly known. The cells that are explicitly defined are those which
surround the grid node GN, namely the cells (A ~ H), as shown in Fig. 2.2. The
major advantage of the Ni~Lax-Wendrotf algorithm lies in the fact that only expli
citly known information is used. Thus, instead of computing the dimension of the
pseudo-cell P, the dimension and fluxes through the 8 cells (A ~ F) surrounding
the grid node GN are computed, using Eq. 2.46. The rate of change D.Qp of all
the state variable at the ghost node GN is given by the arithmetical average of the
rate of change D.Qc of the state variables calculated in the 8 surrounding cells
(0 = A ~ F). For example, the volume over time step ratio is explicitly defined
as

(2.47)
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Figure 2.2: Cells (A - If) surrounding grid node GN

First order inviscid flux

Applying the Ni-Lax~Wendroff space discretization (e.g. Eq. 2.47) strategy to Eq.
2.46 for the first order inviscid term yields

where Se represents the entire boundary area of cell C. Considering the fact that
only hexahedral cells are used, Eq. 2.48 becomes

where S{ denotes the vector components i of any of the 6 boundary faces f of
the hexahedral cell C. The averaged fluxes F I, G 1, H I through each face fare
given by

F - ~ (FG1 + F G2 + F G3 + FG4)1- 4 1 1 I 1
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where (G I , G2 , Ga, G4 ) are the four vertices of face f. Although this is only
shown for F I, the averaging is the same for the two other inviscid fluxes G I, HI.

Second order inviscid flux

The integration of the second order fluxes needs to be done over the mean surfaces
of all the 8 surrounding cells (A~H). The second order fluxes are derived from the
first order fluxes, known at the center of each surrounding cell (A ~H). Therefore,
the second order inviscid fluxes of Eg. 2.46 read

where the Be!.; 's represent the mean surface area of each cell (A -, H) in the three
spatial directions. The mean surface area is defined as being the surface area of the
pseudo-cell P. The (1/4) term comes from the fact that each mean surface area
SCi is taken into account 4 times in the integration of Eg. 2.51. Using the same
averaging procedure as for the first order inviscid term (e.g. Eg. 2.50), Eg. 2.51
can written as follows

(2.52)

The averaged second order inviscid fluxes can be expressed as

Eg. 2.53 yields the formula to compute the fluxes derivative in respect to Q. This
leads to the computation of a Jacobian matrix. This operation can be very com
putationally intensive. In order to substantially reduce the computational cost, the
averaged second order inviscid fluxes (tlF1 , tlCh, tlFh) can be derived in a
very efficient manner. Let us first introduce the first order inviscid change of the
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conservative variables.

b..p
b.. (p'lLx)

b..Q = b.. (puy)
b.. (pu z )

b.. (pE)
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(2.54)

Using the known values of the rate of change of the conservative variables (in Eq.
2.55), the second order inviscid fluxes can be expressed as

b.. (pux )

ux b.. (pux ) + P'lLxb..U x + b..p
b..FI = 'U'xb.. (pu y) + pUyb..ux

1.txb.. (p'lLz) + P'lLzb..ux
Ux (b.. (pE) + b..p) + (pE + p) b..v':r

b.. (pu y)
uyb.. (pux) + pUxb..1Ly

b..G I = Uyb.. (P'lLy) + p1Lyb..uy + b..P
Uyb.. (puz) + P'tLzb..Uy

u y (b.. (pE) + b..p) + (pE + p) b..1Ly

b.. (pn z )

1Lzb.. (pux ) + pUxb..uz
b..HI = uzb.. (puy) + P'lLyb..uz

uzb.. (puz ) + P1Lzb..uz + b..p
Uz (b.. (pE) + b..p) + (pE + p) b..'U'z

where the change of the primitive variables are obtained as follows

(2.55)

(2.56)

(2.57)

A _ 6.(P'Ux ) -'U~, t:::.p
UUx - P

b..'lLy = t:::. (P'U y ~-iJ''16.P

b..uz = t:::.(puz)p-'Uzt:::.P (2.58)

b..p = h - 1) [b.. (pE) - 'lLxb.. (P1Lx) - uyb.. (puy) - 1Lzb.. (puz) +
+-¥ (lL; +u~ + 1L;) ]
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The same strategy is applied to the first order viscous fluxes as well as for the
second order inviscid fluxes. Both express a second order derivative of the state
variables.

H [( J\) (1) :1 ]
wt . - -d - --o:;f - -f n

6Qv, = E 2V c 4: f;(FvSx+GvSy+HvSz) (2.59)

The derivatives contained in the first order fluxes F v ,G v and H v are known
at the cell center of each cell C, using the Gauss theorem. Hence, for any flow
quantity ¢, its derivative in cell C is given by

6

(8¢) = (~) L¢sb
ax eVe f=1

Second order viscous flux

(2.60)

The computation of the second order viscous flux demands much more computa
tional resources than for the other fluxes. Indeed, a Jacobian in the three spatial
direction must be computed, for each grid node GN. However, it has been shown
(Hirsch [45]) that this flux has a negligible effect on the accuracy of the whole
computation, in particular for the range of Reynolds numbers encountered in tur
bomachinery flows. Thus, the second order viscous flux is neglected.

2.2.3 Mesh singularity

For complex geometries, several hexahedral blocks (structured collection of hexa
hedral ceIIs) need to be connected together. This leads to a multiblock grid topo
logy. In this case, it is possible that at some particular grid nodes, there are an odd
number of blocks connected together. This leads to have less, or more than 8 cells
surrounding this node. The numerical correction at this node location is easily im
plemented. The final time over volume ratio, as shown in Eq. 2.47, is corrected by
the actual number of surrounding cells Nc [29]. This gives

(V) (1) No (V)
~t p = Nc &;. ~t c

(2.61)
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2.3 Robustness of the algorithm: stability and smoothing

2.3.1 Stability analysis

A standard Von Neumann stability analysis of the Ni-Lax-Wendroff scheme ap
plied to the RANS equations cannot be carried out. This is due to the highly
non-linear form of these equations. However, a first approach to the condition of
stability of the scheme is to apply a Von Neumann stability analysis to the invis
cid part of the governing equations of motion. To do so, the linearized form of
the Euler equations is taken. For the sake of simplicity, the reader should refer to
Burdet and Lakehal [15] for an in-depth information about this stability analysis.
The result of this analysis gives the inviscid stability criterion, by restricting the
numerical time step b..tr as a function of the cell velocity and geometrical dimen
sion.

(2.62)

where J[ is a Jacobian representing the volume of the cell. Rr and Mr represent
different metrics of the cell. The speed of sound is represented by a. To get the
overall stability criterion, the time step restriction b..t has to take into account the
viscous term of the RANS equations. It is commonly accepted to scale the inviscid
time step f::::..tr by using a local cell Reynolds number ReD..

(2.63)

(2.64)

where the cell Reynolds number ReD. is defined as

ReD. = pn1/in (Iuxb..xl , l'Uyf::::..yl , 1'lLzf::::..zl)
11,

where f::::..:1;, f::::..y and f::::..z are the different length of the considered cell. The Courant
Levy-Friedrich (CFL) condition is fulfilled by scaling the time step with a number
ranging from 0 to 1. In general the CFL number is set to CFL ;;:: 0.9. For steady~

state computation, to accelerate the convergence rate, the time step computed in
each cell is locally used (i.e. local time stepping). On the contrary, in unsteady
computation, the minimum time step found in the computational domain is used
in every computational cell (i.e. global time stepping). This enables to ensure that
the physical time is the same everywhere in the computational domain.
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2.3.2 Numerical smoothing

The Ni-Lax-Wendroff scheme is second order accurate in time and in space. The
second order term plays the role of a dissipative operator, analogous to an upwind
scheme. Therefore, for the simulation of a smooth flow field (i.e. no large velocity
or pressure gradient within the flow field), the scheme is stable. When solving the
one-dimensional wave equation, It can be proved (el Hirsch [45]) that the exten
sion of this scheme in a finite difference form introduces a third order dispersion
term. A dominating lagging phase is then unavoidable when applying this scheme
to the RANS equations. This phenomenon can be interpreted as follows: when a
simulation is carried out with this scheme, one can observe waves of different fre
quencies (due to the transient solution, computer limitation to represent a number
and handling of the boundary conditions) which travel at different speeds. Hence,
due to the phase error caused by the dispersive term, an aliasing phenomenon res
ulting from the superposition of the different numerical waves can arise. A well
known mode to characterize this error is the odd-even decoupling of pressure for
steady calculation. In order to partially damp out these non-physical oscillations,
a fourth order operator is added to the solved RANS equations, playing the role
of a background smoother. Apart from this type of dispersive error feature, an
other major numerical wiggling artifact can arise. The compressible form of the
Euler equations allows discontinuous flow solutions which result in the Rankine
Hugoniot relations. In reality, these discontinuities are not singular so that they
have a very thin thickness. This is due to the dominant role of viscosity and heat
conduction in this region. Interestingly, in earlier numerical simulations, where
the same type of scheme has been used (see for instance Billonet et al. [14]), it has
been observed that numerically-based oscillatory modes are created near discon
tinuities. This results in an inaccurate prediction of shocks. A dissipative operator
of second order is therefore required to obtain a smooth result near shocks. This
operator has to playa dominant role in shock region whereas in other parts of the
flow field, it should be minimized as much as possible. The numerical (artificial)
smoothing added to the RANS equations to be solved is

(2.65)

where the artificial viscosities V2 and V4 scales the second- and fourth-order nu
merical smoothing. For the sake of simplicity, the reader should refer to Burdet
and Lakehal [15] for an in-depth information on how these artificial viscosities
are defined and computed. In general, the scaling of the numerical (artificial)
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smoothing utilized in most of the computations is V2 = 0.01 and V4 = 0.002.
This introduces a relatively low numerical smoothing, compared to what is used in
industry.

2.3.3 Near wall smoothing

A major inconvenience involved by the numerical smoothing is the degradation of
the solution in low Mach number regions (relatively to the incoming freestream
Mach number M f of the flow problem studied). These are regions where the
dissipative force is strong, relatively to the convective force. This is especially true
in the boundary layer region. In these low Mach number regions, the numerical
smoothing shifts the real viscosity level, which results in an inaccurate modeling
of the near wall diffusion. In order to damp the numerical smoothing near walls
and also wakes, it is scaled by a function which is determined by the local cell
Mach number lvle.

scaled (lvle ) 2
V2 = -- V2

Mf

v<;caled ( Me) 2
4 lvlf V4

2.4 Boundary conditions

(2.66)

(2.67)

2.4.1 Inlet/outlet boundary conditions

Nature of the RANS equations

The nature of the unsteady compressible RANS equations is parabolic-hyperbolic.
As turbomachinery flows are essentially internal, there are two main regions of in
terest. On one hand, far from walls (blade, platf()rm, casing, etc.), a free shear flow
occurs so that the inertial force is much stronger than the viscous force (high local
Reynolds number). This implies that the hyperbolic nature of the RANS equations
dominates. On the other hand, flow near a wall feels much more the viscous force
(relatively low local Reynolds number) due to the no-slip boundary condition at
wall. Hence, the parabolic part of the RANS equations becomes important here.
At the inlet and outlet cross plane, the flow is mostly inviscid. Indeed, only the tiny
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boundary layer zone at the platform and casing is viscosity-affected. In order to
substantially simplify the treatment of the inlet/outlet boundary condition, without
relevant loss on the solution accuracy, it is assumed that the Euler equations are
sufficient to describe the flow behavior at the inlet and outlet planes. For subsonic,
inviscid, three-dimensional flow problems, Gustafsson and Sundstrom [39J have
shown that four inlet and one outlet flow characteristics have to be imposed for
conforming the hyperbolic nature of the Euler equation. Furthermore, if a super
sonic flow is encountered, then five inlet and zero outlet flow characteristics have
to be imposed.

One-dimensional non-reflecting boundary conditions

Imposing directly the flow state variables at the inlet and outlet plane leads to
get in- and out-going spurious waves through the boundaries. In order to solve
this issue, the governing equations~of the flow characteristics are utilized. Let us
assume that a perturbation wave Q is traveling normally to the inlet and outlet
planes of the computational domain. In this case, the one-dimensional, linearized
Euler equations governing the wave propagation can be used.

aQ AaQ_
at + ax - 0

where

p-p
U x -'ILo.:

Q = 'lLy - tty

'lL z - U z

p-p

(2.68)

p Ux P 0 0 0
Ux 0 Ux 0 0 lip
u y A= 0 0 u 0 0 (2.69), x

Uz 0 0 0 U x 0
p 0 ,,/p 0 0 'no.:

All these vectors and matrices are defined locally at a grid node GN, lying on the
inlet or outlet plane. The matrix A of the linearized coefficients can be diagonal
ized.

Ux 0 0 0 0
0 U x 0 0 0

A =T-1AT = 0 0 U x 0 () (2.70)
0 0 0 U x +0: 0
0 0 0 0 U x -0;
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where a = virP/p is the local speed of sound. The diagonal components of
the matrix A, which are the eigenvalues of the system, represent the speed of the
characteristic waves. A positive value indicates a wave coming inside the compu
tational domain at the inlet plane, and outside of the computational domain at the
outlet plane. A negative value reverses the previous comment. The matrices T and
T- 1 are given by

1 0 0 1 1 -7;2 0 0 () 1-c2 2"12 27'2

0 0 0
~l

0 0 pc 0 02'C2 -w
T= 0 J.... 0 0 0 ,T-1 = 0 0 0 pc 0pc

0 0 I 0 0 0 pc 0 0 1pc
0 0 0 1 1 0 -pc 0 0 1

2 2"
(2.71)

Injecting Eq. 2.70 in the linearized Euler equation, see Eq. 2.68, and multiplying
the result by T- 1 reads

where

a~ a~
-+A-=O
at a:r

(2.72)

(2.73)

.p is the vector of the linearized characteristic perturbation waves. The non
reflecting boundary condition, following the definition of Engquist and Majda [27],
implies that local perturbations propagated along the incoming characteristics have
to vanish. Hence, for a subsonic flow, the non-reflecting boundary condition reads

i,nlet

= 0, [<p ] - 05 mdlet- (2.74)

In practice, the characteristics <Pi are first computed using Eq. 2.73. The perturba
tion vector Qis given by the value of state variables Qfc that needs to be specified
at the inlet and outlet planes, minus the value of the state variables Qib computed
at time n. Using the condition given by Eq. 2.74, the characteristics are driven to
ousing a Newton-Raphson procedure [29]. Then, the value of the state variables
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Q~~+l at time n + 1 are computed back by using the inverse relation of Eq. 2.73.

In general, the total pressure p,f." total temperature Tj, as well as the tangential
and radial flow angles at the inlet plane are specified. At the outlet plane, the static
pressure P is specified.

2.4.2 Wall boundary conditions

The no-slip boundary condition applies onto every wall pertaining to the compu
tational domain. For a stationary wall, it takes the form of a Dirichlet type of
boundary condition for the velocity vector.

Uwall = 0 (2.75)

(2.76)

The pressure boundary condition at a wall is simplified to a level where the normal
shear stress force is much smaller than the pressure gradient. Thus, using the mo
mentum equation (see eg. 2.7) and the fact that walls are non-porous, the pressure
boundary condition takes the form of a Neumann type of boundary condition.

( 8 )~ =0
8n wall

The energy field at walls is determined by imposing either an adiabatic or an iso
thermal boundary condition. The adiabatic boundary condition says that walls are
completely isolated from any external heat source, leading to a Neumann type of
boundary condition for the temperature.

(aT)~ -0
an waLL

(2.77)

The isothermal boundary condition implies that the walls are heated such as they
have a constant, predetermined temperature. This is essentially a Dirichlet type of
boundary condition.

'l'wall = Twanted (2.78)

A Dirichlet boundary condition is very easily implemented in the Ni-Lax-Wendroff
scheme. Indeed, state variables are stored at the location of the grid nodes (cell
vertex algorithm). Thus, state variables at grid nodes lying on a wall are simply set
to the specified boundary conditions. A Neumann boundary condition necessitates
the extrapolation of the state variables at wall using one or two grid nodes inside
the domain.
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2.4.3 Periodic boundary conditions
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For a given blade cascade, it is often not necessary to explicitly compute all the
blade passages. Indeed, if the turbomachine operates in its stable operating margin,
it is preferable to compute only one passage. It substantially saves computational
resources and efforts. This induces that it is necessary to specify a periodic bound
ary condition on the sides of the computational domain. As the algorithm used is
cell-vertex based, grid nodes lying on the two periodic planes are obviously duplic
ated in both periodic sides 81 and 82. In each periodic side, they receive only one
half of the total flux contribution to update the corresponding state vector. Thus,
in a linear case, the final rate of change of the state vector in side 81 is given by the
addition of the flux contribution received in side 81 and 82.

<5Qn+1 <5Qn+1 + <5Qn+l
81,82 final -.')1 .')2

(2.79)

The order of accuracy of the algorithm at the periodic planes is fully conserved
with this approach.

2.5 Conclusion

The numerical method used for solving the RANS equations of fluid motion, ex
plained in the previous sections, has been utilized to build a CFD code, namely
MULT13. The numerical method employed is typical of industrial CFD code. This
code has been validated against several typical flow problems encountered in tur
bomachinery. In particular, this code has shown a reasonable predictive capability
of flows through a compressor linear cascade, a turbine linear cascade (for both
see [15]) and an annular turbine cascade [16J. The odd-even wiggling numerical
artifact has been recognized as the major drawback when using this type of central
scheme.



Chapter 3

Film Cooling Jet Model

3.1 Assumptions and structure of the jet model

3.1.1 Modeling approach

Near-hole region

The path of a coolant flow within a film-cooled turbine blade is characterized by
three main regions, see Fig. 3.1. First of all, it is dispatched toward the hole of
injection through several internal channels. Just before flowing through the hole,
it dwells in a plenum chamber. In a second step, the coolant emerges from the hole
and makes contact with the freestream fluid. In this zone, so-called "near hole
region", localized near the hole exit, the coolant starts to mix with the hot fluid but
at very small scales. However, its trajectory rapidly turns toward the freestream
flow direction. In a third step, the coolant flow mixes in a large scale with the hot
freestream fluid. This mixing process is turbulent and unsteady. A non-constant
blowing of the coolant jet can occur as a function of the surrounding freestream
flow conditions.

The modeling of the coolant flow has to be located in one or several of these
zones. The first zone, namely the plenum chamber, does not comply with one of
the main restrictions, which says the flow inside the hole should not be solved,
see Chapter 1. The third zone contains a highly unsteady and turbulent flow field,
where the mixing has already taken place in a large scale. Then, this implies
more a development of a turbulence model than anything else. Chances of success
are small, and certainly the model would be applicable only for a small range
of cooling parameters. The near hole region is then the ideal candidate for the
modeling; it does not require to solve the flow inside the pipe and large scale
mixing has not taken place yet. The near hole region is sketched in Fig. 3.2.
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Figure 3.1.' Location ofthe near hole region within a film~cooled turbine blade.

Plane of injection

The modeling of the near-hole coolant jet is based on a semi-empirical approach.
On the one hand, the main flow features are identified and then modeled using
the governing equations of fluid dynamics. On the other hand, the coefficients
deriving from the proposed model are carefully tuned with the aid of experimental
data1 describing the near hole three-dimensional flow field. As a consequence, the
modeling approach is to experimentally anchor the near hole coolant jet model.
More precisely, the model is only applicable in a two-dimensional plane normal
to the direction of the coolant jet, so-called "plane of injection". It is located just
downstream of the hole exit, as shown in Fig. 3.2. This is where the resultant
flow field, derived from the model, is injected into the CFD algorithm. Between

IThe experimental data of Bernsdorf et at. [12] arc used, see Chapter 5 for more details.
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Figure 3.2: Location of the plane of injection in the near hole region.

the hole exit and the plane of injection, the jet is strongly bent, which provokes
a fundamental change in its own structure within this tiny region. By modeling
the coolant jet at a location where it is almost completely re-organized but not
fully mixed with the hot fluid yet, we alleviate thc need of numerically solving
the ncar-hole, complex flow region where the jet bends. Indeed, the accurate but
fastidious resolution of this tiny region is essential to ensure the good prediction
of the downstream jet evolution.

Reynolds-Averaged Navier-Stokes (RANS) modeling

Thc model aims to provide the designer with a tool that is computationally efficient
and accurate for film-cooled blade optimization. Nowadays and in the foreseeable
future, RANS solvers will stand the state of thc art for 3D blade design. There
fore, the model is specifically dedicated for use in a CFD code solving the RANS
equations. Thus, the model is simplified to a level that is resolved in RANS com
putation. The modeling of any flow structure is done by only considering its mean
flow behavior.

3.1.2 Geometrical parameters

A typical cylindrical film cooling holes arrangement is shown in Fig. 3.3. It de
scribes the main geometrical parameters, such as the hole diametcr d, the hole
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Figure 3.3: Dimensions ofcylindrical/Urn-cooling holes.

length per hole diameter l / d, the pitch distance between two holes per hole dia
meter s / d, as well as the streamwise angle of injection ao and the lateral angle
of injection f3o. The jet in crossflow phenomenon can produce a broad range of
flow structures downstream of the injection site, depending on the geometrical ar
rangement of the holes, and also on the geometry of the hole itself. The validation
of the proposed model covers cylindrical hole, inclined in the streamwise direc
tion up to 60° and up to 90° in the lateral direction. These hole inclinations are
typical of the pressure and suction sides of a turbine blade. Showerhead (leading
edge cooling) and endwall cooling are not considered in this study since they have
a streamwise injection angle of 90°: the coolant jet flow pattern can be then very
different. Nowadays, shaped holes are more and more the rule in advanced cooling
system. The current model is developed so that an inclusion of shaped holes can
easily be done. Furthermore, long holes are assumed, i.e. the length of the hole is
much greater than its diameter.
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3.1.3 Flow regimes

Compressibility

The coolant jet and freestream flow are considered compressible. Furthermore, it
is hypothesized that the Mach number, based on the coolant jet fluid properties, is
less or equal to one (choked condition). A transonic regime within the near hole
region is not considered in the model.

Turbulence

The local Reynolds number Red, based on the hole diameter and coolant fluid flow
properties is given by

pcucd
Red = --

flY

In all cases, it is assumed that Red > 5 . 103 so that the coolant flow is fully
turbulent, see Schlichting and Gersten [801. As film-cooled blades are generally
designed for high-pressure turbines, they are standing just downstream of the exit
of the combustor chamber. At the exit of a gas turbine combustor, freestream tur
bulence is typically ranging between 10% to 20%. This means that the freestream
flow is highly turbulent. The effect of the freestream turbulence on the coolant
jet can be important but concerns especially the mixing occurring some distance
downstream of the injection site. The effect of freestream turbulence is not taken
into account in the modeling of the jet at the plane of injection. Indeed, it seems
that it has little influence upon the jet in the near hole region, see for example
results of Mayhem et al. [61]. In addition, it is hypothesized that the freestream
boundary layer is fully turbulent when approaching the hole so that transition pro
cesses are neglected.

Unsteadiness

In reality, coolant jets at film-cooled turbine blade walls exhibit a pulsating beha
vior (see Abhari and Epstein [1]). In particular, rotor blades, and more generally
second stage blades, work in a highly unsteady flow environment. Periodically,
there are upstream wakes and secondary flows convecting and diffusing through
the downstream blade passages and also potential interactions and shock systems
occurring in between the blade rows. This causes an unsteady behavior of the
coolant jet blowing. In fact, the strength of the jet blowing is very dependent on
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the recent history of near hole flow conditions. A measure of the near hole jet
unsteadiness can be determined by the near hole reduced frequency nd

nd = Fjd
uc

Where Fj is the jet pulsating frequcncy. The pulsating frequency is very often
triggered by the wake passing frequency i.e. by the rotor speed. In general, this
near hole reduced frequency nd is much less than 12

. This means that, in the near
hole region only, it can be hypothesized that the jet has a quasi-steady behavior.
Thus, at each time step, the jet can be modeled using a steady approach. Note here
that it does not mean that the jet is not pulsating, it only means that the coolant
fluid particles between the hole exit and the plane of injection are convecting much
faster than the time taken by the jet to pulsate half a period.

Coolant to freestream flow ratios

The density ratio DR is generally used to quantify the thermal difference between
the hot and the cold fluid.

c

DR= Pi
P

(3.3)

For film-cooling applied in turbomachinery, the density ratio is typically ranging
from 1.0 (no temperature difference) to 2.D (high temperature difference). The
massflux and momentum of the coolant jet relative to the freestream flow is often
quantified by the blowing BR and momentum flux ratio I R.

(3.4)

In general, the blowing ratio of a pressure and suction side film-cooling is included
between 0.5 and 3.0. A blowing ratio of 0.5 corresponds to a coolant jet tending to
stick to the wall (wall jet) whereas a blowing ratio of 3.0 indicates a jet detached
from the wall, penetrating beyond the freestream boundary layer, see for instance
Leylek and Zerkle [56].

2For example, a turbine having a rotor speed of 6000 rpm and 40 rotor blades (which gives a blade
passing frequency of 4000 [Hz]), and also a cooling hole diameter of 1 [mm] and a coolant velocity of
200 [m/s] leads to a near hole reduced frequency of ~yl = 2 . 10-2
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3.1.4 Flow structures included in the jet model

The coolant jet behavior in the ncar hole region is highly three-dimensional and
contains several flow scales. The main, large scale flow features are shown in Fig.
3.4.

Figure 3.4: Near hole coolant jet flow features.

Near hole jet behavior and trajectory

It is commonly accepted that the coolant jet behavior is quantitatively very close
to that of a solid body near the hole exit. Moussa et aZ. 1681 have shown that the
incoming freestream flow suffers from a deceleration near the leading edge of the
hole similar to the one felt around a cylinder in crossflow. Thus, the coolant jet
provokes a blockage effect onto the external freestream flow. This phenomenon
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induces a pressure gradient between the windward side and the lee side of the jet,
which in return bends rapidly the trajectory of the jet fluid toward the freestream
flow direction. The trajectory of the jet is therefore a major phenomenon to be
modeled.

Counter-rotating vortex pair - convective entrainment

There is a considerable amount of dynamical adjustments within the jet flow
between the hole exit and few diameters downstream. Moussa et ai. [68] have
proposed that the major change in the jet flow is the stretching and tilting of the
vorticity created within the boundary layer of the coolant flow inside the hole. This
vorticity can be originally seen as a vorticity ring inside the hole, as shown in Fig.
3.5. Indeed, the evolution of this ring leads rapidly to concentrate a high percent-

Center view Cross view

Figure 3.5: Creation and evolution ofthe coolant flow vortex ring.

age of vorticity into its sides. Then, the two sides of the vorticity ring fall in lign
with the dominant streamwise velocity, to form a so-called Beltrami flow. This
leads to the appearance of a Counter-rotating Vortex Pair (CVP) structure. Follow
ing the work of Moussa et al. [68], about 75% of the total mean vorticity existing
inside the coolant boundary layer in the hole is redistributed to the CVP. Fric and
Roshko [31] have shown that at one hole diameter downstream of the hole center,
the CVP structure is already present. Further downstream, the CVP structure sup
ports an entrainment of the freestream fluid toward the core of the jet. In particular,
the orientation of the CVP rotation brings hot freestream fluid underneath the jet
which induces a dramatic reduction of the thermal protection offered by the film
cooling jet. As a consequence, the CVP structure needs to be modeled in order to
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set the right convective entrainment. Note here that as the strength of the CVP and
its shape are very sensitive to the geometry of the hole, the above-cited assumption
of a long hole is essential.

Mixing - diffusive entrainment

Near the hole exit, there is almost no convective mixing due to the CVP structure.
Morton and Ibbetson [67] have suggested that at the leading edge of the jet, there is
only a short-range turbulent mixing, as shown in Fig. 3.6. The remaining vorticity

Figure 3.6: Short and long range entrainment (mixing).

embedded within the coolant fluid in the hole distributes along the jet boundary,
showing up as turbulent eddies. This induces a local and quantitatively small en
trainment of the freestream fluid within the jet. This diffusive entrainment mode
is dominant near the hole exit but reduces relatively to the CVP structure further
downstream. Suprisingly, this diffusion process leads to a type of mixing function
for velocity and temperature between the two fluid that is largely insensitive to the
type of coolant injection investigated, see for instance Abramovich [31.

Wake

The freestream flow is naturally deflected by the coolant jet when coming into the
near hole region. In analogy to a flow around a cylinder, it is expected that a wake
forms behind the jet, in its lee side. Andreopoulos and Rodi [5] have shown that
this wake zone is characterized by a velocity deficit in the lower part of the jet,
near the wall. In this wake region, the gradient of streamwise velocity is relatively
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small compared to the one observed in the mixing zone, as shown in Fig. 3.7.
In connection to the formation of the wake, it can be expected that a von Karman

.............
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A- Near wall region
B - Wake
C - Coolant flow core and mixing
D - Mainstream flow

High BR

uluf [-]

Figure 3.7: Sketch ofthe d~fferentflow zones just downstream ofthe hole exit.

vortex street is shedding, as it is observed in the wake of a cylinder. Although small
vortical structures in the wake have been observed by many researchers, they are
not related to a von Karman vortex street. Indeed, in studying this phenomena with
smoke vizualisation, Fric and Roshko [31] quoted that "The flow around the jet
looks nearly potential; the near wake streaklines are closed. Conversely, the flow
around the cylinder separates, thereby opening the near wake". This means that
vorticity coming from the freestream can be neither created nor shed at the coolant
jet surface. In fact, the flow around the jet has essentially a potential character.
Morton and Ibbetson [67] concluded that the wake is only existing in the lee side
of the jet. This wake is much more a zone of retarding fluid due to the action of
the CVP structure in the freestream boundary layer. Thus, this "near wall velocity
damping zone" needs to be accounted for in the modeling of the velocity field.
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Other flow structures
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Although the wake does not exhibit a von Karman vortex street, small upright
wake vortices have been observed, see Morton and Ibbetson [67], as sketched in
Fig. 3.8. It is suggested that these vortical structures have their origin in the

Center view
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~~,

Figure 3.8: Wake upright vortices and horseshoe vortex.

interaction between the wake boundary layer and the wall. The consequence in
the evolution of the coolant jet is unclear but shows to be negligible in a RANS
equations framework. Furthermore, Andreopoulos and Rodi [5] have noted the
presence of a horseshoe vortex at the two sides of the jet, near the wall, see Fig. 3.8.
This horseshoe vortex is created by the deflection of the vorticity lines embedded
in the freestream boundary layer. However, they have reckoned that the circulation
of these vortices is much smaller than the one of the CVP, thus negligible in the
modeling approach proposed in this thesis. It is worth noting that, in the case ofthe
existence of a complex vortical structure inside the plenum chamber, some extra
vorticity can be ingested into the hole. This may lead to the appearance of extra
vortices at hole exit. As no clear picture of this type of flow has been universally
found, it is not considered in the present jet model.

3.2 Positioning of the plane of injection: jet trajectory

3.2.1 Jet intrinsic frame of reference

The jet flow field is modeled at the plane of injection, located downstream of the
hole, as shown in Fig. 3.9. The centre of the jet at the plane ofinjection (X, Y, Z)jc
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plane of injection_____

Figure 3.9: .let intrinsic frame of reference.
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is known by searching the location (X, Y, Z) of the intersection between the three
dimensional jet line trajectory and the plane of injection itself. The full model is
developed using the intrinsic local coordinate of the jet (X, ~, 'rJ) which lies on the
plane of injection. The origin of these local coordinates is located in the centre of
jet. The first coordinate X is lying on the unity vector ex normal to the plane of
injection. The two coordinates ~ and 'f] are linked to the two unity vectors ee and
en describing the surface of the plane ofinjection. In order to transform the general
coordinates (X, Y, Z) into the local coordinates (X,~, 'rJ) system, a translation and
three rotations have to be achieved. First, the translation from the origin of the
general cartesian coordinate system to the center of the jet (X, Y, Z) jc is made.
Then a positive rotation of 90° in the axial direction needs to be done to switch the
orientation of the coordinate system. Finally, the two rotations of angle a and {3
are carried out.

- sin {3] [ C?S ao SIll a
cos {3 0[

X] [ cos {3 0
~ = 0 1
17 sin {3 0

[~ ] [

cos ~y. cos {3
sm a

cos Ct sin {3

sin fJ
o

- cos {3

~. sm a
coseY

o

- sin a cos {3] [
cos a

- sina sin{3

X - X jc ]
Y -1jc
Z - Zjc

(3.5)
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(3.6)

where 0: and {1 are the local angles of the jet trajectory in respect to the hole exit
surface.

3.2.2 Jet trajectory model

The coolant jet trajectory model proposed by Abramovich [3] is selected for ap
plication here. This is the only sub part of the current film cooling jet model that
has not entirely been developed by the author. The jet trajectory model is de
veloped for a circular jet in a crossflow. This model is used to compute both the
lateral Y/ d and the streamwise Z / d deflections of the jet. The model is based
on an two-dimensional analysis of the dynamical forces which apply to a fluid
element of length dl representing the jet, as shown in Fig. 3.10. The jet is approx
imated as being a solid curved cylinder. Two forces balance. The jet is bent due to

UC ,...,\
\ ,,

\... ,; 'dN, .\./"* ,...,
'",~ '". ,. ,.
...
"

Figure 3. J0: Jet - solid curved cylinder analogy andforces applied to it.

a force dN created by the flow pressure (momentum) of the incoming freestream
flow. This flow pressure force is directed toward the freestream flow direction and
is scaled by a flow resistance coefficient Cn which represents the action of the jet
surface opposing the freestream flow.

pI (11/sine)2
dN = Cn · 2 hdl

where h is the bulk width of the jet. Furthermore, as the jet bends, a centrifugal
force de is applied. It tends to push the curved axis of the jet outboard.

(3.7)
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(3.8)

where T is the local radius of curvature of the jet axis. Sn represents the cross
sectional area of the jet.

Jrh2
Sn rv ~-

4

The forces balance as follows

dN = -dC (3.9)

The jet cross-sectional area Sn, and also its width h, are in fact increasing when
convecting downstream, due to the diffusion and lateral spreading process. It is
hypothesized that the spreading rate of the jet is constant. This means that

(3.10)

where I represents the total length of the jet trajectory. According to its experi
ments, for circular inline holes, Abramovich [3] has suggested that ho = 2.25d
and Ch = 0.22. The streamwise and lateral jet trajectory Sid, in terms of hole
diameter d, can therefore be found by integrating Eq. 3.9 [3].

(
S) ~ [10 + (~) + V(~)2 + 20 (~.) + 7k1cot

2eo]- = V 3~)kl . In
d 10 + .j7k1cotf)o

where eo = ao or fJo whether S = Z or Y. The coefficient k1 reads

k
Jr. IR· sineo

1 =
4Cn

(3.11 )

(3.12)

The flow pressure coefficient Cn can vary as a function of the streamwise injection
angle ao, the lateral injection angle f30 and the momentum flux ratio I R. This flow
pressure coefficient needs to be tuned3, see Chapter 5. The axial position (XId)jc,
in other terms the axial location where the plane of injection lies, is given by
the user. Once the jet lateral (Yld)jc and vertical (Zld)jc positions at the plane
of injection are found using Eq. 3.11, onc needs to know the local lateral f3 and
streamwise (X inclination angles ofthejct. This is done by differentiating Eq. 3.11.

aZ
aX (3.13)

3There are two flow pressure coefficients to be tuned, one for the streamwise trajectory (en", ) and
the other one for the lateral trajectory (Cn (3)
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Hence, the local inclination angle () is found.

(DZ)() = arctan DX x =x

d d 'inp",.t

3.3 Principle of superposition: mixing and wake

3.3.1 Principle of superposition

(3.14)

The penetration of the coolant jet into the freestream boundary layer induces the
merging of two different streams. The velocity and thermal flow profiles of the
cold and hot fluids start mixing. This mixing process can be idealized in a two
dimensional form as sketched in Fig 3.11. In addition to the mixing process, the

Stream 1

Stream 2

Figure 3.11: Idealized mixing of two streams.

presence of the wall and the freestream boundary layer provokes the appearance
of a wake in the lee side of the jet, as described in section 3.1.4. The wake has the
characteristics of damping the jet velocity magnitude in the streamwise direction4 .

Furthermore, the action of the CVP structure may already have induced, at the
plane of injection, a higher thermal mixing in the wake region than anywhere else
in the coolant to freestram mixing zone. The wake zone can be identified as an
extra mixing region. Thus, in order to reconstruct the velocity and thermal fields
on the plane of injection, the coolant to freestream mixing and the wake need to
be accounted for, as shown in Fig. 3.12. There are therefore two mixing zones.
The first one, denoted by rn is between the coolant (c) and the freestream (f)
fluid. The second one, denoted by 'ill is located in the wake zone. It is assumed

4see for example the experimental measurements in Chapter 5
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Figure 3.12: Cross view of the mixing and wake zones.

that the mean values of the velocity u and total temperature 11' of the coolant
and freestream fluid are known. Hence, to reconstruct the overall flow field on the
plane of injection, one needs to link the two fluid flow profiles through the two
mixing zones. The principle of superposition is used here. That is, for any flow
quantity ¢ (¢ can be either the velocity or temperature),

(3.15)

where E¢ is the mixing function between the coolant and freestream fluid. l:i.E¢

is the wake flow damping (mixing) function located near the wall. The mixing
function E¢ varies from 0 (only freestream fluid) to 1 (only coolant) whereas the
wake flow damping function l:i.Eq) is free, depending on the wake intensity.

3.3.2 Mixing functions

Jet boundary shape

The mixing functions E¢ and l:i.Ecj) need to be characterized. First of all, it is as
sumed that these functions do not change, whatever the angle (is. Hence, they
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depend only on the radial direction T. Many experiments ([31, [68]) have shown
that the shape of the mixing zone is very similar to the shape of a kidney. To define
the jet boundaries near the hole exit, Coehlo and Hunt [21] have proposed an in
viscid three-dimensional vortex sheet model in which the kidney shape of the jet
is clearly derived. However, because the RANS equations are the framework of
the model, the jet mixing and wake boundaries are approximated as an ellipse5, as
shown in Fig. 3.12. The two axes of the ellipse (ATn,w) Bm,w) are set as model
coefficients. Thus, for any local position (~, fl) on the plane ofir~iection, the selec
ted mixing zone (m or w) local radius T'm,w is given by

Tm,w = [ ~ - ~m,w] 2 + [TJ - 17m,'W] 2

Am,w Bm,w
(3.16)

where (~m,w) 17m,w) is the selected mixing zone center, given by the trajectory
model.

Mixing functions of two different streams

Many researchers have studied streamwise profiles of the velocity and temperature
fields in the mixing region oftwo different streams. Example of such flows are co
flowing jets, wake, cross-flowing jets, counter-flowing jets, etc. Abramovich [3]
gathered a broad range of studies, allowing thus to synthesize a large spectrum of
experimental observations. This data collection leads to a remarkable observation:
the velocity and temperature field appears to always follow the same type of pro
file, whatever the type of the two-stream mixing is. Furthermore, Schlichting and
Gersten [80] have derived the boundary layer equation for axisymetric free shear
flows and wall jets, showing that the velocity field in the mixing zone can be theor
etically always described using a power law (the exponent may change depending
on the type of flow observed). The jet case in this study, namely a jet in crossflow
near a wall, is a combination of a wall jet and an axisymetric free shear flow. It is
therefore assumed that the mixing function can take the form of a power law or a
hyperbolic function, pretty elose to a power law. For the jet velocity, the mixing
function fU takes the form of a power law.

[ ~3] 2
EU = 1 - ell . (TmP (3.17)

SNote that the combination of the mixing function t¢ and wake function ~f¢ allows to get a kidney
type of shape for the reconstructed flow profile at the plane of injection, see Chapter 5
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The jet to freestream temperature mixing function ET is more precisely described
by an hyperbolic function. Indeed, the mixing zone might in certain cases (high
blowing ratio and small streamwise injection angle) be very thin, in which an hy
perbolic function is more flexible than a power law function.

Er = 0.5. [1 _(tanh [OT . (2Tm - 1)])]. tanh (CT )
(3.18)

where Ou and 01' are set so that when the radius Tm 1, the highest rate of
mixing occurs6 • The wake deficit function f:::.E(/J takes the same form as the mixing
function. Note here that the imposition of the wake function allows to retrieve a
jet mixing zone as a kidney shape, see Chapter 5 and Appendix D.

3.3.3 Flow profiles inputs

It is assumed that the non-mixed freestream and coolant flow levels are known.
Thus, the velocity u and total temperature level T r of the freestream and coolant
flow are inputs to the model. The modeling approach to treat the mixing of the
fluid, using the principle of superposition, requires to know the non-mixed flow
profile of the two flows, see, Eq. 3.15. In table 3.1 the flow profiles inputs are
recapitulated; they must be known for the reconstruction of the overall flow field
on the plane ofinjection.

Flow variable Frcestream Coolant
u u f U C

TT T+ TC
T

p pf pC

Table 3.1: Input flow variables.

6This means that the first derivative of the mixing function is maximal when T m = 1
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3.4 Non-mixed flow profile modeling

3.4.1 Penetration of the coolant jet

Inlet coolant total flow values
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It is assumed that the non-mixed streamwise coolant velocity 'u~ and temperature
Tf profiles are constant on the plane of injection. Furthermore, the streamwise
coolant velocity is assumed equal to the coolant flow velocity v,c inside the hole.
In reality, it is not possible to know (measure) directly the velocity and temperature
inside the hole. The hole size, whose typical value ranges from 0.5 to 2.0 [mm], is
too small for the present measurement technology. In order to solve this problem,
it is common to specify the total pressure p:r and temperature Tj of the coolant
inside the plenum. These flow quantities arc easily linked to blade design: this
is what is normally known as boundary conditions when designing a film-cooled
turbine blade. Although the coolant temperature T:r given in the plenum can be
identified as the coolant temperature on the plane of injection, the coolant stream
wise velocity 'u~ and/or coolant massflow cannot be derived directly. Indeed the
coolant flow is expanded through the hole because of the existence of a gradient of
static pressure between the plenum and the hole exit.

Isentropic Expansion

In order to derive the streamwise coolant velocity 'U~, the expansion of the coolant
fluid though the hole is modeled, as shown in Fig. 3.13. To expand the coolant jet,

Plenum hole
pCTC--l"'~

T, T (losses)

>.
0-ro

..r:::::.....
c:

LU

c
PT ideal

c
Pr actual

~ Entropy

Figure 3.13: Model of the expansion ofcoolant through a hole.

a negative gradient of static pressure has to exist between the plenum chamber and
the hole exit. To this purpose, it is assumed that the static pressure p,,, in the near
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hole region is known and that it is lower than in the plenum chamber. In reality,
the cooling system is obviously designed as such. The static pressure p." can be
inferred from measurements done in the freestream region and/or given as input.
Once the static pressure P,s is known, the ideal massflow rh'ideal through the hole
can be computed using an isentropic expansion.

Discharge coefficient

It is obvious that losses are occurring through the hole, due to the friction and
the three-dimensional aspect of the coolant flow. This leads to an actual massflow
rhactual lower that the ideal massflow rrl'ideal. In other terms, the ratio of the two
massflows is denoted as the discharge coefficient Cd of the hole.

C1 mactual. C·
d =. {:} rnacttwl = d' rnideal

mideal
(3.20)

The discharge coefficient varies as a function of many parameters, such as the geo
metrical dimensions of the hole as well as the coolant to freestream flow ratios. In
this study, the correlation given by Gritsch et at. [38] for computing the discharge
coefficient CD is used, see Chapter 5 for more details. The coolant velocity 'u~ is
therefore easily found.

c 4rhactual
'U =---

x Jrd2
(3.21)

3.4.2 Coolant jet secondary flows - CVP structure

Overall strategy for the CVP model: vortex mirror image

The jet secondary flow field results from the CVP structure. The secondary flow
model is applied on the plane of injection using the local coordinates (~, 7]). The
impact of the wall upon the CVP structure is modeled trough the addition of a
mirror-image set jiU = 1,2) of the two vortices jr, as shown in Fig. 3.14.
Indeed, the presence of the wall induces an inviscid lateral push which tends to
bring together the two vortices. The positions (6r, 'l71r) and (6r, 7]2r) of the two
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Figure 3.14: Cross view ofthe CVP and their mirror-image set.
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vortices njr are model coefficients. The position (~ji, rlji) of the image vortex
nji is computed as follows

(3.22)

where Aj is the position of the wall point nearest vortex nji .

Vortex model

Each vortex is assumed to be of an Hamel-Oseen type [711. This vortex is derived
from an exact solution of the incompressible vorticity equation.

Dw
Dt
~

Evolution

(w· Vu)
'-v-"

De!OTrnation (tiliting and stTetching)

+ vVW
'-v-"

Diffusion

(3.23)

It is assumed that, on the plane of injection, any vortex l(l = Ir, 2r, h, 2i) is
axisymetric and quasi-steady. Furthermore, the vortex l only moves toward the
streamwise direction ex' its tilting having already taken place. Thus, the vortex
l experiences only a constant stretching (Jl in the streamwise direction ex while
being diffused, see Fig 3.15. Plugging these assumptions in Eq. 3.23 leads to the
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Figure 3.15: Vortex stretching.

following solution
2rl O"/"lw; (~, 1]) = -e""'4i7'""

7r
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(3.24)

where ri is the circulation of the vortex l. This a model coefficient. The radius rl
is given by

vi 2 2T'i = (~ - ~l) + ('(/- rll) (3.25)

The tangential velocity magnitude '/L~ (~, r7) is therefore known, using the fact that
w = V x u.

(3.26)

The resulting two secondary velocity components uE, and u7] due to the CVP struc
ture are found by summing all the velocity components given for each vortex.

~ i (1]l -1])
uE, (~, r7) = {;;(T ue (~, 1]) . rl . ii

(3.27)

where ii is a damping factor. Indeed, near the wall, due to the no-slip boundary
condition, the velocity of the CVP is effectively dropping quickly down to zero.
The damping factor reads

(3.28)

where elf represents the half distance from the wall where the damping function
dies. After some testing, this coefficient is set to 0.025.
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(3.29)

Vortex circulation scaling

The vortex circulation rl is scaled by analyzing the conservation of the net abso
lute vorticity flux ¢w over a control volume (CV) covering the near hole region
[68], see Fig 3.16. The net absolute vorticity flux ¢w reads

Ji'igure 3.16: Control Volume (CV) in the near hole region.

¢w = J: Iwi (u . n) dV = 0rev
The net absolute vorticity flux is equal to zero because a quasi-steady flow in the
near hole region is assumed. The Gauss theorem tells that the net flux of a scalar
quantity within a CV is equal to the sum of fluxes passing through the boundaries
of the selected Cv. This means that the net absolute vorticity flux is equal to the ad
dition of the absolute vorticity flux coming from the coolant ¢~ and the freestream
¢L minus the vorticity flux going out of the CV, namely the absolute vorticity (pi
embedded within the jet. It is assumed here that all fluxes are orthogonal to the
CV boundaries.

(3.30)

where the index k represents any CV sub-boundary face (such as in the hole, at
freestream inlet, etc ..). Now, let us consider that the inlet coolant velocity has
an axisymetric parabolic profi Ie pointing toward the normal direction of the CV
boundary surface in the hole, see Fig. 3.17. The coolant velocity profile in the
hole is idealized by the following relation

(3.31 )



(3.32)
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Figure 3.17: Idealized coolant velocity profile in the hole.

So that only the vorticity component is directed toward the tangential direction

16'U,c-,·
we (r) = d2
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(3.33)

Hence, the coolant absolute vorticity flux can be scaled by putting Eqs. 3.31 and
3.32 in Eq. 3.30 to give

¢~ ~ C~) 1ru
c
'd

This total amount of vorticity is distributed within the coolant boundary layer in
the hole, forming a vortex ring. Once this vortex ring is going out of the hole,
its total amount of vorticity is mainly re-distributed equally to its two lateral sides
forming the CVP structure. This means that each half vortex ring contains the
following amount of vorticity.

,{,C I ( 8 ) c
2
dlr'W half vortex Ting = 15 1['71, (3.34)

The circulation rl of each vortex of the CVP structure is assumed to have almost
the entire amount of the absolute vorticity embedded within the vortex ring.

r - ¢~ I'wlf vOTtex ring _ r* ( 8 ) C 11- - I - 1['71, (,
71, C ' 15

(3.35)

where r; is a model coefficient to be tuned. This model coefficient allows the user
to control precisely the circulation of the vortices. This is a very important feature
since the CVP structure sets the entrainment rate of the frcestream flow down
stream of the injection site, thus the film-cooling effectiveness and heat transfer
rate.
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(3.36)

Vortex radius scaling

The radius al of the vortex l is defined as follows.

a, = jf£
As the scaling of the stretching O"l of the vortex l is uncertain, the vortex radius al

is set as a model coefficient.

3.4.3 Freestream flow profile

The velocity and temperature profiles of the non-mixed freestream flow are given
by the user. In fact, the complete flow field before the hole has to be known. In
practice, the flow field of the incoming freestream fluid is easily inferred from
experimental data (they are inlet boundary conditions) or given by the design. Due
to the presence of the wall, the freestream flow field cannot be assumed to be
constant. Indeed, the freestream boundary layer needs to be included, as shown in
Fig. 3.18 The freestream boundary layer is modeled using a power law, that is

Center view
Plane of injection

f
U099

Figure 3.18: Model of thefreestreamfiow boundary layer.

f (z) tqi (z) = ¢0.99 -8-
0.99

(3.37)

where 80 .99 is the boundary layer thickness. It is the location where the velocity
'l.l0.99 is equal to 99% of the freestream velocity u f . As a consequence, the bound
ary layer thickness 80.99 must also be given by the user. In general, this quantity
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is known a priori. Although it is a poor variable to measure the boundary layer
characteristics in comparison to the displacement thickness 8* and the momentum
thickness e, it has been selected because there is a well calibrated model to com
pute it in a computational mesh, see Chapter 4. The transf()rmation of u f (z) to
the jet coordinate system (X, ~, r7) is performed using Eq. 3.5.

3.5 Model overview

The detailed overview of the model is given in Fig. 3.19. Briefly, the model
consists of three main steps. The first step is to incorporate the boundary con
ditions into the model. That is the hole geometry, the incoming freestream flow,
the coolant total flow properties in the plenum chamber and the streamwise posi
tion of the plane of injection. In a second step, the non-mixed jet flow profile is
built, using the penetration (expansion) and mirror-image vortex pair model. At
the same time, the mixing functions are defined. It is crucial in this step to ensure
that the model coefficients are well calibrated, see Chapter 5. In a third step, the
non-mixed flow profile of both the freestream and coolant flow are joined together
using the principle of superposition. Eventually, the final flow profile on the plane
of injection is known.
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Figure 3.19: Detailed oveJlliew oj the film cooling jet model.
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Chapter 4

Numerical Implementation of the 3D Film-Cooling
Jet

Thi s Chapter concerns the numerical implementation of the fi 1m-cooling jet model.
The choice of the numerical technique is first discussed. Based upon the analysis
of the different existing techniques, the Immersed Boundary Method (IBM) is se
lected. The numerical application of the IBM for the flow problem studied is
explained step-by-step. The jet is modeled by a three-dimensional body between
the hole exit and the plane ofinjection. A toroidal shape is chosen to mimic the jet
displacement body.

4.1 Implementation Strategy

4.1.1 Immersion of the 3D film-cooling jet in the computational
mesh

Injecting the film-cooling jet model

The film-cooling jet model developed and shown in Chapter 3 is solely valid on the
plane ofinjection. It allows the derivation of the jet flow profile just downstream of
the hole exit but its use in a epn code has not been shown yet. The inclusion of the
jet model in a CFD code necessitates first to be able to inject the modeled jet flow
profile into the computational domain, that is at each node of the computational
mesh located nearby the plane of injection. This requires the development of a
numerical method allowing the solution algorithm to take account of the modeled
jet flow profile on the plane ofinjection, as shown in Fig. 4.1.
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Figure 4.1: Inclusion of the near-hole 3D jet body.

The 3D jet body

Including only the film-cooling jet model in the computational mesh is not suffi
cient because the jet is essentially three-dimensional. As shown in Chapter 3, its
large scale behavior is very similar to that of a solid body between the hole exit
and the plane of injection. The presence of this solid body causes a blockage ef
fect against the incoming freest.ream flow, as shown in Fig. 4.1 _The inclusion of
this blockage effect is essential for several reasons. Firstly, the freestream fluid
cannot enter the plane of injection from upstream. In order to fulfill t.he law of the
conservation of mass on t.he plane ofinjection, the incoming freestream flow must
therefore be deflect.ed around t.he jet. Secondly, as the jet blockage effect. induces
a deviation of the freestream streamlines, a potential field is created around the jet
body. In particular, a pressure gradient appears between the upstream and down
stream regions of the hole exit, as shown in Fig. 4.2. The pressure field around the
jet is of a primary importance. As shown in the detailed overview of the model in
Fig. 3.19, the near hole static pressure P,'3 is an input to t.he model which actually
sets the level of the jet blowing. Consequently, it is necessary to be able to place
the jet solid body into the CFD mesh t.o ensure the conservat.ion of mass and also
to create the right potential field in the near hole region.
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Figure 4.2: Pressure field in the near hole region.
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Local immersion of the 3D jet

This requires to extend the field of application of the numerical scheme shown in
Chapter 21 to include the jet. It is proposed that the coolant jet near the hole, in
cluding its solid displacement body and its modeled flow profile on the plane of
injection, should be treated as a local boundary condition within the computational
mesh. Furthermore, the boundary condition mimicking the jet surface should rep
resent as well as possible the flow field at this location. In connection to this fact,
the modeled three-dimensional shape of the jet surface should be similar to that of
the real one. In summary, the implementation of the film-cooling jet model into
the computational domain should be carried out as follows.

1. The jet flow profile is computed on the plane of injection

2. The three-dimensional jet displacement body is modeled between the hole
exit and the plane of injection.

3. The full three-dimensional jet model is included in the computational mesh

4. The solution algorithm is updated to take into account the presence of the
three-dimensional jet, modeled as a local boundary condition.

[The numerical scheme consists of a Finite Volume Method applied to the Ni-Lax-Wendroff al
gorithm. This is an explicit, time-marching, second order accuracy scheme.
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4.1.2 Choice of the numerical method
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The meshing problem

The local inclusion of a body inside the computational mesh is not a trivial task.
A certain number of requirements needs to be fulfilled with an acceptable quality
in order to perform a relevant numerical simulation. The primary requirements for
such a problem are namely the comprehensive handling of a complex geometry,
computational efficiency, accuracy, easy implementation and locality2. These con
ditions need to be acceptably fulfilled to preserve the stability, convergence rate
and the solution quality as well as its potential use within any CFD code. The
main problem for the implementation is that the topology of the solid surface to
be included is not lying on the given mesh. Furthermore, this surface may move
back and forth as the computation advances in time. Indeed, the unsteady be
havior of the surface to be included must be considered as film-cooling jets can
pulsate. There are several numerical techniques that allow the inclusion of a three
dimensional solid body within a given computational mesh. These can be classi
fied in four main groups as shown in Fig. 4.3.

1. Global Grid Reshaping (GGR)

2. Overlapping Grid (OG) [86]

3. Cartesian Grid Cut Cell (CGCC) [501

4. Immersed Boundary Method (IBM) [88]

These above methods are discussed in the next sections. A description and com
parison of all four methods is done in order to find the best suited for the specific
flow problem of this work.

Global Grid Reshaping (GGR)

The GGR method calls for the modification of the given global grid arrangement
so as to include the three-dimensional body. It mainly consists of getting a proper
body-fitted curvilinear mesh that describes the surface of the three-dimensional
body to be included. This must be done either with a muItiblock and/or an un
structured approach. It is evident that a lot of very complex issues arise if this
method is used. The global grid will be distorted, the inclusion of new blocks

2Loeality means that the whole computational mesh does not need to be changed
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Figure 4.3: D(fferent methods to immerse a body within a computational grid.
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might be very tricky, and the creation of a new grid at each time step would cer
tainly dramatically increase the computational time.

Overlapping Grid COG)

The OG method is based on a Chimera interpolation technique, see Steger et ai.
[86]. The strategy is to patch a surface body~fitted grid inside the global grid. This
patched grid exists only locally near the included surface. The solution algorithm
is applied in both grids. Flow values are exchanged and interpolated periodically
between the two grids so that the surface is taken into account. The main advantage
of this technique is that it can theoretically handle any type of geometry. However,
its main drawback is the difficult implementation and the related uncertainty of the
solution accuracy. Indeed, three~dimensional grid patching needs to be done and
the interpolation may lead to spurious numerical waves propagating in the com
putational domain. Furthermore, the order of accuracy of the solution algorithm



4.1. IMPLEMENTATION STRATEGY 76

would certainly decrease near the grid interface, since some interpolations of the
flow quantities between the grids must be carried out.

Cartesian Grid Cell Cut (CGCC)

In the CGCC method (see Kirkpatrick et af. [50] for a good overview), the included
surface is tracked as a sharp interface so that the given computational mesh is cut
at the location of the interface. The main advantage of the method is that the
geometry of the surface is exactly defined (up to the grid node to node distance),
given a proper cutting of the grid. However, this method leads to a large number of
different geometries for the cut cells, such as trapezoidal, tetrahedral, pentahedral,
hexahedral, etc.. cells. In this context, the algorithm needs to be changed to handle
very different grid cell geometries, which may reduce the algorithm accuracy near
the surface. This induces a very tedious implementation of the method for three
dimensional computation. Furthermore, the allocation of the cell arrays should be
fully dynamic as they would often need to be updated. This means that the overall
computational efficiency may be reduced.

Immersed Boundary Method (IBM)

The strategy of the last method, the so-called Immersed Boundary Method (IBM),
is to model indirectly the geometry of the included surface by an external body
force acting on the grid nodes near this surface. This method has been introduced
by Peskin [73] for low Reynolds biological flows. In his work, the computational
boundaries were moving and modeled by a set of clements linked by a spring sys
tem. Using this early method, numerically stiff problems often arise. Goldstein et
af. [37] and Saiki and Biringen [77] have extended the availability of the method
by using a ':feedback forcing " to the momentum equation so as to asymptotically
set the desired boundary condition to represent a solid surface. However, a very
low time step has to be specified (CF L = 10-3 to 10~2) for transient flows [37]
and the feedback forcing has been shown to be successful only for low-Reynolds
number flows. More recently, Mohd-Yusof [66] and Fadlun et af. [28] have intro
duced a "directfarcing" approach in which the forcing function representing the
action of the immersed three-dimensional body-surface onto the surrounding flow
is directly included in the solved equations. This is done using a ghost-cell ap
proach (as explained further in the next section) and low-order interpolation of the
flow quantities inside the body. This method has been shown to be very stable and
was successfully applied to Large Eddy Simulation (LES) of turbulent shear flows.
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Majumdar et of. [591, Balaras [7] and Tseng and Ferziger [88] have very recently
upgraded the method in order to use it in any arbitrary complex geometries. The
accuracy of the scheme is maintained, the representation of the immersed surface
is quasi-exact and it has been implemented in several existing codes, see [881. The
main advantage of this method is that there is absolutely no treatment of the given
grid, it stays as it is during the whole computation. Another important advantage
lies on its relatively easy implementation into an existing CFD code.

Comparison of the different methods

The four methods above are evaluated in Table 4.1 in terms of the requirements
to be fulfilled. This comparison Table has been done using the available literat
ure results and the author's vision upon the specific problem encountered in this
study. The Immersed Boundary Method (IBM) is therefore chosen for the imple-

Method Accuracy Computa- Handle Easy im- Locality
tional complex plement-
efficiency geometry ation

GGR ++ - ++ - -
OG +/- - ++ - +/-
CGCC + +/~ + - ++
IBM + + + +/- ++

Table 4.1: Comparison of numerical methods to include the film-cooling jet model in the
computational mesh.

mentation of the three-dimensional film-cooling jet within a CFD code. This is
the method that presents the overall best trade-off between all the present require
ments.

4.2 Immersed Boundary Method

4.2.1 The forcing function

In the first place, it is assumed that the boundaries of three-dimensional body to be
included lie exactly upon a collection of grid nodes X s , as shown in Fig. 4.4. A
forcing vector f mimicking the impact of the included surface to the surrounding
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immersed surface

outside

--1......--.............---.-..,.......---..-----~ Xs
where f applies
to match Q1BC
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inside

Figure 4.4: The included surface as an immersed boundary condition.
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fluid is added to the governing momentum and energy equation, see Eq. 2.14 (no
body force B included).

uQ _ [UFI aGI UHI ] [8Fv uGv 8Hv] f (41)--- -+~+-- + --+~-+ +at ax ay 8z o;c ay oz .

where the forcing vector f reads

lp
lx

f = fy
fz
fE

(4.2)

The forcing f is only applied in the vicinity of the surface to be included. The
objective of the introduction of this forcing is to compel the state vector Qs (of
any grid node X s lying onto the include surface) into taking a specific value. In
fact, the flow field at the surface boundaries can be represented by a boundary
condition Q'BC which is immersed in the computational domain3 . It is assumed
that the immersed boundary condition Q I BC is totally known. In a synthetic way,
the immersed boundary method consists of

• Imposing the forcing f such as the state vector Qs is equal to the immersed
boundary condition Q I BC at any location within the included surface.

3Por example, a wall may imply an adiabatic, no-slip boundary condition
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The governing equations to be solved (Eq. 4.1) are unsteady by nature, so that
their temporal integration, included the forcing f, gives (adapted from Eq. 2.41)

Qn+l _ Qn = _ ((}FI + 8GI + 8HI _ 8Fv ._. 8Gv _ 8Hv )n
b..t ax 8y az ax 8y t)Z

1 [a(b..FIt 8 (b..GI)n 8 (b..HI)nj
--2 8 + n + 8 -

:£ uy Z

1 [8(~Fvt 8(b..Gvt 8 (b..Hv)nj n 1 arn

- 2" - th; 8y -- az + f + 2" 7.3)

Or in a more compact manner, focusing on the forcing f, Eq. 4.3 can be expressed
as

Qn+l _ Qn 18fn
----- = --RHSn + fn + ---

b..t 2 &
''--''v ~

p"

(4.4)

(4.6)

where RHSn contains all the first and second order fluxes, that is the Right Hand
Side of Eq. 2.41. The forcing vector F n can therefore be computed at any time TL.

Q n+l Qn
F n = RHSn + -----

b.t
Looking at Eq. 4.5, the computation of the forcing F n is straightforward and does
not require any additional CPU time. Indeed, the term RlfSn is already known
since it represents the fluxes of the time-marching algorithm. The state vector at
the current time step Qn is known and the state vector at the next time step Qn+l
is the immersed boundary condition to be fulfilled.

Qn+l = QJBC

This is only true for the grid nodes located in the vicinity of the included surface.
The introduction of the t()rcing f does not change the numerical algorithm, it is
merely included in the numerical scheme shown in Chapter 2 through the body
force term B.

4.2.2 Immersed Boundary Method procedure

Non conformal grids: distributing the forcing

In the above presentation of the Immersed Boundary Method, the included surface
is assumed to exactly lie upon a collection of grid nodes. In reality, it is very
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unlikely to happen. Actually, the aim of the method is to not take care of the
mesh arrangement when immersing the surface; it has to be independent of the
grid structure. Thus, it is necessary to use an interpolation/extrapolation method
to distribute the forcing f to the grid nodes lying on the vicinity of the included
surface. As shown in Fig. 4.5, the surrounding of the included surface can be

Boundary surface
where Q IBC is known

physical
cell

Xp ghost-node

Xs surface point

Xm mirror point

Figure 4.5: Computational stencil usedfor the implicit Immersed Boundary Method.

divided in three zones. There is first the physical domain which contains all grid
cells that are completely outside the location of the immersed body. The second
zone is the interfacial domain, which denotes all the grid cells that are crossed
by the surface of the immersed body. Note here that the grid nodes that pertain
to these cells and that are inside the immersed body are so-called "ghost nodes".
The last zone is the ghost domain. This is where the grid cells are completely
inside the immersed body. The distribution of the forcing f has to be done in
the interfacial domain4 . This essential step can be carried out in two different
manners. The explicit strategy is to spread (by interpolation and/or extrapolation)
the immersed boundary condition Q I Be to alI the grid nodes pertaining to the
interfacial domain so that the forcing function f is distributed around the included
body (inside and outside), see Saiki and Beringen. [77]. The alternative strategy
is to impose the state vector Qp inside the included body, at the ghost-nodes X p

so that the immersed boundary condition Q lBG is implicitly fulfilled at any point
X s of the surface, as shown in Fig. 4.5, (see also Majumdar et al. [59] and Tseng

4Some researchers have increased the width of the interfacial domain to 3-4 cells mainly for stability
reasons, see Saiki and Biringen [77]
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and Ferziger [88]). The second approach is chosen since it needs less numerical
steps and leads a better stability, see Balaras [7]. This implicit immersed boundary
method (or extended ghost-cell method [59]) can be summarized as follows

• Set explicitly the state vector Qp at the ghost nodes X p 's so that the Im
mersed Boundary Condition Q [Be is implicitly fulfilled at the immersed
surface so that the forcing function f is implicitly imposed.

Global procedure

The definition of the three zones surrounding the boundaries of the body to be in
cluded is a prerequisite for searching where the ghost-nodes X p are, so that for
immersing the boundary conditions. In order to locate these zones in the compu
tational domain, it is first necessary to define the three-dimensional surface of the
body. Once it is defined, the searching for the zones can be done. Furthermore, the
full immersion of the boundary conditions necessitates to interpolate the flow field
in the vicinity of the surface in order to extrapolate the value of the state vector
Qp to be imposed at the ghost-node. Indeed, the state vector Qp is extrapolated by
taking into account the nearby computed flow field Q m as well as the immersed
boundary condition Q [Be at the body surface. The approach chosen for the IBM
procedure can therefore be synthesized as follows.

1. Set the shape of the jet displacement body.

2. Detect the different zones nearby the body surface: ghost / interfacial / phys
ical zones.

3. Classify ghost-nodes (Xp).

4. Locate and extrapolate location of surface and mirror point (X s and X m).

5. Interpolate flow field Qm at the mirror point X m .

6. Extrapolate the flow field Qp at the ghost node X p taking into account the
immersed boundary condition QI Be at the surface X s and also the sur
rounding flow field Q m known at the mirror point X m'

7. Update the whole flow field (see Eq. 2.41) using the ghost node state vector
Qp (implicit forcing function).
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It is worth noting that the grid cells that are entirely located in the ghost zone are
no more taken into account during the computation. The state variables at their
vertices (grid-nodes) are set to coolant flow condition. For the sake of simplicity,
the steps 1 to 4 are shown in details in Appendixes A and B. Meanwhile, the
choice of the shape of the jet displacement body is explained in section 4.3. In
fact, the method presented herein to include the three-dimensional film cooling
jet in the computational mesh is independent of the selected shape that represents
the jet displacement body. Thus, any type of jet shape i.e. hole geometry, could
be included in the computational mesh. Steps 5 and 6 are explicated in the next
section: they are the core of the Immersed Boundary Method. Step 7 is already
known, see Chapter 2.

4.2.3 Immersion of the jet boundary conditions

Extrapolation of the state vector Qp to be imposed

It is assumed here that the location of the ghost~nodes X p is known. Each ghost
node is linked to the immersed surface through a surface point X s . In general, the
surface point X s is as close as possible to the ghost~node X p. In most situations,
the normal line to the surface going through X s is also going through the ghost
node X p. The state vector Q p to be imposed at the ghost~node has to be extra
polated from the immersed boundary condition Q I BC and the nearby surrounding
computed flow field. Thus, a mirror point X m of the ghost node is defined in the
physical domain. This is where the surrounding flow field Qm is interpolated. The
mirror point X m is found as follows.

(4.7)

where .\ = 1 by default. The state vector Qm is interpolated using the value of the
state vector computed at the grid nodes surrounding the mirror point X m. Indeed,
X m is not necessarily lying on a grid node. Once Qm is found, the extrapola
tion of the state vector Qp to be imposed takes place. If the immersed boundary
condition QI BC is of a Dirichlet type, that is

(4.8)

then the extrapolation is given by

(4.9)
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Furthermore, a Neumann type of boundary condition may be necessary to be im
mersed. It is given by

8Q
QIBG = ~ (4.10)

un

where n is the normal direction to the immersed boundary. In this situation, the
extrapolation scheme is changed to give

(4.11)

This is essentially a first order extrapolation that is chosen. Using a higher or
der extrapolation scheme would necessitate the knowledge of more mirror points.
In fact, the boundary conditions Q I BG to be imposed to mimic the jet are relat
ively simple, see ncxt section. Furthermore, the knowledge of more mirrors points
would imply more searching, classification and interpolation steps that would slow
down the computational time.

Jet boundary conditions Q IBG

The choice of the boundary conditions Q IBG to immerse is a strategic decision.
On one hand, as the Immersed Boundary Method introduced has never been ap
plied for the type of application encountered in this work, relatively simple bound
ary conditions should be imposed first. On the other hand, the immerscd boundary
conditions should reproducc the flow dynamics occurring within the jet boundaries
as accurate as possible to get a relevant numerical solution. There are two different
types of boundary conditions to be imposed. The first one obviously concerns the
plane of injection. The flow field at this location is known from the film-cooling
jet model presented in Chapter 3. In addition to the film-cooling jet model, the
pressure gradient in the normal direction to the plane of injection is assumed to
be very small, relatively to the transverse pressure gradient. Indeed, the plane of
injection is supposed to be located in the region where the jet has almost entirely
rearranged in the freestream direction. Hence, thc transverse pressure gradient,
due to the CVP structure and mixing dominates. Therefore, the state vector Q I BG

on theplane ofinjection consists of

Q Plane of injection =
IBG -

'lt X = 'll,";wdel

'lt~ = '/1,~nodel

11 = 'Umodel
"'I 'TJ

rp _ rl,model
.LT - T

OP
8=0X

(4.12)
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The second type of boundary condition is to be applied at the surface of the jet,
between the hole exit and the plane of injection. A three-dimensional piece of the
jet boundary in the near hole region is represented in Fig. 4.6. As explained in

I i'

Figure 4.6: A three-dimensional piece of the jet boundary in the near hole region.

Chapter 3, the mixing of the coolant jet and the incoming freestream fluid is done
on a very small scale between the hole exit and the plane of injection. Moreover
there is no creation of vorticity at the jet boundary since there is no solid wall.
Therefore, it is assumed that there is no penetration of freestream fluid through
the jet surface. This induces as a first approximation no pressure gradient through
the surface. The tangential shear stress is neglected so that the jet surface is a
slip boundary. Indeed, the jet surface is a singularity as it has no thickness. This
means that the difference of velocity between the freestream flow and the coolant
flow cannot be defined on the jet surface. The thermal condition at the surface is
considered isothermal. Indeed, the jet is not insulated, it merely keeps the same
temperature at its boundary. This temperature T,,/t'i:r is actually the averaged tem
perature in the tiny mixing layer that is represented by the immersed jet surface. It
is given by

Tm'ix = (1 - A) 'I~ + AT/} (4.13)

where A = 0.5 by default. In summary, the immersed boundary condition at the
jet surface is given by

Q jet sur face =
IBG - (4.14)
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Interpolation of the surrounding flow field Q m

The interpolation of the surrounding flow field at the mirror node X m has to be
carried out in the three-dimensional computational mesh. A large number of differ
ent interpolation schemes exist and can be used. High-order polynomials interpol
ation is not considered since it often creates wiggles and spurious numbers when
used with a large collection of points. As proposed and extensively tested by Tseng
and Ferziger [88], an inverse distance weighting is used. It has the advantage of
preserving local maxima and produces in most situations a smooth interpolation.
The interpolation of any flow variable Qm at the mirror node X m is given by

N

Qm = LWnQn/q
n=l

(4.15)

where n denotes a grid node. The total number of grid nodes for doing the inter
polation is N. The weighting faetor W n is given by

_(R- rn)P
W n -

RTn
(4.16)

where p is a power parameter that is real and strictly positive. It is equal to 2
by default [88]. The distance between the mirror node X 1n and the grid node
X n is given by Tn = IXn - Xml. Furthermore, the maximum distance Tn is
represented by R.

The quantity q is the sum of all the weighting functions.

N

q = L'Wl
l=l

(4.17)

(4.18)

For three-dimensional problem, a first-order interpolation would be given by four
points. This is enough to have a three-dimensional linear function. In analogy, to
build a three-dimensional quadratic function, which is a second-order interpolation
function, ten points would be necessary. As the numerical scheme used in this
study is second-order accurate, ten points are taken for the interpolation given in
Eq.4.15.

N= 10 (4.19)



4.3. TOROIDAL SHAPE OF THE JET

4.3 Toroidal shape of the jet

4.3.1 Geometrical Characteristics of the 3D near-hole jet
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The modeling of the three-dimensional jet surface needs to be accurate from the
point of view of the RANS framework. In fact, it is necessary to deflect the in
coming freestream flow so as to get the right flow field near the jet, in particular
the ncar-hole static pressure and the freestream streamlines path (important for
the downstream entrainment). The main geometrical characteristics of the jet has
therefore to be determined between the hole exit and the plane of injection. The
cardinal assumption for the modeling of the shape of the jet displacement body
is that the cross section of the jet, between the hole exit and the plane of injec
tion, is assumed to be elliptic. Indeed, only jets issuing from cylindrical holes are
modeled in this thesis. Thus, the jet starts at the hole exit with an elliptic cross
section. It is clear that, in reality, the jet has a tendency to deform from an elliptic
to a kidney-type of cross section. This is mainly due to the action of the entrain
ment of the freestream fluid by the Counter-rotating Vortex Pair (CVP) structure.
However, the distance between the hole exit and the plane of injection is of the
order of the hole diameter, which is small compared to the total distance covered
by the film-cooling jet. As displayed by Abramovich [3], Coehlo and Hunt [2 t],
the cross sectional shape of the jet at one hole diameter downstream of the hole
center is still similar to an ellipse even though the CVP structure has already taken
action, starting to deform it as a kidney. Between the hole exit and the plane of
injection, the jet is behaving almost as a solid body that is bent due to the action
of the incoming freestream flow. Then, it becomes obvious that the shape of the
jet in this region can be approached by a "bent tube" similar to a curved cylinder,
as shown in Fig. 4.7. The axis of this tube is not a line, it has merely a curved

Curved tube

Figure 4.7: A representation of the jet body in the near hole region: a tube with a curved
axlS.
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shape. As a function of the flow ratios between the coolant and freestream flow, as
well as the angles of injection, the eIHptic cross section of the jet may vary toward
the streamwise direction, as shown in Fig. 4.8. One of the dominant feature of the
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Figure 4.8: The penetration of the jet body in the near hole region, from a cross section
point ofview.

jet cross section belongs to its pinching near the trailing edge of the jet. Owing to
the cylindrical geometry of the hole, the freestream flow can more easily penetrate
downward under the jet near the trai ling edge of the hole. Furthermore, the CVP
structure starts to take action. This means that the freestream flow starts already
to be entrained at the hole exit position. This is therefore a phenomenon to be
included in the jet shape model. In summary, the three dimensional shape to rep
resent the near hole jet has to be similar to a tube whose central axis is curved and
its cross sectional area is variable. A toroidal shape meets all these geometrical
requirements, as shown in the next section. As it will be shown, this toroidal shape
is different from a torus because its cross section is an ellipse.

4.3.2 The toroidal shape

A toroidal shape is chosen to represent the jet three-dimensional surface in the
near hole region. The mathematical description of the toroidal shape is done in the
jet intrinsic frame of reference (X,~, 7]). It is assumed that the toroidal shape is
symmetrical in respect to the 7]-direction (lateral direction from the point of view
of the jet) where the symmetry plane is lying on the (X, ~)-plane, see Fig. 4.9.
The big circle, which is the curved axis bearing the solid small ring, has a constant
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Figure 4.9: Description of the toroidal three~dimensional surface mimicking the jet body
near the hole.
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radius Rm . The center of the big circle is located at point X tc (Xo, ~o, 0). The
big circle goes through the hole exit plane, at the point X ho (Xho, ~ho, 0) and also
through the center of the jet X jc (X-ic, ~-ic, 0) at the plane of injection. The small
"circle" of the toroidal shape, which is the circular section that is translated along
the big circle axis to create the toroidal surface, is in fact an ellipse. This "small
ellipse" represents the cross section of the jet, which may vary in size along the
jet path, as explained in the previous section. The two axis of the small ellipse are
denoted by A (X, 0 (this is the axis of the small ellipse in the (X, ~)-plane) and
B (X,~) (this is the axis of the small ellipse in the 1]-direction). They actually are
an extension in the third dimension X of the two axis of the ellipse which represents
the mixing zone, see Chapter 3. Intuitively, the mathematical description of the
toroidal surface is given by

(4.20)

where

(4.21)

(4.22)

Obviously, 1]0 is equal to zero since the toroidal shape is placed on the (X, ~)

plane, where fJ is equal to zero. To have a more compact expression of the toroidal
three-dimensional surface, it is set that

n (X,~) = Y (X,~) - Rm (4.23)

To simplify the notation, the spatial components (X,~, 1]) of the functions are from
now on omitted, as they all have been shown. Plugging Eq. 4.23 in Eq. 4.20 and
some algebra, the final mathematical expression for the toroidal surface is derived.

(4.24)

The geometrical place of the toroidal surface is found when the function T (X, ~, r})
is equal to zero. The complete derivation of the characteristics of the toroidal shape
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is given in Appendix A. In particular, it is shown how to compute the numerical
values that define the toroidal shape, based on the hole geometry and film cooling
jet model. In addition, the numerical immersion of the toroidal shape is explained
in Appendix B. In this Appendix, the local search technique to be applied in order
to find out where are the ghost-nodes X p is shown.

4.3.3 3D film-cooling box

The handling of the IBM, used to include the toroidal shape in the computational
mesh, is done locally. Indeed, in order not to waist computational resources, a
3D film-cooling box is extracted from the global computational domain, as shown
in Fig. 4.10. This three-dimensional box represents the near-hole computational

3D film·cooling box

Figure 4.10: Three-dimensional film-cooling box.

domain, so-called Bfcm. Typically, the 3D film-cooling box has a streamwise
length of 3~ 4 hole diameters, a width of 2~ :3 hole diameters and a height of 1~ 2
hole diameters. The searching and classification of the cells, grid nodes and points
that define the toroidal shape are only performed inside this local computational
mesh B fcm .

4.4 The full CFD..embedded film..cooling jet model

4.4.1 Closure of the model: input data to be fed

For the effective use in a CFD code of the three-dimensional film-cooling jet model
using the Immersed Boundary Method, the following steps need to be carried out.

• Set the dimensions of the jet toroidal shape and the location of the plane of
injection.
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• Set the characteristics of the different cells, grid nodes and points inside the
3D film-cooling box.

• Provide the immersed boundary condition Q IBG to be specified at the three
dimensional jet boundaries.

The immersed boundary condition QlBe at the toroidal surface does not need
any external input to be determined. Indeed, Q I BC has been set as a function of
the assumptions made concerning the fluid dynamic occurring at the near-hole jet
boundary, see section 4.2.3. The immersed boundary conditions Q I BC that need
to be specified on the plane ofinjection are in fact the film-cooling jet model itself,
shown in Chapter 3. In order to get the film-cooling jet flow profile on the plane
of injection, several input data need to be provided, as it is summarized in Fig.
3.19. Some of these input data concern the geometry of the hole and the others
are given by the flow properties of the incoming freestream fluid as well as of the
coolant fluid. On one hand, the flow properties of the coolant fluid are supposed to
be totally known during a numerical simulation of a film-cooled material. Indeed,
there is no simulation of the behavior of the coolant flow in the hole, it is assumed
that the user of the film-cooling jet model knows a priori its behavior. On the
other hand, the flow properties of the incoming freestream flow can vary and they
are primarily determined by the computation. Thus, they need to be probed into
the computational mesh during the numerical simulation. The leaning and spatial
location of the plane of injection is primarily determined by the hole geometry
and the given streamwise position (X/d) jc' These features are obviously fixed
during the whole computation. The shape and location of the toroid are entirely
known if the characteristics and location of the plane of injection are determined.
In summary, the primary input data needed for an effective use of the model in a
CFD code are given in Table 4.2.

Input by the Probe in the compu·
user tational mesh

Geometry d, ao, {30, (X/d)] -

Flow p,c TC f f Tf P 0
T' T P , U , T' 8, O,99

Table 4.2: Input data to the model that need to be probed in the computational mesh.
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4.4.2 Probing the computational mesh

There are two types of spatial location where it is needed to probe the flow found
by the ongoing numerical computation. First of al1, concerning the flow properties
of the incoming frccstream boundary layerS, they are probed in plane perpendic
ular to the main direction of the incoming freestream flow, lying on the grid, up
stream of the location of the hole exit, as shown in Fig. 4.11. The mean value at the

Figure 4.11: Upstream plane (UP) and pressure plane at wall (PW) for probing the near
hole freestream boundary layer.

upstream plane of any flow properties ¢ is found by performing a mass-averaging
procedure.

¢ = J~lLP pu' n¢d~
.fs",p pu . ndS

The boundary layer height 80.99 might be very tricky to determine if the incom
ing freestream flow boundary is three-dimensional. This can be the case when
the near-hole flow field is affected by secondary flows, shocks, wakes and so on.
Michelassi et at. [64] have proposed a very robust method to evaluate the boundary
layer height. This method analyzes the absolute vorticity field w (h) in the normal
direction h to the wall .

{
60.99 = ~l'i'TI~ such as W (hlim ) = ~lim

Wlun ~ Wm:tn + Ow (wmax - wm1,n)
(4.26)

where Wmin and Wmax are the minimum and maximum vorticity in the profile
determined by the direction h. In general, the model coefficient Ow takes the value

5This is explicitly pi, u l , 1'f, and 00.99
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of Cw = 0.01 [64J. The second spatial location to consider is the wall near the
hole exit, as shown in Fig. 4.11. This is where the ncar-hole static pressure P..,
is computed. As there is no flow through the wall, an area-averging procedure is
applied to compute it.

J' PdBP _ svw s

S - f dB
. spw

4.4.3 Full model overview

(4.27)

A detailed overview of the CFD-embedded film-cooling jet model is given in Fig.
4.12. It recapitulates the main steps of the model structure. The inputs to the model
that need to be specified by the user are only the hole geometry and the coolant
flow conditions. All the other inputs are calibrated so that they are automatically
taken into account in the full model.
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Figure 4.12: Detailed overview of the full CFD-embedded film cooling jet model.



Chapter 5

Experimentally-aided Model Calibration

The experiment that has been used for the calibration of the film-cooling jet model
is presented in this Chapter. The experiment has been performed by Bernsdorf
[13] in order to provide data for model calibration and analysis of steady and un
steady film-cooli ng jets. A brief overview of the experimental procedure to acquire
the flow data is shown. In this context, Particle Image Velocimetry (PIV) is used
to reveal the three-dimensional aerodynamic flow field of a coolant jet near the
hole exit. The calibration of the film-cooling jet model as a function of a large
range of momentum flux ratios and two different streamwise injection angles is
explained. The hole discharge coefficient is modeled with the aid of the measure
ments provided by Gritsch et al. [38]. The cross section of the jet toroidal body is
calibrated so that the conservation of mass is ensured when using the model in a
CFD code.

5.1 Experimental setup

5.1.1 Test facility

The test facility, built by Bernsdorf [13], consists of a mainstream closed-loop flow
wind tunnel and a secondary air system that delivers cold air to the mainstream
through a collection of film-cooling holes, as displayed in Fig. 5.1. Overall, the
test facility has four main sections. These are the mainflow loop, the cooling air
system, the film-cooled flat plate test section and the PIV system for the measure
ments.

Mainflow primary loop

The hot air mainflow is driven by a centrifugal compressor connected to a 470
[kW] electrical motor. The impeller is taken from an ABB VTC 254 turbocharger.
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Figure 5.1: Schematic ofthe test/acility, from Bernsdorf[ 13].

A small blow-out valve is self adjusts the mainflow pressure to ambient. The ro
tational speed of the impeller sets the pressure ratio i.e. the hot air massftow rate
in the system. Theoretically, a maximum hot air massflow of 4 [kg/s] is attainable
for a maximum rotational speed of 30'000 [rpm], which corresponds to the super
sonic regime. In this thesis, a freestream Mach number of M f = 0.3 is used which
gives an impeller rotational speed of about 10'000 [rpm] and an air massflow of
1.5 [kg/s]. Just upstream and downstream of the compressor, the flow temperature
is controlled with the use of two heat exchangers. The upstream cooler protects the
compressor from overheating while the downstream water-cooled heat exchanger
regulates the air temperature between 18 [DC] and 40 [DC]. Upstream of the test
section, a stearn-air heat exchanger is placed in order to increase the air temperat
ure up to 120 [DC]. This is a 200 [kW] heat exchanger fed by saturated steam at 7
[bar] withdrawn from the building heating system. After the test section, the air
is cooled by a water-cooled heat exchanger, which extracts heat from the main
flow. The hot section of the test rig, that is inside of the test section, is wrapped in
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30 [mm] thermal insulation sheets and thermally decoupled from the ambient by
ceramic insulators.

Secondary cold air system

The air for the coolant flow is delivered from a shop air system. The air is first
dried to lower the dew point to -70 roC]. The dry air goes through a fast self
controlling pressure valve that can very quickly regulate the coolant air massflow.
This allows the creation of a pulsating jet. Then, the air flows through a single
cycle cooler which can reduce the air temperature down to -63 roC]. The 12 [m]
long secondary piping system is insulated with 40 [mm] sheets. Before reaching
the test section, the pipe is attached to a seeding generator system. This seeding
generator adds to the coolant air an oil aerosol to be used in connection to the PIV
system. Eventually, the coolant air emerges in the mainflow through cylindrical
film-cooling holes located in the test section. Seeding particles are also injected in
the mainstream section.

Test section: film-cooled flat plate

A sketch of the film-cooled flat plate test section is shown in Fig. 5.2. The main
stream air is delivered to the rectilinear channel test section through a bell-mouth.
Upstream of the holes, a suction plate is placed to control the boundary layer thick
ness. The suction plate consists of 327 discrete holes of 1.2 [mml stacked in 11
arrays over an area of 60 x 180 [mm2

]. The air withdrawn from the suction plate is
fed back to the mainflow far downstream of the test section. At the rear part of the
test section, a two-dimensional diffuser is placed to recover some dynamic pres
sure. The most interesting part of the test section is the film-cooled flat plate itself.
It is placed in a rectilinear channel. It has a length L p of 429 [mm], a width L w

of 181 [mm] and a height Lh of 40 [mm]. Upstream and downstream of the holes,
the flat plate is made out of copper. The top wall, above the flat plat plate, is in fact
a 15 [mm] glass window. This is to get an optical access for the PlY laser sheet
and cameras. The holes are drilled in a Macor brick that isolate them thermally
from the other material parts. There is one row of seven cylindrical holes. Each
hole has a diameter of 5 [mm]. They are aligned to the streamwise direction so
that no lateral injection is considered. There are two sets of holes available, with
a variable streamwise injection angle, namely eto = 30° and eto = 50°. The hole
dimensions are summarized in Table 5.1.
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(1) main flow (4) 20 diffuser fl? window for optical access
off cameras

(2;' boundary layer suction (5'.' 3D nozzle

(3) film cooling holes ·11 window for light sheet access

Figure 5.2: Schematic of the test section, from Bernsdorf[13].

Set diameter Number aa r] (30 r] lid [-] sid [-]
[mm] of holes

Table 5.1: Hole dimensions for the two available sets

5.1.2 Measurement technique: PIV

A brief overview of the PIV technique used to reveal the three-dimensional aero
dynamic flow field of the coolant jet near the hole exit is given in this section. The
measurements have been carried out by Bernsdorf 113], who gives a very detailed
explanation of the PIV set up used.
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PIV system
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The PlY set up is based on a commercially available stereoscopic system. Two
CCD cameras with a resolution of 1280 x 1024 pixels and a dynamic storage of 12
bits is mounted on a 2-axis high accuracy traversing system, as shown in Fig. 5.3.
A double-pulsed Nd:YAG laser, with a power of 120 [mJ] per pulse, is mounted

Figure 5.3: PIV~ystem mounted on a 2-axis traversing system.

on a additional third traversing axis. The laser is pointing perpendicular to the
flat plate surface. A 45° mirror, placed to the left side of the holes, reflects the
laser light sheet so as to get the light sheet parallel to the flat plate surface. The
typical thickness of the light sheet is 1 [mm]. The two cameras look into the test
section through the glass window. They have two different angles to the flat plate
surface. The whole system is connected to two PC computers. One is dedicated
to synchronize the system and buffering the collected data whereas the second one
serves for storing and archiving the collected data.

Measurement technique

The three-dimensional velocity field is taken in a three-dimensional volume whose
dimensions are around 9 hole diameters in streamwise direction, 7 hole diameters
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on lateral direction and 1.5 hole diameter in vertical direction. The measured flow
volume is given by the piling up of all the two-dimensional measurement planes,
obtained at different heights. Before the measurement, a warm up of the entire
system takes about 3 hours. During that time, the main flow parameters (pressure,
temperature, mass flow, Mach number) are checked and set. Then the seeding of
particle is released into the system. The field view of a camera is around 45 x
36 [mm2

] on the light sheet. A set of double pictures, separated by 2.5 [fl,sj, is
taken throughout all the experiment. In general, a seeding particle travels around
8 pixels between two camera shots!. The measurements cells have a dimension of
32 x 32 pixels. A cross-correlation technique is carried out on each individual cell
to get one final three-dimensional velocity vector. The final flow volume consists
of 10 to 12 planes with 79 x 63 velocity vectors, giving a total number of roughly
50'000 to 60'000 data points.

5.1.3 Investigated flow regimes

All experimental results presented are averaged over 20 to 30 double frame shots.
The freestream flow conditions have been set constant during the whole meas
urement campaign. The main freestream flow parameters are given in Table 5.2.
The freestream boundary layer characteristics (boundary layer momentum thick-

Momentun Shape Mach Reynolds Total Total
thickness factor Hf number number pressure temper-
ef /d [-] [-] Mf [-] f Pf [bar] ature '.i,fReL [-]

p T
[K]

1,--0_.0_51__1~2~.3__--,-I_O_.3__-,-1_2_.8_.1(_)b_---L..I_l_~_1_3_00__

Table 5.2: Freestreamffow parameters.

ness ef and shape factor Hf) is measured using a 3-holes Cobra-head probe GEM
3H 2, see Bernsdorf [13]. The first measurement campaign focuses on a steady
film-cooling jet. A large number of different density ratios DR and blowing ra
tios BR have been investigated for two streamwise injection angle aD. The aim
is to provide a database of the three-dimensional flow field near the hole exit for
the model coefficient calibration. Table 5.3 summarizes all the different coolant to
freestream flow regimes investigated. These different flow regimes are represent-

I based on a freestrcam flow velocity of 110 [m/s]
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I Case I (to r] I DR [-] I BR [-] I IR [-]

SI 30 1.00 0.99 0.99
S2 30 1.00 2.00 4.00
S3 30 1.00 2.69 7.24
S4 30 1.26 2.00 3.18
S5 30 1.51 0.99 0.65
S6 30 1.59 2.00 2.63
S7 30 1.60 2.69 7.52
S8 50 0.99 1.01 1.01
S9 50 0.99 2.00 4.04
S10 50 1.46 1.01 0.69
Sll 50 1.53 2.01 2.69

Table 5.3: Coolant to freestream flow parameters for a steady Jet, Bernsdorf's experiment
[l3).

ative of engine condition.

5.2 Calibration of the film-cooling jet model

The film-cooling jet model coefficients that need to be tuned are recapitulated in
Table 5.4. It is evident that the number of model coefficients to be tuned is relat-

I Sub model I Coefficient

Trajectory G\~OI' G
Y

n13

Mixing Aml ,Am2 ,
B ml ,Bm2

Wake Awl, A w2 , B wl ,
B w2, I~, 1'[;,
(~w, rtw)

CVP rir' aIr, (6r,T/l r ),
r 2r , a2n (6r, T12r)

Table 5.4: Film-cooling jet model coefficients to be tuned.
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ively large. Furthermore, these model coefficients may be, a priori, dependent on
a large number of ditferent quantities, from hole geometry2 to flow ratios3 . Thus,
some assumptions are made so as to simplify the calibration process.

5.2.1 Assumptions made for the calibration

Location of the plane ofinjection

The streamwise position XId where the plane of injection should stand is first set.
At this location, the model is calibrated. The plane of injection is arbitrarily placed
just downstream of the hole exit so that

{

(~) 00=300 = 1.25
x 0 = 1.00

( d ) 0'0=50

(5.1)

Streamwise injection: jet symmetry

The film-cooling jet is considered symmetrical with respect to the 1]-direction.
This assumption has already been used for the definition of the jet toroidal shape.
Indeed, this assumption is close to the reality when observing film-cooling jets
which are injected strictly in the streamwise direction ((30 = 0). This means that
the jet flow field is mirrored through the (~, n)-plane, that is

B m1 = B 7n2

BW1 = BW2

f * --- f*IT - 2T

al T = a2r

(6r, 'fIb') = (6T' -772r)

(5.2)

Lateral injection: redistribution of vorticity

For film-cooling jets that have a lateral injection component ((30 -I- 0), it is ob
served that they become asymmetric, see for instance Jung and Lee [48]. In a
first attempt to deal with lateral jets also, without complicating the calibration pro
cess, it is assumed that the circulation of the two vortices of the CVP structure is

2 such as lid, sid, eta, /30
3such as DR, BR, IR
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redistributed as follows

(5.3)

where r;ym is the circulation computed for the same jet without lateral injection.
It has been systematically observed r48] that, for lateral injection, the "front side"
vortex becomes much weaker than the "back side" vortex of the CVP structure4

,

see for instance Chapter 8. Besides the redistribution of vorticity suddenly occurs
which explains the sin square function. Note here that there is no general rule yet
concerning the redistribution of the vorticity at the two sides of the CVP structure.
The selected sin square function is a tentative to model this effect but it should
be confirmed by further experimental studies. All the other model coefficients are
identical to the ones used for streamwisc injection. The consequences of these
assumptions for lateral injection arc discussed in Chapter 8.

Functional variables: IR and ao

In the available experimental database, the flow behavior of a film-cooling jet near
the hole is provided for two different streamwise injection angles eto and for dif
ferent density ratios DR and blowing ratios BR. Thus, it is assumed that all the
model coefficients arc functionally dependent on these quantities only. No assump
tion can be made concerning the impact of other geometrical or flow quantities
because they have not experimentally been investigated. The impact of the density
and blowing ratios upon the jet behavior is taken into account in a condensed form,
that is the momentum flux ratio I R.

IR = BR
2

DR
(5.4)

The choice of the momentum flux ratio I R as the main variable setting the numer
ical value of the model coefficients is based on several reasons. Firstly, it is easier
to tune the model coefficients as a function of two variables (ao and I R) than as a
function of three variables (ao, DR and BR). Secondly, the momentum flux ratio
scales the level of the dynamical force of coolant relatively to the freestream flow.
The relative level of the dynamical force (flow momentum) between the coolant

4The "front side" side vortex is in front of the incoming freestream whereas the "back side" vortex
is located at the rear part of the hole
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and the freestream is a first order flow etIect. Thus, the momentum flux ratio
should be the most appropriate variable to describe the type of flow interaction
which occurs between the coolant jet and the freestream flow. In fact, Bernsdorf et
aZ. [12] provide a visualization of the velocity field of a coolant jet in the near hole
region, for different density ratios and blowing ratios. It is clearly seen that the
coolant jet behavior strongly correlates with the momentum flux rati05, see also
experimental data and modeling results in Appendix D. As a consequence, it is
assumed that all the model coefficients are only function of the streamwise injec
tion angle o~o and the momentum flux ratio I R. As only two streamwise injection
angles are available, the calibration of the model coefficients is done twice, for
each angle. This actually simplify the calibration process. Indeed, for each fixed
streamwise injection angle ao case (that is for 0:0 = [~30°, S(y]), the model coeffi
cients are assumed to be only function of the momentum flux ratio I R. When the
film cooling jet model is used for a streamwise injection angle ao where it has not
been expressly calibrated (i.e. 0:0 i- [30", S(Y]), the model coefficients are linearly
interpolated from their known value at O~o = [30

0

, sct], see for instance Chapter 8
and Chapter 10.

Types of functional dependencies

There are three different types of functional dependencies that are considered. In
the first place, a model coefficient can be insensitive to the variation of the mo
mentum flux ratio, so that it is equal to a constant value c. In the second place,
a model coefficient can be a linear function of the momentum flux coefficient: its
rate of change as a function of the momentum flux ratio is constant. In the third
place, the etIect of a model coefficient (i.e. of a sub-model) upon the global jet
flow field can change as a function of the momentum flux ratio. This represents a
typical transition process from one type of flow behavior to another one. Indeed,
to the author's view, a typical film-cooling jet is ranging from an almost plane jet
(very low I R) to a free jet in cross flow (very high I R). This means that the flow
physics of the coolant jet may vary as a function of the momentum flux rati06•

Note that the rate of change of the jet flow physics may also vary as a function
of the momentum flux ratio. This issue is not directly addressed in the modeling,
in order to not add too much complexity, but it is attempted to be taken into ac-

SOnly the behavior of the wake region does not strongly correlates.
6Por example, the impact of the wake flow damping upon the coolant jet flow structure seems to be

weak for a low momentum nux ratio case whereas it seems to be strong for a high momentum flux ratio
case, sec for instance Appendix D.
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count in the calibration. For this purpose, a power law is chosen because it brings
both flexibility (the power index can be tuned) and simplicity (only the power in~

dex and the argument of the function need to be tuned). In summary, the three
different types of functional dependencies of any model coefficient ¢ are

{

¢ = Co

¢=co+c·IR
¢ = Co + c . I R n

(5.5)

It is obvious that there is a part of arbitrariness in the choice of these functional
dependencies. However, there is one argument that strongly support the choice
of these functional dependencies. Globally, the flow structure of a coolant jet is
monotically changing as a function of the momentum flux ratio, at least in the
range of I R studied, see for instance Appendix D. This means that the model
coefficient should vary monotically as a function of the momentum flux ratio. In
this context, the simplest case is a constant functional dependency, then a linear
functional dependency and finally a non-linear functional dependency.

5.2.2 Calibration process and results

A priori, it is difficult to determine the behavior of the model coefficients as a
function of the momentum flux ratio. In addition, there are 167 coefficients that
need to be tuned. This is certainly a very large number of different coefficients
to take care which furthermore interact between each other. This means that it
is not possible to find a unique and mathematically well-defined solution for the
numerical value of the model coefficients. Thus, it becomes obvious that it is
somehow needed to observe and to find out what is the bulk behavior of the main
flow features of the film-cooling jet as a function of the momentum flux ratio. This
can help to determine how the model coefficients interact with each others.

Qualitative observation of the filmMcooling jet behavior

The first step that is carried out to perform the model calibration is to systematic~

ally inspect the measured velocity field at the position of the plane ofinjection for
the different momentum flux ratios and streamwise injection angles, see Appendix
D. Fig. 5.4 illustrates a model made out of this flow investigation. It is important
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lowlR Cross View

Figure 5.4: Evolution of the main flow features of a film-cooling jet as a function of the
momentum flux ratio.

to underline that the proposed model describing the behavior of the model coef
ficients is not unique. Furthermore, the model illustrated in Fig. 5.4 is not based
on quantitative but on qualitative observations. Indeed, owing to the fact that, on
one hand, the principle of superposition is used for the modeling of the jet and,
on the other hand, the interaction between the coolant and the freestream flow is
non-linear, it is not possible to decouple explicitly the measured flow field for each
sub-model. Based on this fact, the center of the jet is ill-defined. Hence, it has
been set that the center of the jet is located at the same height as the two lateral
high velocity cores (see Appendix D for a detailed view). This allows to calibrate
the pressure flow resistance coefficient en « 8. Then, it is proposed that the vertical
distance between the center of the two counter-rotating vortices and the center of
the jet is increasing with the momentum flux ratio. The vertical distance between
the center of the wake and the center of the jet (that is (~w) is approximated to stay
constant9 . The mixing limit (Am1 ,21 Em) of the jet is also set constant. Indeed, in
observing the different measured coolant flow profiles, it seems that the wake zone
is much more changing in size and intensity than the overall jet mixing region.

8The lateral flow resistance coeflkient C n {3 is calibrated with the use of the measurement per
formed by Lee and lung [48], see also Chapter 8. Based on measurements of film-cooling effective
ness obtained for different lateral injection angles (10, the lateral path of the coolant jet are inferred.
These experimental jet trajectories are used to tune the jet trajectory model, so that the flow resistance
coefficient C)nr,

9 Here the center of the wake is ill-defined and cannot be quantified. So that, it has been qualitatively
observed that the vertical distance between the local velocity deficit (the "wake center") and the center
of the jet stays constant.
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Thus, the axes (Aw , Bw ) of the ellipse representing the wake mixing region are
set to vary as a function of the momentum flux ratio. The lateral position (f/lr,2r)
of the CVP is observed to stay pretty much constant relatively to the jet center
position. Meanwhile, the CVP strength (circulation coefficient rir 2r) is strongly,
decreasing with the momentum flux ratio, which corresponds to the circulation
scaling analysis done in Chapter 3, see Eq. 3.35.
The wake intensity I~:; for the temperature field cannot be calibrated since no in
formation is provided in the experiment of Bernsdorf [13] concerning the thermal
field. In order to solve this issue, the calibrated velocity profile is applied to the
experimental measurement of Rydholm [75], see Appendix E. In this experiment,
the near-hole aerothermal flow field of the film-cooling jet is measured at similar
flow regimes and for almost the same hole geometry. Using these experimental
results and the calibrated velocity field, the tuning of the thermal wake intensity
coefficient I~' can be done. It is found that the wake intensity is very small; at the
location of the plane of injection, the CVP structure has not taken full action yet,
which is in agreement with the assumptions made in Chapter 3, section 3.1.4.

Calibrated functional dependencies of the model coefficients

An iterative calibration procedure is carried out by taking into account the flow
observation made on the plane of injection using the PIV experimental data. The
iterative process consists of guessing the value of the model coefficients and visu
ally comparing the obtained jet flow profile with the experimental data. In fact, it
has first been considered to use an automatic least square method to find out all
the model coefficients. However, it has soon been recognized that the combination
of the high number of model coefficients to be tuned (16), the non-linear interac
tions between the sub-model and the three-dimensional flow pattern recognition
that should be made certainly lead to have at hand a very complex algorithm in
order to find a relevant result. Since the development of such an algorithm was
not the main objective of this thesis, it has been decidcd that the most efficient
(but still time consuming) technique to calibrate the model coefficients is a simple
visual inspection. By iterating bctween some numerical values of the model coef
ficients and the resulting flow field on the plane of injection, a final result is found
for all momentum flux ratios. In particular, it is ensured that thc circulation and
location of the CVP structure obtained in thc calibratcd model correspond to the
experimcntal data. The final result of the calibration process is shown in Appendix
F for ao = 300 and in Appendix G for Uo = 5tt. The threc-dimcnsional flow fields
obtained with the calibrated film-cooling jet model on the plane of injection for
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different flow regimes are compared to the experiment in Appendix D.

5.3 Calibration for the conservation of mass

5.3.1 Discharge Coefficient

108

The procedure for the determination of the actual coolant massflow rhactual to be
injected has been described in section 3.4.1 of Chapter 3. In order to effectively
compute the actual coolant mass flow, the near-hole static pressure Ps as well as
the hole discharge coefficient Cd need to be known. The near-hole static pressure is
probed in the computational domain, see section 4.4.2 of Chapter 4. It is therefore
necessary to have a model for the hole discharge coefficient as a function of the
coolant to freestream flow regime. For this purpose, the measurements of Gritsch
et al. [38] are utilized. A broad range of different flow regimes are investigated
to characterize the discharge coefficient of a cylindrical hole having a streamwise
injection angle of ao = 30°. In particular, discharge coefficients as a function of
the total to static pressure ratio (PrjPs ) through cylindrical holes are provided
for different freestream Mach numbers. These experimental correlations are used
to derive a calibrated model for the discharge coefficient, for a freestream Mach
number of AI! = 0.3.

(
R C

) n
Cd = Co + c . fa - 1 (5.6)

where the coefficient Co is equal to 0.00, c is equal to 0.83 and n is equal to 0.07.
Eq. 5.6 is commonly used to determine the discharge coefficient Cd.

5.3.2 Cross section of the toroidal jet body

In order to verify the law of the conservation of mass, the overall coolant flow
profile specified on the plane of injection should correspond to the actual coolant
mass flow to be injected. This can be formally written as

rh~,~hJ,Q,l = f,., pu' ndS
.ISi'i

(5.7)

where Spi is the total surface of the plane of injection. Now, the total surface
of the plane of injection is delimited by the cross section (small ellipse) of the
toroidal jet body, see section A.2 of Appendix A. The small ellipse of the jet
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toroidal body on the plane of injection is characterized by three coefficients, AI,
A~et and B~et, which are its semi-axes. Looking at Eq. 5.7 and remembering
that the fihn-cooling jet model is given by a superposition of different non-linear
models, it is very unlikely that the actual coolant mass flow can be integrated
analytically. As a consequence, in order to calibrate the axes of the small ellipse
of toroidal body, an a posteriori numerical integration of the mass flow on the
plane of injection is performed iteratively. In this iteration process, the axes of
the small ellipse of the toroidal shape are guessed so that the total area Sp'i of the
plane of injection is known. This allows to perform the numerical calculation of
Eq. 5.7 on a given grid. This is done for all the momentum flux ratio studied.
As a result, a calibrated functional dependency of the axes of the small ellipse of
the toroidal body is derived, see Appendix H. The mass flow error, that is the
difference between the actual coolant mass flow given by the model and the one
found by integration of Eq. 5.7, has been ensured to be less than 1% for any
momentum flux ratio, see also Chapter 6.
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Chapter 6

Performance Issues

This Chapter is dedicated to the performance issues related to the use of the film
cooling jet model in a CFD code for different computational mesh sizes. This
performance analysis is carried out strictly in the framework of the numerical
method employed in this study, coupled with an isotropic, algebraic turbulence
model, namely Baldwin-Lomax. A grid independency study is presented in order
to determine the best-suited mesh density for an optimal use of the film-cooling jet
model in a CFD code. To this effect, a systematic survey of grid-independent solu
tion versus computational cost is performed for a range of different mesh densities.
An engineering solution in using the model for design purpose is proposed. The
geometry and flow used in this performance study are based on the film~cooled flat
plate test rig of Bemsdorf [13].

6.1 Computational domain

6.1.1 Geometry

The geometry of the computational domain is basically represented by a rectilinear
three-dimensional channel as shown in Fig. 6.1. There is absolutely no mesh
inside the hole due to the fact that the CFD-embedded film-cooling jet model is
utilized for the coolant injection. This means that the presence of the hole is only
virtual. For obvious computational resources saving, the seven holes in the row'
are not computed together. In fact, it is assumed that the row is infinite so that
only one hole passage is taken into account. Thus, the width of the computational
domain is given by the hole to hole pitch distance .'3/d. For the same reason, the
top side of the computational domain is not placed at the glass window surface but
below it, that is inside the channel where it is assumed that the flow is quasi one
dimensional. Hence, there is no need to solve the boundary layer flow close to the

1see section 5.1.1 for more description of the t1lm-cooled flat plate geometry
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Figure 6.1: Geometry ofthe computational domain.
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glass window. The inlet and outlet cross planes are located far from the hole which
ensures a very low disturbance of the inlet and outlet boundary conditions upon
the solution accuracy near the hole. The geometrical size of the computational
domain is listed in Table 6.1. The steady flow set 84 (see Table 5.3 in Chapter 5) is
selected. Unfortunately, the density ratio (DR = 1.20) is a bit smaller (4.7%) than
in the experiment (DR = 1.26), because of a slight error in the specification of
the coolant total temperature. However, it does not affect the quality of the results
since the error is small. In addition, the study of the computational performance
of the model is not dependent on the experimental data. The blowing ratio is
BR = 2.0.

Width Height Upstream Downstream
Lw/d Lh/d length length

Lu/d Ld/d

DImensIOn [-] 1_4 ---'1'--5 1_1_4 '--12_7 _

Table 6.1: Geometrical size ofthe computational domain.
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6.1.2 Boundary conditions

The film-cooled flat plate surface is represented by a no-shp, adiabatic wall bound
ary condition. As an infinite row of holes is considered, a periodic boundary condi
tion is applied to the two lateral sides of the computational domain. A slip bound
ary condition is assumed at the top side of the computational domain. Indeed,
this boundary is standing inside the real channel, in the freestream flow region.
Furthermore, it is assumed that it is located far from the hole so that the flow is
quasi-rectilinear and does not affect the near hole region. Meanwhile, the slip
boundary condition on the top side mirrors the coolant jet out of the hole, which
doubles the blockage due to the jet. However, the mirrored jet is located at 10 hole
diameters above the computed jet. This is higher than the height of the experi
mental channel (8 hole diameters). Thus, the blockage effect of the mirrored jet is
negligible. At the inlet and outlet planes, the boundary conditions are given by the
experiment, see Chapter 5, section 5.1.3 for more information.

6.1.3 Computational mesh

The grid density in the direction Z, normal to the flat plate, remains unchanged
for all mesh densities tested. Indeed, the characteristics of the boundary layer flow
trigger the mesh density to be set in this direction. As a two-layer turbulence model
is utilized, its proper use leads to impose that the non-dimensional wall coordinate
Z+ of the first grid node in the normal direction has to be approximately equal to
1 (Z+ '-'"' 1), see Appendix I for more information. Furthermore, it is ensured that
about 15 grid nodes in the normal direction are located within the boundary layer
region. In this region, a constant distance between two grid nodes in the normal
direction is ensured to perfectly preserve the second order accuracy of the Ni-Lax
Wendroff algorithm. In total, there are 51 grid nodes in the normal direction. The
mesh density in the lateral and axial (streamwise) direction is varied in order to
analyze its impact upon grid-independent solution versus computational cost. The
mesh density is characterized by Ns , which represents the number of grid nodes
in the S-direction (8 = X, Y) per hole diameter. In the near-hole and downstream
region, that is between X/d = -4 to X/d = +27, the grid node-to-node distance
in the axial and lateral directions is determined by Ns . In the upstream region, that
is between X/d = -14 to X/d = -4, the node to node distance remains constant
(Nx'y = 4) whatever the mesh density used downstream is. The minimum axial
density tested is N x = 1. The minimum lateral density tested is Ny = 5. Indeed,
less grid nodes per hole diameter would mean that the CVP structure would not be
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captured at all. In total, 20 different mesh densities are tested. The different mesh
densities tested are listed in Table 6.2 with the corresponding total number of grid
nodes and the identity code of the mesh (e.g. Al means Nx = 1 and Ny = 5).

~ N x = 1 I N x = :{ I N x = 5 I N x = 9 ~ I N x = 13
Ny =5 Al Bl Cl Dl El

53'754 80'631 134'385 241 '893 349'401
Ny =9 A2 B2 C2 D2 E2

104'346 156'519 260'865 469'557 678'249
Ny = 13 A3 B3 C3 D3 E3

154'938 232'407 387'345 697'221 1'007'097
Ny = 17 A4 B4 C4 D4 E4

205'530 308'295 513'825 924'885 1'335'945

Table 6.2: Identity code, axial Nx and lateral Ny mesh densities and total number ofgrid
nodes.

6.2 Computational history

6.2.1 Computational convergence

It is verified in this section that stable and converged solutions are found when
using the three-dimensional film-cooling jet model embedded in a CFD code. This
is shown for a broad range of computational mesh densities.

Computational hardware

All the computations presented in this study have been carried out on the LSM
NEC PC cluster [17], using MULTI3 [15] as the CFD code (see Chapter 2). Each
computation was run on one CPU as no parallel version of MULTI3 was available
at this time. Each CPU consists of an Intel Pentium 4 processor with a 2.4 GHz
speed and having a 800 MHz bus speed. The maximum RAM space available is
2Gb (no swapping).
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Computational stability

The numerical immersion of the three-dimensional jet model could be successfully
carried out within all the mesh densities tested. A stable and converged solution is
obtained, similar to what can be obtained without any injection. Before going any
further, it is first intended to give to the reader a qualitative view of the success
ful immersion of the three-dimensional jet model in the computational mesh, for
different representative mesh densities. A three-dimensional view of the surface
points X s describing the toroidal jct surface and the plane of injection is shown in
Fig. 6.2, for the mesh densities Bl, C2, D3 and E4. The center plane (Y/d = 0) is
superimposed upstream and upon the jet surface, where freestream streamline can
be seen. Furthermore, at the axial position (X/ d = 1.25) of the plane ofinjection,
a cross section is displayed where the cross velocity vectors can be visualized. It
can be observed that for very fine meshes such as D3 and E4, the number of sur
face point X s to be treated is quite large (1300 and 1990 surface points for D3
and E4 respectively) whereas it is less for C2 (696 surface points) and much less
for Bl (285 surface points). Overall, there is already a clear feeling that the rate
of change in the description of the toroidal jet surface and the plane of injection
seems higher when going from mesh Bl to C2 than from mesh D3 to E4.

Residuals history

The Root Mean Square (RMS) residual D(Jrrns histories obtained during the cal
culation process, for different mesh density cases, are plotted in Fig. 6.3. In
detail, the convergence histories are compared for different axial mesh densities
in Fig. 6.3-1 (left) and for ditferent lateral mesh densities in Fig. 6.3-11 (right).
The RMS residual D(Jr1ns is defined as being the total root mean square sum of
the residuals DQi 2 of each equation i (i = 1..5) to be solved at each grid node
k (k = 1..knode).

DQr"rns =
,"",5 ,"",knode DQ? (k)
L......1,=l L......k=l 1,

I':: • ,"",knodc k
;) L......k=l '

(6.1)

Looking first at Fig. 6.3-1, one can see that the RMS residual reaches its lowest
value for the coarsest axial mesh density case (A2). When the axial mesh dens
ity increases, the RMS residual monotonically increases, for a constant iteration

2Here, DQi is the same as the 8Q in the right hand side of Eq. 2.43 in Chapter 2
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fYgure 6.2: lnunersion (~{ the toroidal jet surfclce; representation (~r the sUfface point X.,
j()r the Illesh III (top lett - n, C2 (top ri,ght - II), ])3 (hottonl left - III) and E4 (hol/onl right
-IV).

nUl11ber. Furthennore, it seems that the convergence starts to be very Sil11i lar for
an axial mesh spacing of N x = .} (C2 case) or higher. The same trend is found
for other lateral mesh density cases. The effect of the lateral mesh spacing on the
convergence rate is given in Fig. 6.3-11 for a fixed axial mesh density (C cases, that
is N y - = 9). Same type of results are found for other axiallnesh density cases. It
is observed that the convergence is very similar whatever the laterall11esh spacing
is, except for the coarsest lateral case (Cl) where the residual reaches a sll1aller
value, for a constant iteration number. In general,it is well known that calcula-
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Figure 6.3: Root Mean Square residual historiesfor d(fferent mesh densities: as afunction
of axial mesh density, based on a fixed lateral mesh density (Ny = 9) (left -1) and as a
function of lateral mesh density, based on a fixed axial mesh density (Nx = 5) (right -II).

tions on coarse meshes lead to a very high artificial numerical dissipation of the
small flow structures. A coarse mesh acts similarly to an extra numerical (arti
ficial) viscosity because flow gradients arc too coarscly represented. Small flow
perturbations are not necessarily dissipated at the same rate in fine meshes, they
are actually less dissipated. Indeed, they keep traveling back and forth through the
computational domain because they are captured by the mesh resolution. They are
especially concentrated inside low Mach number regions such as in the boundary
layer. Indeed, in these regions the local time step (see Chapter 2) is much smaller,
compared to freestream regions. Thus, the rate of convergence is reduced. As a
conclusion, having a global view of the RMS residual histories displayed in Fig.
6.3, it is verified that the proposed Immersed Boundary Method used to include the
three-dimensional film-cooling jet model in a computational mesh leads to stable
and converged solutions for a wide range of mesh densities.

6.2.2 Computational time

Total computational time

The total computational time to get a fully converged solution is compared in Fig.
6.4 for all the different mesh densities tested. A fully converged solution is de
clared when the RMS residual is lower than 10--5 and the global mass flow error
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Figure 6.4: Total computational time as afunction ofthe mesh density.
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evolution attains a stable behavior, see section 6.3.1. The total number of itera
tions ranges from 9'000 for At through 29'000 for E43. In observing Fig. 6.4,
it is found that the total computational time is exponentially increasing with the
linear increase of the mesh refinement in axial and/or lateral direction. In addi
tion, except for cases C4, D3, D4, E3 and E4, a fully converged solution is found
in less than 10 hours, i.e. overnight. This total computational time does indicate
how much time in total it is needed to get a solution but does not provide any in
formation whether or not the use of the three-dimensional film-cooling jet model
is computationally efficient.

Computational overhead when using the model

In order to quantify the loss of computational time due to the use of the model, the
computational overhead (J is introduced

[
!:It fern - !:ltnoc ]

(J = 100·
!:ltnoc

(6.2)

3At a first glance, it could be argued that the total number of iterations is high. However, the
numerical method used herein is explicit time marching, so that each iteration takes little time to be
executed. Note also that at the time of the work, no multigrid method has been implemented in the
numerical algorithm.
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where tlt fcrn and tltnoc are the times to iterate once the whole numerical al
gorithm to compute the flow field in the channel with and without a coolant jet
respectively. The time has been averaged over 200 iterations chosen randomly in
the convergence history. The overhead (J gives the percentage of computational
time lost due to the use of the model, for one infinite row of holes, in a steady
flow environment. Although one hole is effectively computed the addition of n
holes at the sides of the computed hole adds n time the computational mesh used.
So that the computational overhead analyzed here concerns effectively one row
of holes. The computational overhead is plotted in Fig. 6.5 as a function of all
the different mesh densities tested. First of all, it is noticed that the overhead for

8.0

Ny [-]

Figure 6.5: Overhead in using the model as afunction of the mesh density.

the mesh density case A (Nx = 1) is behaving differently from the other mesh
density cases. Actually, the overhead for the case A is monotonically increasing
with the increase of the lateral mesh density. Furthermore, the overhead in case
A is shown to be relatively high, having its lowest value equal to 2.1 % for At.
Concerning the overhead for mesh density cases B through E, it is observed the
same functional pattern. The overhead is the highest (3.3 < (J < 5.0) for the low
est lateral mesh spacing and then decreases down to small values (0.3 < (J < 1.2)
for the fine lateral mesh density case (Ny = 13). Finally, it increases again for the
highest (Ny = 17) lateral mesh density case (1.2 < (J < 1.8). Overall, it seems
that the mesh density cases C and D give the best overhead whatever the mesh
density used. Indeed, the overhead is proposed to be qualitatively classified in
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three categories and tabulated in Table 6.3.

Good Medium Poor
a < 1.3 1.3 < a < 3.3 3.3 < a

AIA2A3 A4
B3 B2B3 B4
C2 C3 C4 Cl
D2D3D4 Dl
E2E3 E4 El
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Table 6.3: Qualitative classification ofthe overhead level as afunction ofthe mesh density.

6.3 Grid-independent solution

6.3.1 Mass Flow Conservation

The conservation of mass flow is first checked for all the mesh densities computed.
At this point, two diHerent types of mass flow error are distinguished, namely a
global and a local mass flow error.

Global mass flow error

In the first place, a global mass flow E~: is defined

[

,. (" f . c ) ]q _ . Tnotd - rn'in + m eff
Em - 100 . f . c

rnin + rnef f
(6.3)

where mIn and rhout are the mass flow at the channel freestream inlet and outlet
planes respectively. The coolant mass flow effectively injected on the plane of
injection is denoted by rh~ff' The global mass flow error determines the error
between the total mass flow injected into versus the total mass flow going out
of the computational domain. The evolution of the global mass flow error E~

during the iterative history is plotted in Fig. 6.6 for a sample of representative
mesh densities (left - Fig. 6.6-1). The final global mass flow error obtained for
all mesh density cases computed is given in Fig. 6.6-II (right). In Fig. 6.6-1,
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Figure 6.6: Global mass flow error history for a d~fferent mesh densities (left - I) and Global
mass flow error found in all mesh density cases results (right - II).

the global mass flow error is observed to stabilize during the iterative history for
all types of mesh density calculations. A small periodic oscillating behavior last
for computations with high mesh densities. This is to be put in connection with
the comments made previously about the residuals history, that is in fine meshes,
small flow perturbations somehow keep traveling back and forth even when the
computation is said to be converged. This is especiaLly true for central scheme,
such as the one used in this study, even if an artificial viscosity is added. In Fig
6.6-11, it is shown that for the mesh densities C to E, the global mass flow error
is about I %, which is typical when using the Ni-Lax-Wendroff scheme with the
Baldwin-Lomax turbulence modeL However, the global mass flow error for the
mesh densities A to B appears to be to high (t~ ~ 2%).

Local mass flow error

The global mass flow error does not give any indication on whether or not the
effective coolant mass flow 'rh~J f on the plane o.linjection corresponds exactly to

the one that should be injected, that is rh~ctual4. Indeed, the coolant mass flow
may be one or more order(s) of magnitude less than the total mass flow in the

4The small ellipse axes of the toroidal jet body have been calibrated such as it is ensured to inject
rh~ct1.J,(ll' see Chapter 5. However, due to the discrete representation of the flow field on the plane of
injection in the computational mesh, the effective mass flow 'fh~ff injected may differ from the one
that should be injected
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computational domain. In order to quantify the error in the coolant mass flow
injection, a local mass flow error E~t is introduced.

I: = . [rf1,~f f - rf1,~ct'Ual]
Em 100 --"-"-.-(-,---

rn~ct'ual

(6.4)

The local mass flow error found in the converged solution is plotted in Fig. 6.7 of
all the mesh densities. Surprisingly, a clear distinction is observed between mesh

.......•.......

Ny (-)

A(Nx =1)
B(Nx=3)
C (Nx := 5)
D (N.<= 9)
E(Nx =13)

Figure 6.7: Local massjlow error for all mesh densities.

densities A-B and C-E. For the coarser axial density grids (A-B), it is noticed that
the local mass flow error is quite large (1.5% < f~tOC < 4.1%), whereas for the
finer axial density grids, the local mass flow error is kept small (I f~fc I< 1%)
whatever the lateral mesh density is. This indicates that the axial mesh density
near the plane of injection has to be sufficiently fine, namely Nx > 3, to ensure
an accurate coolant mass flow injection. Furthermore, it is observed that the local
mass flow error is very similar for a lateral mesh density of Ny = 9 or higher, for
a fixed axial mesh spacing. Thus, in terms of local mass flow error, it is advised to
have a mesh with a density of N x > 3, Ny > 5 (C2 case or higher) to ensure a
grid independent solution. In summary, it has been shown here that globally and
even locally the mass flow conservation is ensured when using the film-cooling jet
model in a CFD code.
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6.3.2 Vortex circulation

123

In order to quantify when a grid-independent solution is obtained, it is first pro
posed to observe the axial evolution, downstream of the plane of injection, of the

I

non-dimensionalized circulation r x z of one of the two vortices pertaining to the
CVP structure. The circulation of the two vortices, quantifying their strength, is
actually a major feature that sets the entrainment rate of the freestream flow under
neath the jet. It is very important to ensure that it is well captured as it has direct
consequences on the prediction of wall heat transfer and/or film-cooling effective-

I

ness. The non-dimensionalized circulation r.yZ is defined as

(6.5)

Note here that the boundary layer vorticity is preemptively set to zero. The lat
eral component of vorticity Wy is not taken into account since it is marginal5 : the
coolant fluid is strictly injected in the streamwise direction so that the CVP struc-

I

ture is mainly bending in the X-Z plane. Thus, the "circulation" r x z merely scales
the total amount of vorticity flux (or strength) of one of the vortices of the CVP
structure. The axial evolution of r:X-z is plotted in Fig. 6.8 as a function of differ
ent axial mesh densities (left, Fig. 6.8-1) and as a function of different lateral mesh
densities (right, Fig. 6.8-11). At this point, it is worth mentioning that similar res
ults are found for the other mesh density cases not shown here. Before proceeding
to the analysis of the impact of the mesh density upon the solution, it is interesting
to note that the circulation is monotonically decreasing following the axial dis
tance. Furthermore, the slope 81' = ~r:Xz /~ (X/d) of the r:X- z curve is higher
in the nearby downstream region of the hole, so-called region-I (81' I'J -0.05 for
X/d < 10 than in the far downstream region, so-called region-//(S1' ':::: -0.005
for X/d > 10).

Impact of the axial mesh density

Now, in observing the impact of the axial mesh density in Fig. 6.8-1 (left), it can
I

be noticed that, with meshes A2 and B2, the circulation r x z is predicted 25%
and 13% higher on average compared to the solutions obtained with meshes C2 to

I

E2. Furthermore, it is clearly seen that the discrepancy in predicting r x z for A2

SIt is actually only non-negligible in the boundary layer, which has not to be taken into account
here. Indeed, the goal is to study the evolution of the vorticity coming from the coolant flow only.
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Figure 6.8: Axial evolution ofcirculation l'x z for different axial mesh densities, based on
a lateral mesh density ofNy = 9 (left - I) andfor different lateral mesh densities, based on
a axial mesh density of N x = 5 (right - II).

and B2 is already present just downstream of the plane of injection, see levels of
r~z at X/d = 2. This means that the quality of the solution which is ultimately
obtained downstream of the plane of injection is very sensible to the axial mesh
density near the hole. Thus, the axial mesh density near the hole should be con
trolled to ensure an accurate computation. In other words, the correct imposition
of the immersed boundary condition on the plane of injection necessitates (but it
is not sufficient) an axial mesh density of about Nx = 5. This observation can
help to shed light on the relatively high local mass flow error found for meshes A

I

and B. In addition, the circulation r x z found in the region-II is quasi-identical for
meshes C2 to E2 whereas in region-I, it exits a relatively small discrepancy of 3%
for the solution found with the mesh case C2 compared to the identical solution
obtained with the meshes D2 and E2. Overall, ensuring a grid-independent solu
tion in region-ll necessitates to have an axial mesh density of N x = 5 or higher.
In region-I an axial mesh density of Nx = 9 or higher is advised, although with
an axial mesh density of Nx = 5 the solution is fairly grid-independent.

Impact of the lateral mesh density

Focusing on Fig. 6.8~II (right), one can observe the impact of the lateral mesh
density upon the solution, for a constant axial mesh density (Nx = 5). It is first
noticed that a mesh having a low lateral spacing of Ny = 5 (Cl case) gives an
axial distribution of the circulation r~z that is too low by 30% on average com~
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pared to the other distributions found, for higher lateral mesh density. Furthermore,
the result found in the C2 case (Ny = 9) is found the same as for the finest lateral
mesh resolution (C3 and C4) in region-ll (far downstream). On the contrary, in the

I

region-I, near the injection site, the circulation r x z found in the medium lateral
mesh density case solution C2 is about 10% lower on average compared the finer
mesh density cases C3 and C4. The two most axially refined mesh, C3 and C4
leads virtually to the same solution. As a conclusion, it is advised that the lateral
mesh density should be of an order Ny = 9 or higher to get a grid-independent
solution in the far downstream (region-ll). However, close to the injection site
(region-I), a lateral mesh density of Ny = 13 or higher is advised even though a
lateral mesh density of Ny = 9 can lead to a fairly grid-independent solution.

6.3.3 Adiabatic film-cooling effectiveness

Ultimately, the three-dimensional film-cooling jet model is designed to obtain ac
curate prediction of the wall adiabatic film-cooling effectiveness and/or heat trans
fer coefficient. In this section, the adiabatic film-cooling effectiveness obtained
with the different mesh densities tested is analyzed. This is to check to which
mesh density level it is ensured to get a grid-independent solution for this value.
For this purpose, the laterally averaged adiabatic film-cooling effectiveness fj is
defined.

r2d
(_ . -2d 17 X, Y) elY

T/ = fj (X) = ~.-=--:-2d:----

.f-2d dY
(6.6)

where 17 (X, Y) is the local film-cooling effectiveness on the flat plate, at the loca
tion (X, Y). The axial evolution of fj is plotted in Pig 6.9 for a fixed lateral mesh
density (Ny = 9) and different axial mesh spacing (left - Fig. 6.9-1) and for a
fixed axial mesh density (Nx = 5) and different lateral mesh spacing (right - Fig.

I

6.9-11). As previously mentioned for the results concerning the circulation r xz'
similar trends are found here for mesh densities that are not displayed in Pig. 6.9.
Two regions where the axial evolution of fj is different are distinguished. There is
a region near the hole (region-I, where X/d < 10) and a region far downstream
of the hole (region-II, where X / d > 10). This distinction has already been intro
duced in the previous section, but it is now clearly seen here. Indeed, the laterally
averaged film-cooling effectiveness fj very quickly drops in the region-l and ex
hibits a hollow shape. It is recalled that the momentum flux ratio studied here is
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Figure 6.9: Axial evolution of laterally averaged film-cooling effectiveness i] for different
axial mesh densities, based on a lateral mesh density of Ny = 9 (left - I) and for different
lateral mesh densities, based on a axial mesh density of Nx = .5 (right - II).

relatively high (IR = 3.2) so that a detachment of the coolant jet may be expected.
In the region-IT, the axial evolution of fi stabilizes around fi = 0.016.

Impact of the axial mesh density

In the first place, the impact of the axial mesh density is observed in Fig. 6.9-1
(left). The solution fj obtained with the coarsest axial mesh density (A2 case) is
remote from the other solutions, by more than 100%, in the region-I. Furthermore,
in this region, the solutions found with the finest mesh density cases D2 and E2 are
quasi identical, confirming that a totally grid~independent solution can be found in
the near hole downstream region with a axial mesh spacing of N x = 9. However,
the solution for fi obtained with a medium axial mesh density (C2) is not too far
from solutions found in the finest axial mesh resolution (fi is 30% too high on
average) whereas the discrepancy on fi starts to be quite high for the B2 case (fj is
55% too high on average). On the contrary, in the region~II, the grid-independent
solution in predicting fi appears to be less dependent of the axial mesh spacing.
Indeed, in comparison to the solutions obtained with the D2 and E2 mesh density
cases, fi is predicted 18% too low for the A2 case and only 6% too low for the C2
case.
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Impact of the lateral mesh density

The impact of the lateral mesh density upon the prediction of 'fj is observed in Fig.
6.9-11 (right). First of all, it is noticed that the solution obtained with the coarsest
lateral mesh density, that is Ny = 5 (Cl case) differs fundamentally from the
other solutions. Indeed, there is no differentiation between region-I and region~Il

since the axial evolution of fj is monotonically decreasing: the hollow shape of the
fJ curve in the region-I is not found. The finest lateral mesh density cases C3 and
C4 give a very similar solution for fj: the difference in the prediction of fj is less
than 10% on average. The medi um lateral mesh densi ty ease C2 allows to get a
prediction of i'j that is not too far (less than 13% on average) from the finest lateral
mesh refinement cases C3 and C4. Furthermore, it is underlined that the impact of
the lateral mesh density is identical in region-I and region-II since the differences
found on the prediction of i'j for the different lateral mesh density tested are the
same in both regions. As a concIusion, a complete grid-independent solution is
attained with a lateral mesh resolution higher than Ny = 13 but is ncar to be with
a lateral mesh resolution of Ny = 9 (less than 13%6 different all along the flat
plate).

6.4 Toward an engineering solution

An engineering solution for the utilization of the model for design purpose, as
well as for investigation of different engineering flow configurations, is proposed.
First, the possible gain in computational accuracy, compared to a totally grid
independent solution, is systematically analyzed as a function of the mesh density.
This is done for one row of holes. Then, an evaluation of the mesh needed to
simulate the flow through a film-cooled turbine blade is given.

6.4.1 Accuracy versus computational time

The need for quantifying accuracy versus computational time

It is intended in this section to quantify the extra computational time needed to gain
a given percentage of accuracy. It is assumed here that the accuracy is the best for
the finest mesh case, namely E4. Actually, even if the solution found using the
computational mesh E4 is not totally accurate compared to available experimental
data, it is the best solution, intrinsically to CFD, that can be obtained. First of

6This difference is based on a very low value of 'i}
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all, as it has been demonstrated in the previous sections, it is needed to have a
mesh density of at least Nx = 9, Ny = 13 (D3 case) to obtain a quasi grid
independent numerical prediction. In addition, as it has been plotted in Fig. 6.4,
the total computational time to find a converged solution in such a mesh is about
16 hours. Now, if a mesh of type C2 is used (Nx = 5, Ny = 9), a converged
solution is obtained in approximatively 4 hours, which is 4 times less of computa
tional time compared to D3. Furthermore, the results in terms of vortex circulation
and adiabatic film-cooling effectiveness are found quite similar for both computa
tions7. From a purely scientific point of view, it is evident that a computation using
a mesh density similar to D3, or even E4 is desired, since the total computational
time is not the main issue. However, from an engineering point of view, if the
purpose of the three-dimensional film-cooling jet model is to be used in a design
iterative process or for the investigation of different flow configurations, it is then
obvious that the total computational time becomes a very important issue. In fact,
the principal (but not unique) goal of the development of the film-cooling model
is to deliver the designer a numerical tool to accurately predict the aerodynamics
and heat transfer through film-cooled turbine blade passages in a reasonable time
scale. Therefore, coming back to the single row of film-cooling holes problem on
a flat plate, it would be relevant to quantify the gain in computational accuracy
obtained if it is spent one more computational time unit. Note here that spending
more computational time means increasing the grid size. This functional relation
has been shown in Fig. 6.4.

Quantification: the marginal gain coefficient

In order to quantify the gain of computational accuracy versus extra computational
time, the marginal gain coefficient CCJ is introduced.

~Q*

CQ = ~t*

where ~Q* is given by

(6.7)

(6.8)

Q represent a physical value, such as the circulation or the adiabatic film-cooling
effectiveness. ~Q* is the rate of the change of this value, obtained with two

7Discrepancy in predicting r'~ z is less than 3% and for 'i] is less than 10%, averaged over the whole
flat plate length, for a low value of ij
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different mesh densities 1 and 2. The two different mesh density cases 1 and 2 can
be express in terms of total computational time tl and t2, see Fig. 6.4. The added
computational time flt* can be defined as being as follows

flt* = t2 - t 1

tund
(6.9)

where tUn'it is the reference time unit. This is the time that the user of the model
refers as being the critical time when wiIIing to spend more computational time
for better accuracy. It is assumed here that t unit is equal to I hour. The marginal
gain coefficient CQ can practically be described as follows

• Given a solution found in a time t1 (or mesh 1), the marginal gain coefficient
CQ quantifies the gain in accuracy in predicting Q ifone is willing to spend
one more computational time unit.

In the following, the marginal gain coefficient, based on vortex circulation and
adiabatic film-cooling effectiveness, is analyzed.

Marginal gain coefficient for circulation
-/

The circulation f x z taken for the marginal gain coefficient Cr is the axially aver-

aged value of r~ z

22 /
-/ JX/d=2 f xz (X) dX
f xz = 22

IX/d=2 dX
(6.10)

The marginal gain coefficient Cr, based on circulation, is plotted in Fig. 6.10 as a
function of the axial mesh density (so that computational time) for a constant lat
eral mesh density (left - Fig. 6.1 O~I) and as a function of the lateral mesh density
(so that computational time) for a constant axial mesh density (right - Fig. 6.1 0-11).
First of all, as it can be noticed in the two plots of Fig. 6.10, the marginal gain Cr
is explicitly computed at axial and lateral mesh density levels located in between
the ones that have been used for the CFD computations. Indeed, the marginal gain
coefficient CQ is a function of the first order derivatives of the quantity observed,
that is the circulation in this case. Globally, in observing the two plots of Fig.
6.10, it is found that the marginal gain is very high (more than 50% at least) for
meshes having the coarsest density, that is 0 < Nx < 2 for any fixed lateral mesh
density (Fig. 6.10-1) and 0 < Ny < 7 for any fixed axial mesh density (Fig.
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Figure 6.10: Marginal gain coefficient Cr as a function of the axial mesh density for a
constant lateral mesh density (left - I) and as a function of the lateral mesh density for a
constant axial mesh density (right - II).

6.10-11). Now, focusing on Fig. 6.10-1, one can see that the marginal gain Or very
quickly drops when the axial mesh density is increased from NX = 2 to N X = 7.
For example, for a constant lateral mesh density Ny = 9 (C case) and a current
solution with an axial mesh density of N x = 2, if one is willing to spend one
more hour for the computation, the gain in accuracy for predicting the circulation
is about 6.1%. Furthermore, for a current solution with an axial mesh density of
Nx = 7, if it is willing to spend one hour more for the computation, the gain
in accuracy for predicting the circulation is only of about 0.13%. In fact, for any
fixed lateral mesh density equal to Ny = 9 or higher, the marginal gain of accur
acy in predicting the circulation is ensured to be lower than 0.13%, when having
an axial mesh density of N x = 7. This shows that from an engineering point of
view, it is best to use a mesh having an axial mesh density around (4 < Nx < 7)
(for a lateral mesh density of Ny = 9 or higher) for predicting the aerodynamic
of a coolant jet using the model. Now, looking at Fig. 6.10-11, the marginal gain
coefficient for any fixed axial mesh density is analyzed. It is remarkable to ob
serve that the marginal gain coefficient is still high (2.7% < Or < 4.9%) for a
lateral mesh density of Ny = 7 and a fixed axial mesh spacing of N x = 5 or
higher. However, the marginal gain coefficient rapidly decreases down to small
values (0.31 % < Cr < 0.93%) for a lateral mesh density of Ny = 11 and a
fixed axial mesh spacing of N x = 5 or higher. Therefore, it is quantified that
in the zone of a mesh density of (4 < Nx < 7) and (7 < Ny < 11), the marginal
gain of accuracy in predicting aerodynamic flow features drops down to values
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(0.31% < Or < 5.5%) that are acceptable from an engineering point of view.

Marginal gain coefficient for adiabatic film-cooling effectiveness

The film-cooling effectiveness \1/) taken for the marginal gain coefficient Dr, is the
axially averaged value of fj.

(6.11)

22
JX/d=2 fj (X) dX

(17) = J22 dX
X/d=2

The marginal gain coefficient 01] based on the spatially averaged adiabatic film
cooling effectiveness is plotted in Fig. 6.11 as a function of the axial mesh density
(so that computational time) for a constant lateral mesh density (left - Fig. 6.11-1)
and as a function of the lateral mesh density (so that computational time) for a
constant axial mesh density (right - Fig. 6.11 ~II). The trend of the marginal gain
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Figure 6.11: Marginal gain coefficient C'r/ as a function of the axial mesh density for a
constant lateral mesh density (left - /) and as a function of the lateral mesh density for a
constant axial mesh density (right -II).

of accuracy in the two plots of Fig. 6.11 is relatively similar to what has been
found in the analysis of the marginal gain based on circulation, in Fig. 6.10. For
example, it is quantified that in the zone of a mesh density of (4 < Nx < 7) and
(7 < Ny < 11), the marginal gain of accuracy in predicting heat transfer flow
fcatures8 drops down to values (CLOI % < Or < 3.2%). As a conclusion, if the

RThe adiabatic film-cooling effectiveness does not represent the heat transfer at the flat plate surface,
but it is related to it.
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three-dimensional film-cooling jet model has to be used in a design iterative pro
cess, where total computational time and accuracy are both equally important, it is
advised to use a mesh density of (4 < N x < 7) and (7 < Ny < 11).

6.4.2 Making use of the model for film-cooled turbine flow prob
lems

The type of mesh density that is the best suited to have an optimal use of the film
cooling model in term of design process has been quantified. This quantification is
strictly given for a row of film-cooling holes. Owing to the fact that the goal of the
film-cooling model is to be used for predicting flows through film-cooled turbine
passages in a reasonable time scale, it is carried out here an evaluation of what
should be the mesh size for such a problem. The evaluation is carried out upon the
grid~independency study made in the previous sections.

Postulate

It is first considered that a film-cooled turbine blade can only contains rows of
holes, i.e. the cooling holes are radially aligned, and each radial arrangement of
holes is a row. In addition, it is assumed that the grid topology available to mesh
such a blade passage is organized such as it is a spanwise (radial) pile-up of two
dimensional meshes lying on radial planes, sec Chapter 10 for more information.
No local grid refinement is considered.

Mesh size

In general, the number N 2D of grid nodes pertaining to one plane is fixed. Actu
ally, as it will be shown in Chapter 10, the number of grid nodes for a plane, in the
axial direction (inlet to outlet), does almost not vary as a function of the number
row of holes9 . In the tangential direction (pressure to suction side), the number
of grid nodes is driven by the mesh resolution needed in the boundary layer. The
order of magnitude of N 2D is about N 2D rv 5000. Thus, it becomes obvious that
the main parameter that will affect the total mesh size is the maximum number of
film-cooling holes N h in a row. Indeed, the number of piled-up planes is determ
ined by the number of holes in the spanwise direction. Furthermore, for each hole,
it is desired to have enough mesh resolution, which means that the lateral mesh
density Ny has to be specified. Near the hub platform and casing, the boundary

9Given the fact that an axial mesh density of N x ':::' 4 - 7 is respected
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layer has to be accurately captured, so that it is needed to add N bl mesh planes at
these two locations. It can be estimated that about 15 mesh planes should be put
in the vicinity of both endwall. Gluing all these parameters together allows the
derivation of an expression evaluating the total number NT of grid nodes needed.

(6.12)

As an example, the total number of grid nodes NT needed to simulate a film
cooled turbine blade with the aid of the model, having no more than N h = 30
holes per rows (and several rows) and a lateral mesh density Ny = 9 is about
NT = 2.8.106 .

6.S Conclusion

The numerical strategy to immerse the fi 1m-cooling jet model appears to be very
robust and is computationally efficient: the computational overhead, when using
the model, is only a C"::: 1% when simulating one infinite row of cooling holes.
The local mass flow error on the plane of injection is of the order of E~l C"::: 1%.
A marginal gain coefficient CQ is introduced. It quantifies the gain in computa
tional accuracy if it is intended to spend one more time unit for the computation
(or increasing the mesh density). Using this marginal gain coefficient, the op
timal use of the CFD-embedded film cooling model is determined: it is advised
to have about (4 < Nx < 7) and (7 < Ny < 11) grid nodes per hole diameter.
The proposed marginal gain coefficient is a general concept. Thus, further use of
this coefficient to evaluate accuracy versus computational time when using CFD
is proposed. Based on the grid independency study, the use of the model in a
film-cooled turbine, with about :30 holes per rows (and with several rows per blade
side), should lead to a computational mesh with about 2.8 . 106 grid nodes.
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Chapter 7

Steady Aerodynamic Validation

7.1 Introduction

7.1.1 Strategy for validation

A steady-state validation of numerical predictions obtained with the aid of the
numerically-immersed film cooling jet model, versus experimental data, is per
formed in this Chapter. To this effect, the film-cooled flat plate of Bernsdorf [13] is
used. All the steady-state injection sets 81 to 811 (see Chapter 5) are investigated.
Thus, this investigation covers two streamwise injection angles (0:0 = [30

0

, 50°])
combined with a large range of momentum flux ratios I R. For each injection case,
the mesh C2 is utilized since it has been shown to be the best suited for engin
eering applications. Stability, convergence rate and mass flow conservation for all
computed cases are found in agreement with the results presented in Chapter 6.

Comparison to experimental data

In a first step, it is intended to show the effect of the streamwise injection angle 0:0

and momentum flux ratio I R upon the aerodynamics of a film-cooling jet in the
vicinity of the hole (Xjd < 6.0). In particular, the jet penetration, spreading and
vortical system, in terms of velocity and vorticity field, are analyzed. This analysis
is based upon the available experimental data in order to get a proper view of
the physical flow field. Based upon this analysis, each numerical prediction is
systematically compared to the experimental data of Bernsdorf [131 to validate
the results. Agreements and deficiencies of the prediction with CFD using the
film-cooling model are highlighted. For the sake of simplicity, only flow solutions
with two different momentum flux ratios, which are I R = [1.0,4.0], combined
with the two streamwise injection angles 0:0 aforementioned arc presented. Flow
results with other momentum flux ratios exhibit the same trend of flow evolution
as the ones covered here.
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Comparison to other numerical method

In a second step, the numerical results found with the proposed film-cooling
model (FCM) are compared to CFD predictions obtained using two other injection
strategies. This is done for the injection set 84. In the first place, a wall injection
(WI) computation is shown, where the coolant jet is simply injected by setting the
velocity vectors and temperature at the wall, where the hole should stand. In the
second place, a full injection (FI) computation is performed, where the plenum
chamber and hole are gridded. Overall, this comparison shows the merit and be
nefit of using the proposed film-cooling model as a numerical tool for predicting
film-cooling jet aerodynamics.

7.1.2 Overview of jet flow features

To give an insight into the main flow features studied in the following, the predicted
three-dimensional flow field near the injection site, using the film cooling model,
is plotted in Fig. 7.1. This is shown for a streamwise injection angle aa = 50° and
a momentum flux ratio of I R = 4.0. The freestream streamlines show the lateral
and vertical deflection of the freestream fluid particles near the hole exit, demon
strating the right numerical treatment to immerse the jet surface. Just after the
plane ofinjection, located at X/d = 1.0, it is clearly observed that the streamlines
are joining back in the jet center revealing the three-dimensional entrainment of
the freestream fluid due to the Counter-rotating Vortex Pair (CVP). Further down
stream, the freestream fluid particles are convected inside the jet and slowly start
to diverge. As it can be seen in three different cross planes (X/d = 2.0,7.0,12.0),
the streamwise vorticity wx' normalized by inlet freestream velocity U f and hole
diameter d, represents the downstream evolution and decay of the vortices. On the
flat plate, the normalized static pressure ~P''j change relative to freestream static
pressure pi is depicted. The increase of static pressure just upstream of the hole
exit is found by the numerical prediction, which confirms the blockage effect cre
ated by the locally embedded jet toroidal surface. Also, in a close inspection near
the injection plane, one can see the low level of relative static pressure due to the
flow deviation and the low momentum wake zone.
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7.2 Comparison to experimental data: velocity field

7.2.1 Flow regions of the coolant jet

Jet penetration and windward side

Contours of predicted strcamwise velocity U lUI, normalized by the frccstream
velocIty Uf, in the center plane Yld fLO, superImposed wIth frccstream stream-
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lines, are first shown and compared to experimental measurements in order to
verify the right implementation of the immersed three-dimensional film-cooling
model. This is shown in Fig. 7.2 for a streamwise injection angle of ao = 30°
and in Fig. 7.3 for a streamwise injection angle of ao = 50

0

• The streamlines
exhibit the freestream flow deviation and also the rapid turning of the jet. As
already noticed by Bernsdorf et al. [12], the streamwise injection angle 0:0 seems
to playa minor role in the jet trajectory. In contrast, the momentum flux ratio I R
is much more important in affecting the coolant jet path. It typically penetrates
50% more vertically in the I R = 4.0 case, compared to the I R = 1.0 case. This
feature is well captured by the CFD prediction using the CFD-embedded film cool
ing jet model. The windward side (velocity overshoot) is clearly seen in the high
momentum ratio case (IR = 4.0). The computation predicts this phenomenon
with high accuracy, but it is to be expected as the model has been carefully tuned
to the experiment. Interestingly, the maximum streamwise velocity just after the
plane of injection is higher in the au = 30

0

case (Umax/Uf = 1.47) than in the
ao = 50° case (Umax/Uf = 1.36); this might be because the jet has originally
more streamwise momentum when emerging from the hole exit.

Wake region

As the coolant flows downstream, it is moving away from the wall, forming a wake
region of low streamwise velocity magnitude. In a close inspection of the stream
wise velocity contours in this region, the velocity deficit is overpredicted, in the
0:0 = 3Ct case, by 17% on average t()f I R = 1.0 and by 15% on average for
I R = 4.0. In the ao = 500 case, this zone is better captured in the computation,
although there is a small overprediction of 8% on average for the velocity deficit.
Furthermore, it is worth mentioning that the shape of the wake region differs as a
function of the streamwise injection angle 0:0. In fact, for a high streamwise injec
tion angle (ao = 50°), see Fig 7.3, the streamwise velocity contours in the wake
region exhibit a lobe-type of shape, wherc the minimum of velocity is not unique,
so that not only located at the lowest measured vertical position but also just under
the windward side. On the contrary, it is observed that in the low streamwise in
jection case (0:0 = 30

0

), see Fig. 7.2, the velocity minima is located at the lowest
measured vertical position only. This feature is found in the CFD prediction using
the film cooling model.
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7.2.2 Influence of the streamwise injection angle ()lo and mo
mentum flux ratio I R

In order to quantify the influence of the momentum flux ratio I Rand stream
wise injection angle 0:0 upon the jet penetration and wake, in Fig. 7.4 profiles of
streamwise velocity U/U f and in Fig. 7.5 profiles of vertieal velocity W/U fare
presented. In each Figure, flow profi les obtained in the measurements as well as
those predicted using CFD with the immersed film-cooling model are given. The
velocity profiles, given in the center plane Y/ d = 0.0, are always displayed in four
different axial locations, namely at X/d = 2.0,4,0,6.0 (near hole downstream 
region-I) and at X/d = 14.0 (far hole downstream - region-II). All the following
velocity field analysis is carried out only for region-I, as no experimental data is
available for region-ll

First order influence· I R

First of all, focusing on the streamwise velocity profiles U/U f plotted in Fig.
7.4, it is clearly confirmed that the level of the momentum flux ratio I R has the
greatest influence upon the shape of the velocity profile as well as upon the jet
aerodynamic. The presence of a velocity overshoot in the windward side is found
in the high momentum flux ratio case (IR = 4.0) whereas there is no evidence
of it in the low momentum flux ratio case (IR = 1.0). Moreover, the velocity
deficit in the wake region is more pronounced, by 40% on average, for I R = 1.0
than for I R = 4.0. From a global perspective, the streamwise injection angle
ao seems to influence only moderately the penetration of the coolant jet. For
both streamwise injection angles, same flow patterns are found for the different
momentum flux ratios I R investigated. However, in details, for a high momentum
flux ratio (IR = 4.0), the velocity peak Umax/Uf is located about 15% higher
vertically for the an = 50° case compared to the 0:0 = 300 case. Furthermore,
the magnitude of this velocity peak is about 12% higher in the lowest streamwise
injection angle case (an = :lOO) compared the highest streamwise injection angle
case ((to = 50°).

Second order influence· 0:0

In a close inspection of Fig. 7.4, it is confirmed that the wake region does not get
the same flow pattern between a low and high streamwise injection angle ao, for
a fixed momentum flux ratio I R. Whatever the momentum flux ratio, the stream-
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Figure 7.4: Profile of streamwise velocity (U jUf) at different axial locations
(X/d = 2.0,4.0,6.0, 14.0), in the center plane Yjd = 0.0, for a streamwise injection
angleofao = 300 (top) and ao = 50° (bottom).

wise velocity profile obtained with a high streamwise injection angle (ao = 50°)
exhibits a local minimal that is hardly found in the low streamwise injection angle
case (ao = 30°). Furthermore, this low momentum pocket vertically travels as the
jet advances toward the axial direetion2

. In order to shed light on this phenomenon,
one can observe the profi Ie of the vertical component W IU f of the veloci ty vector
in Fig. 7.5. It is first observed, just after hole exit (XId = 2.0), thatthe vertical ve
locity magnitude is about 45% smaller for a low momentum flux ratio (IR = 1.0)

I e.g. at Xjd = 2.0, it is located at Zjd = 0.4 in the lR = 1.0 case and at Zjd = 0.6 in the
IR = 4.0 case

2e.g. at Xjd = fLO. it is located at Zjd = 0.6 in the I R = LO case and at Zjd = 1.4 in the
IR = 4.0 case
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Figure 7.5: Pn~file of vertical velocity (W/U f) at different axial locations
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compared to a high momentum flux ratio (IR = 4.0). This can explain the much
lower jet vertical penetration observed previously for a low momentum flux ratio
flow case. However, a very stringent fact is that the vertical velocity component
WjUf dies very quickly in the low streamwise injection angle case ((Yo = :30°)
whereas this phenomenon is not observed with the high streamwise injection case
((Yo = 50°). Indeed, at the axial position Xjd = 6.0, the maximum vertical ve
locity value is WjUf = 0.17 for (Yo = :~(t whereas it is still W/Uf = 0.31 for
(YO = 50°. Thus, the rapid dying of the vertical component WjUf of the velocity
vector, in the low streamwise injection angle case (0:0 = 30°) might explain the
lack of transport of low momentum fluid upward, in contrast to the high stream
wise injection case (.1:0 = 50°.
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Conclusion

The velocity field has been observed to be primarily affected by the momentum
flux ratio I R. The coolant jet typically penetrates 50% more vertically in the
high momentum flux ratio case (IR = 4.0) than in the low momentum flux case
(IR = 1.0). The streamwise injection angle (to has less influence but leads locally
to different flow velocity profiles, especially in the wake region. For a low stream
wise injection angle 0:0 = ~30°, the upward fluid motion decays more quickly than
for the high streamwise injection case 0:0 = 30

0

• The velocity field in region-I
exhibits large gradients (windward side and wake region) and changes rapidly, in
contrast to region-II.

7.2.3 Agreements and discrepancies of the CFD prediction

Agreements - windward side and low I R

From a global point of view, looking at Figs. 7.4 and 7.5, it is found that the main
flow regions, that are the windward side and wake region, are predicted in agree
ment with the experiment. It is observed in Fig. 7.4 that the windward side of the
jet, for a high momentum flux ratio (IR = 4.0) is well captured by the CFD pre
diction, all along region-I. The accuracy in the prediction of the vertical position
of the streamwise velocity maxima Umax/Uf is almost perfect, at least relatively
to the vertical density of measurement points (each b..Z/d = 0.2 increments). The
discrepancy in predicting the maximum streamwise velocity magnitude Umax/Uf
is no more than 7% within region-I for both streamwise injection angles, which
demonstrates a close agreement to experimental data. In general, numerical res
ults for a low momentum flux ratio (IR = 1.0) are closer to experimental data than
for a high momentum flux ratio (IR = 4.0). For instance, looking at the numer
ical results obtained in the I R = 1.0 case, the streamwise velocity is moderately
underpredicted, in the wake region only, by 6% on average for the 0:0 = ~3(t case.
In the 0:0 = 500 case, the predicted streamwise velocity is remarkably matching
the experimental data. For high momentum flux ratio cases (IR = 4.0), although
the CFD prediction of the windward side of the jet is in close agreement with the
measurements, as explained previously, the prediction of the streamwise velocity
profile in the wake region suffer systematically from an underestimation.
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Discrepancies - wake and high I R

Indeed, in the low streamwise injection angle case (ao = 3D"), the stream
wise velocity UjUI is moderately (9%) overpredicted close to the injection site
(Xjd = 2.0), but further downstream, it is underpredicted by about 14%. To bet
ter understand this sign change of the misprediction, in Fig. 7.5 the predicted
vertical velocity profile WJUI is observed. It is noticed that, although the ver
tical velocity magnitude is predicted about 20% too low ncar the injection site
(Xjd = 2.0), it is highly overpredicted further downstream, by more than 100%.
In fact, it seems that the CFD does not manage to predict the very abrupt decreases
of the magnitude of the vertical velocity W jUI, for a streamwise injection angle
of ao = 30°. In return, this leads the CFD overpredicting the upward lift-off of
the low momentum fluid located near the wall surface, which consequently leads
to an underprediction of the streamwise velocity in the wake region. Concerning
the ao = 50

0

, I R = 4.0 case, the streamwise velocity is also underpredicted in
the wake region but the arising process of this discrepancy appears to be different.
Indeed, already at X j d = 2.0, an 12% underprediction of the streamwise velo
city in the wake region is found. Moreover, the local streamwise minima is not
found. Further downstream, this discrepancy stays at the same level but the local
minima can now be observed, at the same vertical position than in the experiment.
To explain this discrepancy, the vertical velocity profile WjUf is observed in Fig.
7.5. One can noticed the remarkably close agreement between the predicted and
measured vertical velocity profile W jU f. Thus, in the ao = 5(Y case, the strength
of this upward lift-off motion is predicted in agreement with the experiment. This
means that the discrepancy in predicting the streamwise velocity, found ncar the
injection site, is transported toward the axial direction.

Far downstream - region-II

The predicted profile of streamwise and vertical velocity in the region-II is plotted
in Fig. 7.4. At this location, the upward motion of theftow is negligible in the low
momentum flux ratio case (IR = 1.0), whatever the streamwise injection angle
is. On the contrary, a remaining upward motion of the flow is observed for a
high momentum flux ratio case. The boundary layer is established and stable3.

Furthermore, it is observed that the boundary layer velocity deficit is about 10%
higher in the low momentum flux ratio case (IR = 1.0), compared to the higher
one (IR = 4.0).

3a very similar solution is found further downstream
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Jet spreading· cross velocity field

To better understand the formation of the wake zone and the corresponding upward
fluid motion, contours of normalized streamwise velocity are plotted in Figs. 7.6
and 7.7 in the cross section Xjd = 4.0. The secondary flow vectors are superim
posed to the contour plots. In Fig. 7.6, experimental measurements are compared
to CFD prediction for a streamwise injection angle of aD = 30°. Same plots are
given in Fig. 7.7 for a streamwise injection angle of ao = 5Ct. For all cases,
although the spreading of the wake zone and windward side are well predicted, it
is confirmed that the velocity deficit in the wake zone is systematically too pro
nounced. In observing the secondary flow vectors, exhibiting the counter-rotating
vortex pair structure, the position of the center of vortices are found insensitive to
the streamwise injection angle but sensitive to the momentum flux ratio, in which
the CFD gives a good answer. However, numerical results end up constantly over
predicting the lateral spreading of the center of vortices by 15% to 30%. Further
more, it is confirmed that with a high streamwise injection angle (no = ,50°), the
wake has the tendency to get a local minima of streamwise velocity4. These plots
illustrate the action of the CVP structure to lift-off low-momentum fluid upward.

Conclusion

The use of the numerically-immersed film cooling jet model to predict the velocity
field of the coolant jet has been validated for a wide range of momentum flux ratios
(0.6 < I R < 7.2) and two streamwise injection angles 0:0 = [30 0

, 50l It is found
that jet flows with a low momentum flux ratio are better predicted than with a high
momentum flux ratio. Furthermore, the wake region of the jet is where the highest
discrepancy arises, even more pronounced for the low streamwise injection angle
case (ao = 30°). This discrepancy in the wake zone is shown to be linked to the
overprediction of the upward motion of the low momentum fluid, induced by the
CVP structure.

4It i~ centered around Z Id = 0.55 for IR = 1.0 and around ZId = 0.90 for I R = 4.0
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7.3 Comparison to experimental data: vorticity field

7.3.1 Main issues of the comparison

Motivation

It is intended to validate the use of the CFD-embedded film cooling jet model for
the prediction of the vortical structures that pertain to a film cooling jet. The right
prediction of the vorticity field shall give more confidence in using the film cool
ing model to predict the aerodynamic of a coolant jet. In a way, it is intended to
perform an a posteriori validation of the image vortex model describing the CVP
structure as well as the immersion of the jet toroidal surface. In addition, although
the position of the vortices has been found to be about the same in both stream
wise injection angle cases for a fixed momentum flux ratio, it has been observed
that the CVP structure seems to playa much stronger role in the eto = 50

0

case,
since the upward motion offluid remains longer. Thus the evolution of the strength
of the vortices should influence the streamwise evolution of the wake zone, which
has been shown to be the most difficult flow region to predict. In order to focus
on these issues, the normalized streamwise wi and vertical Wz vorticity compon
ents are plotted in Figs. 7.8 and 7.9, in an horizontal plane Zjd = 0.4 above the
flat plate surface (inside the wake region). As the the vertical penetration of the
jet has been shown to be very similar for both streamwise injection angle, for a
fixed momentum flux ratio, the same horizontal plane can be observed whatever
the streamwise injection angle is. For clarity reason, only results with a high mo
mentum flux ratio (IR = 4.0) are displayed; the results with a low momentum
flux ratio (IR = 1.0) are similar but with a lower vorticity magnitude.

Vortical structures

Overall, a good agreement between measured and predicted vorticity values is
observed, which verifies the model. The two branches (of opposite sign) of the
counter-rotating vortex pair are seen in the streamwise vorticity plot (structure A).
the four central legs in the vertical vorticity plot exhibit the downwash and upwash
shearing sides of the two vortices (structure B and C). Furthermore, on the lateral
sides of the counter-rotating vortex pair, a trace of vorticity of opposite sign can
be seen in the experiment and also reproduced in the computation (structure D and
E). This might indicate a presence of a horseshoe vortex but no formal conclusion
can be drawn here, although it can be noticed that the axial and vertical strength of
this structure is more than 100% smaller than the CVP structure.
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7.3.2 Analysis of the measured and predicted vorticity field

Vorticity generation

It would be of primary importance to understand the generation process of the
vorticity that is observed in Figs. 7.8 and 7.8. Indeed, in searching the flow re
gions where the vorticity is generated, it is intended to show that the numerically
immersed film cooling jet model is able to reproduce the physical process of vor
ticity generation. For this purpose, it is first proposed to carefully analyze the
vorticity field displayed in Fig. 7.8. As it can be seen, the vorticity of the CVP
structure is already existing before the plane (~l ir~iection. This is found both in the
experiment and in the computation. In the experimental results, it can be easily
understood that the vorticity is coming from the coolant flow boundary layer in the
hole. Even if an explicit clue of this vorticity generation process cannot be given
here, it has been already shown by many authors (see for instance Morton and Ib
betson [67]) and used as one of the main assUlnption for the model development.
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Now, in the computation, as the vorticity of the CVP structure is already present
before the plane (~t irl:iection, it could be concluded that it should come from the
upstream freestream boundary layer. This is in contradiction with all the previ
ous observations and assumptions made. In order to focus on this issue, two cross
views of the flow, at an axial position X/d = 1.0 (leading edge of the hole) and
at X / d -- 0.0 (center of the hole), are plotted in Fig. 7.10. The predicted axial
vorticity W xis only shown here but it has been verilled that the same vorticity field
pattern is found in the experiment. At the leading edge of the hole (X/d = -1.0),
the vorticity lines pertaining to the incoming boundary laycr flow starts to be de~

flected around the jet, so that an axial component of vorticity is seen ncar the flat
plate surface. The sign of the axial vorticity indicates a typical horseshoc type of
vortical system, evcn if, looking at the cross velocity vectors (not shown here), it
is merely a lateral skcwing of the freestream boundary layer. However, there is no
trace of vorticity typical of a CVP structure. In observing the axial vorticity at the
cross section X/d :cce 0.0 (center ofthc hole), it can be clearly seen that the bound-
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ary layer vorticity is nowing at the sides of the jet, as his also observed in the
experiment. Furthermore, the appearance of the vorticity pertaining to the CVP
structure is noticed at the sides of the toroidal jet surface. Indeed, this vorticity
is not generated by the incoming freestream boundary layer but by the presence
of the jet toroidal surface. This is a very important observation. As it has been
assumed in Chapter 4, a slip boundary condition is applied at the jet surface. In
itself, this slip boundary condition does not allow any generation of vorticity at the
jet surface. However, the presence of the immersed toroidal jet enforces a turning
of the viscous freestream boundary layer flow around it. Since the velocity vector
inside the jet, at any of the ghost-node XII> is set so that the freestream flow is
deflected around the jet, the vorticity observed at the sides of the toroidal surface
at X / d - 0.0 is effectively coming from the jet; the coolant jet vorticity is embed
ded within the imposed immersed boundary conditions. The consequence of this
analysis can be decoupled in two statelnents. On one hand, the immersed bound
ary condition implicitly induces the diffusion of the coolant jet vorticity through

5This fact is actually ohserved in the computational results: CYP vorticity is observed inside the jet
toroidal hody
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the viscous freestream fluid. This conforms experimental observations. But on the
other hand, the diffusion of this vorticity is not controlled, in contrast to the one
injected on the plane of injection. More precisely, the coolant vorticity that is dif
fused from the immersed jet surface is directly linked to the shape of this surface.
Indeed, the rate of flow turning, function of the jet surface shape, is a measure of
the vorticity. This means that the total amount of vorticity fed by the model might
be inaccurate. This issue is analyzed later in this section.

Impact of the streamwise injection angle upon the vortical structure evolution

In looking more closely at the strength evolution of the vortices downstream of the
hole for the ao = :300 case (see Fig. 7.8), the streamwise vorticity Wx more rapidly
decays in the experimental data that what it is found in the CFD prediction. On the
contrary, in the (Xo = 500 case (see Fig. 7.9), the decay is shown to be of the same
order and also persists much longer, in terms of the axial distance. This feature
is constantly observed in the other horizontal planes Z / d near to the flat plate
surface. To quantify this effect, lateral profiles of the normalized vorticity Wxz are
plotted in Fig. 7.11. Two axial locations are represented, one just after the plane of
injection, and the second one at X / d = 4.0. The lateral profi Ie of the vorticity W xz
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Figure 7.11: Normalized streamwise vorticity Wx z lateral profile in the normal plane
Z / d = 0.4, jbr an injection angles 0'0 = :30 0 (leji) and (to = 50 0 (right).

of the CVP structure exhibits a notable difference between the experiment and the
CFD prediction just after the plane of injection. Indeed, the vorticity Wxz is much
more flattened in the experiment that what is found in the computation (b.wxz



7.3. COMPARISON TO EXPERIMENTAL DATA: VORTICITY FIELmS4

from peak maxima to local central minima is about 140% overpredicted). This can
be explained by the fact that the CVP model does not account for any downward
freestream momentum push and/or any particular lateral spreading. In observing
the downstream evolution of the vorticity wxz,at Xjd = 4.0, its lateral profile
is well captured in the ao = SOD case. In the 0'0 = 30° case, it is experimentally
observed to have almost spread out completely. In this case, the discrepancy in
predicted maximum Wxz is about 60% too high.

Isotropic versus anisotropic turbulence in the wake region

It has been experimentally shown (see Kaszeta and Simon [49]) that isotropic tur
bulence is not true anymore in the wake region. Although no definitive statement
can be drawn from the present data, there is a presumption that the strength of the
vortices is even more reduced by the enhanced turbulent stress in lateral direction.
This feature seems to be more pronounced in the low streamwise injection angle
case (0'0 = 30"). Furthermore, it has been shown (Lakehal [52]) that isotropic
turbulence models are not adequate to treat the near wall region in this type of tur
bomachinery flows; the turbulent fluxes, which counteract against the entrainment
effect of the vortices, are not promoted enough. This might explain the fact that
the CFD predictions in this study underpredict the decay of the near wall absolute
vorticity and also the spreading of the vortices. In return, the velocity deficit in the
wake zone is overpredicted, especially for the low streamwise injection angle case
(0'0 = :~OO).
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Circulation

A comparison of the measured and predicted axial evolution of the circulation
rx-z is displayed in Fig. 7.12 for all momentum flux ratios and streamwise in
jection angles studied in this Chapter. One can see that the level of circulation is
much more dependent of the momentum flux ratio than of the streamwise injec
tion angle. Three main zones can be differentiated in these plots. The first zone is
before the hole, that is when X/d < -1.0. The circulation is low (r:xz < 0.20)
since the only vorticity region is embedded in the freestream boundary layer, prin
cipally within the lateral vorticity component wy. The second zone is located
between -1.0 < X/d < 1.0, where a high increase of the circulation, up to about
rx-z c:-.: 0.35 for a low momentum flux ratio (IR = 1.0) and up to rxz c:-.: 0.85
for a high momentum flux ratio (I R = 4.0) is observed. The increase of the circu
lation is due to the vorticity coming from the coolant jet. As it has been analyzed
earlier, the immersed boundary condition are able to reproduce this phenomenon.
However, it is shown here that the total amount of circulation fed by the coolant
jet cannot be set with high accuracy when using the model. For a high streamwise
injection angle (ao = 50°), the maximum circulation is predicted more than 20%
too high, whereas for a low streamwise injection angle (ao = :3(Y), the maximum
circulation is accurately predicted for a low momentum flux ratio (IR = 1.0) and
16% too high for a high momentum flux ratio (IR = 4.0). The third zone, located
downstream of the hole (X/d > 1.0) is exhibiting the decay of the circulation, i.e.
the decay of the action of the CVP structure. The slope (~rxz/~X ~ -0.005
for I R = 1.0 and ~rxz /~X '" -0.067 for I R = 4.0) of the decay is accurately
predicted by the CFD, even though the total amount of circulation is too high. The
decay is about 10 times higher in the I R = 4.0 case compared to the I R = 1.0
case.

Conclusion

The prediction of the CVP structure agrees with experimental observations. It is
shown that the immersed jet body allows the deflection of the freestream boundary
layer so as to reproduce a phantom trace of a horseshoe vortex, seen in the experi
ment. The shape of the immersed jet body induces the turning of the viscous flow
around the jet. Although a slip boundary condition is applied at the jet bound
ary, the imposition of the immersed boundary conditions inside of the jet toroidal
shape implicitly feed vorticity. As a consequence, even if the CVP circulation is
carefully calibrated on the plane of injection, there is an ovcrprediction of about
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10% to 20% of the circulation downstream of the injection site due to the uncon
trolled feeding of vorticity at the toroidal jet surface. The axial evolution of the
strength of the CVP structure is better captured with a high streamwise injection
angle (ao = 50°). This leads to higher discrepancies when predicting the velocity
and vorticity field in the wake region for a low streamwise injection angle case
(ao = 30°).

7.4 Comparison with other numerical strategies

7.4.1 Brief description of the other numerical techniques

Motivation

As part of the validation process, it is intended to show the prediction performance
of the CFD-embedded film cooling model (FCM) in comparison to other numer
ical strategies to inject the coolant flow. The goal is not to give an exhaustive
overview of the other strategies, it is merely wanted to pinpoint few but important
issues for predicting accurately the aerodynamics of film-cooling jets, in a reas
onable time scale. In particular, the predicted static pressure field near the hole is
analyzed. Indeed, it could not be compared to experimental data. The prediction
of the near hole static pressure is essential to ensure the right level of jet blow~

ing. Then the velocity field is compared to highlight the prediction capability of
the FCM strategy. Eventually, some important drawbacks of the two alternative
injection strategies are discussed. For this purpose, only one injection case is se
lected, that is the 84 case, in which the streamwise injection angle is ao = 30°,
the density ratio is DR = 1.2() and the blowing ratio is BR = 2.0.

Wall injection (WI) and Full Injection (FI)

The wall injection (WI) strategy consists of injecting the coolant flow by setting the
velocity vectors and temperature at the wall, where the hole should stand. This is
the simplest approach for treating film~coolingjets in CFD. This approach has been
the first to be utilized for flow problems involving film~cooling in turbines, see for
instance Vogel [89]. More information about the definition of the strategy can be
found in Appendix J. The full injection (FI) computation consists of meshing the
plenum chamber and hole region. Up to date, this is the most complex method
to deal with film-cooling jets. This approach is still far from being used in film~

cooled turbines problems involving hundreds of holes. As a reference, one of the
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first application of this method for predicting film-cooled turbine flow field has
been shown by Walters and leylek [91]. More inf()rmation about the computation
set up can be found in Appendix K. A comparison of the three numerical coolant
injection strategies, in terms of mesh size, numerical method, turbulence model,
convergence level and total resolution time, is given in Table 7.1.

IFCM I WI I FI
Number of 2.6 . lOb 2.6· 105 7.7.105

grid nodes
Numerical Finite Volume Finite Volume Finite Volume
method Method Ni- Method Ni- Method,

Lax-Wendroff Lax-Wendroff Semi-implicit
2nd order 2nd order upwind 2nd

accurate accurate order accurate
Turbulence Baldwin- Baldwin- SST k - w
model Lomax Lomax
Residual 10-,) 5 . 10-"0 7· 10~5

DQTms
Total resol- 4.27 4.24 24.40
ution time
[h.min]

Table 7.1: Comparison of the different numerical strategies to inject the coolant jet.

7.4.2 Static pressure field

The blockage effect in the incoming freestream boundary layer due to the presence
of the coolant jet is of primary importance as the potential field created adjusts the
static pressure in the ncar hole region. Furthermore, pressure waves (wakes, jet,
etc.) incoming to the hole exit modulate the ncar hole static pressure Ps . As
shown by Abhari and Epstein [1], this is a very important feature to determine
the blowing ratio level. In connection to this fact, as it has been described in
Chapter 3, The near hole static pressure P,s is a critical part of the fi 1m cooling
model. Looking back at Eq. 3.19, it is seen that the near-hole static pressure P,s
is a primary feature that sets the expansion of the coolant flow through the hole,
so that the determination the blowing ratio, jet trajectory and so on. Thus, it is



7.4. COMPARISON WITH OTHER NUMERICAL STRATEGIES 158

important to validate the ncar hole static pressure field obtained with the use of the
CPO-embedded film-cooling jet model.
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Contours of normalized near hole static pressure !!:J.Ps predicted with the three
different injection strategies are plotted in Fig. 7.13. It is observed that the pre
diction using the Wall Injection (WI) strategy leads to a highly oscillating pressure
field near the hole exit. In comparison with the two other numerical results, it is
unlikely that it accurately represents the near hole static pressure field. In fact, the
flow field near the injection is strongly disturbed by the forcing of the velocity and
temperature field. Furthermore, a central scheme is used which is very sensitive to
regions where flow with high gradients occurs (see for instance Hirsch [45]). Now,
as illustrated in Fig. 7.13, the ncar hole static pressure field predicted in the Full
Injection (FI) computation is found to be similar with the one obtained with the
film-cooling model (FCM). The upstream high pressure zone (!!:J.Ps,max = 2.2%
for FI and !!:J.Ps max = 1.9% for FCM) is similar in both results. In the downstream,
low-pressure zone, moderate discrepancies6 are also observed but the shape of the
contours of pressure matches. There are two branches of low static pressure zone
which correspond to the action of the CVP structure, which enables an acceleration
zone toward the center of the jet, near the wall. This numerical back-to-back com
parison implies that the toroidal shape chosen to simulate the ncar hole jet body,
and the associated immersed boundary condition treatment, are able to create a
neat and relevant static pressure field near the hole.

7.4.3 Jet penetration and spreading

Contours of streamwise velocity

A comparison of measured and predicted contours of the streamwise velocity
U/U f in the center plane Y/d = 0.0 is given in Fig. 7.14. The main flow re
gions analyzed in the previous section are found, that is the high velocity zone
(windward side) and the low momentum region (wake). From a global perspect
ive, it seems that the quality of the prediction is the worst with the WI strategy.
Indeed, the wake zone shows to be much larger in size than with the two other
injection strategies. In addition, the velocity peak in the windward side is less pro
nounced in comparison to the experiment and the two other injection strategies.
The numerical results obtained with the FCM and FI strategies look pretty close to
each other, even if the wake structure appears to differ.

6For FeM, fj. P8,rnin = -1.7% and for FI, fj.P's,rnin = -2.5%) after Xjd = 1.25
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Velocity profiles

In order to quantify the differences in the prediction aforementioned, profiles of
the streamwise velocity U/Ul in the center plane Y/d = 0.0 are displayed in Fig.
7.15. In observing Fig. 7.15, one can sec that numerical predictions highly dif
fer just after the hole exit, at X/d = 2.0. The maximum velocity magnitude in
the windward side of the jet, in the WI strategy, is 10% lower than the measured
one, whereas in the FCM and FI strategies, it is 13% and 16% higher than the
measured one. The streamwise velocity profile in the wake region is not matched
accurately in any computation. The WI computational result exhibits an almost
linear decrease of the streamwise velocity. Inspecting carefully the measurement
data shows that the streamwise velocity in the wake region is pretty constant be
low Z/d = 0.4, whereas it is strongly decelerating from Z/d = 0.6 down to
Z / d = 004. This behavior is better captured with the FCM computation, even if
the streamwise velocity is about 15% overpredicted. The FI computational result
shows also a better prediction of the wake zone, but in this case the streamwise
velocity in the wake is about 8% underpredicted; the velocity deficit is too pro
nounced. Further downstream, the solution obtained with the WI strategy ends
up constantly underpredicting the streamwise velocity. The solution accuracy us
ing this strategy is left behind the two others numerical solutions by more than
18%. The windward side of the jet is almost perfectly predicted in the FCM and
FI computations, whereas on the wake, some discrepancies persist. In the FCM
computation, the usual small underprediction (6% on average) of the streamwise
velocity in the wake is observed. In the FI computation, it is interesting to note
that the streamwise velocity in the wake is rapidly increasing from X/d = 2.0 to
X/d = 4.0, resulting in an overprediction of 4% on average.

Cross velocity

A cross view of the coolant jet is presented in Fig. 7.16, where the streamwise
velocity U/U I contours are displayed, superimposed with the cross velocity vec
tors (V/Uf , W/Uf ). The high velocity zone (U/Uf > 1.0), forming a kidney
type of shape, is shown for the FCM and FI strategies, whereas it is not the case
in the WI computation. In the FI computation, the kidney shape is the most pro
nounced, in the sense that the high velocity zone is bending even more that what
is found in the experiment. Actually, in the FI computation, it is observed that the
high velocity zone is so much pinching that it almost re-attaches in its lower side,
near the wall. The process of this pinching is due to the CVP structure, so that its
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Figure 7.15: Comparison of measured and predicted profiles of streamwise velocity
(U jut) at different axial locations Xjd = 2.0, 4.0, 6.0 and 14.0, in the center plane
Y/ d = 0.0, for different numerical injection strategies.

strength should be too highly predicted in the FI case. Unfortunately, the position
of the two counter rotating vortices is hardly found in the experiment. In the CFD
predictions, the center of the two vortices is found almost at the same location for
the FCM and WI computations, that is at Y / d = 0.49 for both FCM and WI, and
Z / d = 0.57 and Z / d = 0.53 for FCM and WI respectively. On the contrary, the
prediction of the center of vortices in the FI case is quite different. Indeed, in this
numerical result, the center is found at Y / d = 0.31, Z / d = 0.50, which corres
ponds to less spreading of the vortices. The shorter distance between the vortices
leads to increase the counter-rotating motion of the fluid as well as the bending
of the high velocity zone. As observed in section 7.2.1, the numerical solution of
the coolant jet flow in the FCM computation ends up constantly overpredicting the
center of the vortices. Thus, the FI computation should lead to a better result in
predicting the CVP centers but no formal conclusion can be drawn here.

7.4.4 Drawbacks of the different injection strategies

Wall injection (WI)

There are two major drawbacks that have been observed when utilizing the WI
strategy. The first one resides in the inaccurate imposition of the coolant boundary
condition at the wall. Indeed, it has been shown that the flow field near the in
jection site gets a spurious oscillating behavior since the WI strategy induces very
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sharp flow gradient at the virtual sides of the hole exit. This leads to a numerical
wiggling problem at this location, sec Fig, 7.14, A good nurnerieal strategy for
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coolant injection should be automatic. As a function of the computed near-hole
static pressure, the blowing level of the jet is inferred. In the WI strategy, it is
really not ensured that the blowing level of the jet can be aceurately known from
the computed near hole static pressure field. The second drawback that has been
felt during the analysis of the velocity field is that the penetration seems more
diffused since the windward side of the jet is much less pronounced than in the ex
periment and predictions using the other injection strategies. To shed light on this
observation, a comparison of the predicted and imposed absolute velocity contours
Uo/Ooat the hole exit plane (Z/d = 0.0) between the PI and WI computations is
plotted in Fig. 7.17. The imposed coolant velocity profile in the WI strategy is
constant by default (Uo/Oa -- 1.0). Nevertheless, it is clearly observed that the
FI prediction leads to have a non constant profile of the coolant velocity at the
hole exit. Near the leading edge of the hole, a high absolute velocity zone is seen
(Ua/Uf > I.e)), which will eventually shape the windward zone, whereas near

the trailing edge of the hole, the absolute velocity reduees (Ua/Uf' < 1.0). This
fact has already been nwnerically observed by many authors (see for instance Wal
ters and Leylek [90], Martelli and Adami [60]). As a consequence, the constant
velocity profile imposed in the WI strategy is erroneous, which leads to higher
discrepancies in the prediction compared to the other injection strategies.

Ua/Ua [-]
2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.51.0

...•>"_,."'_..•,,.l. ~

0.0
X/d [-]

-1.0

0.0

0.5

,0.5

1.00.0
X/d [-]

-1.0

(1.0= 30° DR =1.3 SR =2.01R =3.2 Zld =0.0
FULL INJECTION (FI) WALL INJECTION (WI)

0.5

-0.5

.......
~

'CO.O

>

Figure 7.17: Contours of nonnalized absolute velocity Ua IU f, at the horizontal plane
:tId O.Of()f" thefiJll ill;jection (FI- 1£>-/1) and wall ifl;jection (WI - right) strategies, with a
stremnwise injection angle (Yo :30 ".



7.4. COMPARISON WITH OTHER NUMERICAL STRATEGIES 165

Full Injection (FI)

The numerical results found with the FI strategy have been shown to be as accur
ate as the ones obtained with the FCM strategy. However, it is observed that the
streamwise velocity in the wake is overpredicted. It results from the t~lct that the
kidney shape of the jet is too pronounced. Thus, the CVP structure seems to playa
stronger role in this strategy compared to the other strategies and in comparison to
the experimental results. To better understand the action of the CVP structure, the

f

axial evolution of the CVP circulation r x z extracted from the numerical results
obtained with the different injection strategies and also from the measurements is
plotted in Fig. 7.18. The circulation is too highly predicted for all the numerical

Ito: 30· DR =1,3 BR =2,0 IR= 3.2

1.00

~ZO.75

0.50 .

0.25""""' '···,··········, ., " .

Figure 7.18: Normalized circulation r''X z for different injection strategies.

strategies, that is by about 17% for the FCM strategy, 24% for the WI strategy and
about 100% for the FI strategy. Meanwhile, the slope of the decrease of circulation
as a function of the axial distance is accurately found in the FCM and WI strategy

(~r'.x- z /~ (XId) c::::: -0.(26) whereas it is much higher in the FI computation

(~r'.x-z/~(Xld) f"V -0.053). Thus, the CVP structure has too much strength

in the FI prediction when emerging from the hole. In return, the shaping of the
kidney shape is too pronounced. Martelli and Adami [60] have deeply studied the
flow dynamic occurring inside the hole and plenum chamber. They have shown
that the flow is already complex inside the hole, and has already counter-rotating
vortical structures. Furthermore, the prediction of the flow through the hole is very
sensitive to accurate geometrical definition of the hole, especially at its corner. A
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good illustration of these facts is given in Fig. 7.19. Note here that the secondary
flows, explicated by (rh/Uf, Ut/U f), are derived from the velocity vector projec
ted onto the plane perpendicular to the main flow direction. As a consequence, the
major drawback of the FI strategy lies on the complex deflnWon of the geometry
and numerical discrepancy arising in the hole, due to the complex flow structure
generated at this location.
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Merit and benefit of the film-cooling model (FCM)

The CFD-embedded 111m-cooling model combines the positive aspects of the two
alternative numerical strategies tested (WI and FI). On one hand, it has been shown
that the computational overhead when using the 111m-cooling 1110del is very small,
less than a percent. As a consequence, a nWl1erical solution can be found in ap
proximatively the same amount of computational ti me as with the simplest coolant
injection approach, that is the Wall Injection strategy. On the other hand, the ac
curacy of the numerical prediction obtained is, at least, of the same order as the
one obtained with the most cOlnplex injection strategy (FI). This is done in much
less computational time (about 6 tinles faster). Indeed, the knowledge of coolant
jet flow physics embedded in the film-cooling jet model, coupled with an eftkient
numerical immersion of the coolant jet model leads to a stable, neat and computa
tionally emcient solution for prediction of the aerodynamic of mm-eooling flows.



Chapter 8

Steady Heat Transfer Validation

8.1 Introduction

8.1.1 Thermal field versus heat transfer level prediction

One of the ultimate goals of the CFD-embedded film-cooling jet model is to
provide a numerical tool for the designer and the researcher that allows predict
ing wall adiabatic film-cooling effcctiveness 1] in a reasonable time scale. The
wall adiabatic film-cooling effectiveness is not a direct measure of the heat trans
fer level at a wall. It is merely a measure of the surface temperature obtained at a
perfectly insulated wall. Hence, it quantifies the impact of the heat transfer pro
cess occurring nearby the wall, upon the thermal field. Film cooling performances
are typically evaluated in laboratory studies by means of the wall adiabatic film
cooling effectiveness, but also with the heat transfer coefficient, Nusselt number
or Stanton number. It is well known that, for turbomachinery flows, accurate heat
transfer prediction are in general more difficult to obtain than aerothermaI predic
tion, see for instance Ameri et at. [4], Schiele and Wittig [79]. It is recalled that
heat transfer is function of the first order derivative of the temperature, so that dis
crepancies in predicting it arise more quickly than for temperature. The effect of
the turbulent thermal mixing, as well as transition process, are still under way to be
well understood and modeled (for a RANS framework) i.e. accurately predicted.
Furthermore, heat transfer levels can be evaluated by many different means. This
can be done by only considering the external forced convective heat process (and
isothermal and/or diabatic wall boundary conditions) or also by taking into ac
count the internal (wall material) heat conduction process l . Thus, in a first step,
although the accurate prediction of heat transfer is a major issue in turbomachinery,
the present Chapter limits the validation of the use of the CFD-embedded film-

1A heat transfer problem involving heat conduction and forced convection is so-called conjugate
heat transfer problem.
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cooling jet model for prediction of wall adiabatic film-cooling effectiveness and
surface metal temperature. In connection to this, it is underlined here that "heat
transfer validation" is an abuse of the language, it is merely a validation of the use
of the film-cooling model to accurately predict the result of heat transfer process.

8.1.2 Validation procedure

Two experimental fi 1m-cooled flat plate test cases are used to demonstrate the cap
ability of the numerically-immersed jet model to predict film-cooling effective
ness. They are both taken from the literature, so that they are pure validation test
cases. The first experimental test case (Saumweber et al. [78]) is very similar to the
test case of Bernsdorf [13]. Thus, it allows extending the aerodynamic validation
done in the previous Chapter to film-cooling effectiveness prediction. The second
experimental test case (lung and Lee l48]) concerns streamwise but also lateral
coolant injection. In this test case, the streamwise injection angle is ao = 35

0

, so
that in between the two streamwise injection angles (ao = ~30°, 50°) used for the
calibration of the model. Furthermore, lateral coolant injection is investigated with
lateral angles from f30 = (r (no lateral injection) up to (30 = 9(r (extreme lateral
injection, just before counter-flow injection). The goal of this second validation
step is to check to which extend the current film cooling model is able to perform
accurate prediction of film-cooling effectiveness. It is recalled that there are only
two extensions of the model for treating lateral injection: the lateral pressure resist
ance coefficient Cnj3 for predicting the lateral trajectory of the jet and the exchange
of circulation (vortex strength) between the two vortices of the CVP structure us
ing a sin square function, see Chapter 5. No upgrade of the mixing model and
boundary conditions for the jet toroidal surface for lateral injection is proposed in
this study. Overall, this heat transfer validation shall give an increased confidence
in the use of the film cooling model for predicting turbomachinery flows.

8.2 Streamwise injection

8.2.1 Test case definition

Experimental apparatus

The University of Karlsruhe film-cooled flat plate experiment of Saumweber et at.
[78] is briefly described. The test rig consists of a continuous flow wind tunnel.
From a secondary flow loop, cool air is injected into the hot mainstream through a
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row of three holes, each of them having a length of 6.0 hole diameters. A pitch dis~

tance of 4.0 hole diameters separates them. Each hole has a diameter of 5 [mm],
and a streamwise injection angle ao = :30°. A turbulence grid is placed far up
stream from the holes to control freestream turbulence intensity and length scale.
As the turbulence model used in this study is a zero-equation model (Baldwin~

Lomax), results with the lowest freestream turbulence, namely 3.5%, are utilized.
An infrared camera allows to map the temperature at the flat plate surface, care
fully insulated to respect quasi-adiabatic condition. Film-cooling effectiveness is
interred from the temperature mapping, with an uncertainty of ±4%. Five meas
urements series are available, for a fixed density ratio of DR = 1.7 and five dif
ferent blowing ratios, namely BR = [0.5, 0.75, 1.0, 1.25, 1.5]. Uncertainty in
fixing the blowing ratio is ±2%. Freestream and coolant inlet flow characterist
ics, such as total pressure and temperature, are provided by Saumweber [78]. The
freestream Mach number is equal to 1M = 0.3. The Reynolds number, based on
the freestream velocity U f and hole diameter d is equal to Red = 2.7 . 104

. Only
results with the lowest (BR = 0.5) and highest (BR = 1.5) blowing ratios are
presented since they are the only available experimental data.

Computational domain

The same computational domain as the one utilized in Chapter 7 is used here.
Indeed, the test case of Saumweber at al. [78] is almost identical to the one of
Bernsdorf [13]. Numerical calculations are therefore carried out on the grid C2
(see Chapter 6 for a complete definition of the grid), having an axial density of
Nx = 5 and lateral density of Ny = 9. Total computational time and overhead
due to the use of the film-cooling model, as well as residuals and mass flow error
histories, are similar to the ones analyzed in Chapter 6.

8.2.2 Predictive capability of the model - standard cases

Impact of the momentum flux ratio upon the jet thermal field

The jet penetration and thermal mixing is first observed in Fig. 8.1. The thermal
field is represented by the normalized total temperature B, defined by

r,f -1'.,
B = T 7

1·,f _ 'PC
T -LT

(8.1 )
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Only the predicted thermal field is represented as no experimental data is avail~

able. This is shown for the lowest (BR = 0.5) and the highest blowing rati02

(BR = 1.5) investigated. A fundamental difference is noticed. In the low blowing
ratio case (BR = 0..5), the thermal field of the jet is attached to the wall surface,
in which the jet core ((}max = 0.73) almost flows on the flat plate surface. On the
contrary, in the high blowing ratio case (BR = 1.5), the numerical solution ex~

hibits a jet thermal field almost completely dc-attached from the flat plate surface.
Furthermore, the CFD prediction in the BR = 1.5 case shows the pinching of
the jet due to the enhanced CVP strength and high vertical penetration (shown in
Chapter 7). Thus, the blowing ratio (momentum flux ratio) is strongly influencing
the evolution of the jet thermal field.

2The density ratio DR = 1.7 is held constant in this experiment, so that the impact of the mo
mentum flux ratio level is proportional to the impact of the blowing ratio level
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Prediction of surface adiabatic film~coolingeffectiveness

The predicted contours of adiabatic film-cooling effectiveness 1] is compared to
the experimental measurements in Fig. 8.2 for the lowest (BR = 0.5) and highest
(BR = 1.5) blowing ratios. Overall, the contours pattern exhibits the same trend
both in the measurement and prediction. In particular, the film-cooling effective
ness contour levels appear to be higher in the low blowing ratio case (BR = 0.5).
It is interesting to note that the decrease of the film-cooling effectiveness 1] contour
levels in the axial (streamwise) direction seem more pronounced in the low blow
ing ratio case (BR = 0.5). Indeed, for the highest blowing ratio case (BR = 1.5),
downstream of the axial position Xld = 9.1, the contour level of rl in the center
line YId = 0.0 does not change anymore (1] = 0.2) whereas in the lowest blowing
ratio case (BR = 0.5), for the same axial locations, contours of rJ drop by two
levels. In addition, it is felt that the spreading of the coolant thermal field is un
derpredicted. As an example of this observation, taking the BR = 0.5 case and
Xld > 14.0, it is noticed that the contour 'fJ = 0.05 covers the whole hole to hole
pitch distance (-2.0 < YId < 2.0) in the experiment whereas it is not the case in
the CFD prediction.

Prediction of laterally~averagedadiabatic film~coolingeffectiveness

In order to quantify these observations, it is very useful for the designer to com
pact the information presented in Fig. 8.2 in terms of the laterally-averaged film
cooling effectiveness fi (see Eq. 6.6 in Chapter 6 for the definition of this term). It
gives a sense of the "hole to hole" film~cooling effectiveness along the axial dis
tance XId. The measured and predicted laterally-averaged film cooling effective
ness fi are plotted in Fig. 8.3. The laterally-averaged film-cooling effectiveness if is
accurately predicted for the lowest (BR = 0.5) and highest (BR = 1.5) blowing
ratios investigated. For the lowest blowing ratio case (BR = 0.5), the CFD predic
tion is almost identical to the experimental value, whereas in the highest blowing
ratio case (BR = 0.5), the numerical computation leads to a underprediction of
15% on average, of fj. If this discrepancy seems to be high, it should to be recall
that, at this very low value of fj (fi < 0.07), a small discrepancy in the prediction
of this highly three dimensional flow field leads to high relative error much more
quickly than of high value of fj are analyzed. In addition, the experimental uncer
tainties in fixing the blowing ratio (±2%) may lead to a slightly higher blowing
ratio in the measurement. In Fig. 8.3, a different behavior of the thermal mixing
between a low and a high blowing ratio is clearly identified. In the BR = 0.5 case,
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the laterally-averaged film-cooling effectiveness is monotonically decreasing as a
function of the axial direction X/d, where 17 = 0.23 at X/d = 2.0 and 17 = 0.11 at
X / d = 22.0. On the contrary, 17 is slightly increasing over the whole axial distance
investigated (17 = 0.06 at X/d = 2.0 and fl = 0.07 at X/d = 22.0). This behavior
is reproduced by the CFD prediction. As noted by Sinha et al. [85], in compar
ison to a coolant jet with a low blowing ratio, a jet with a higher blowing ratio is
synonymous of higher mass and energy fluxes which eventually result in a better
film cooling protection far downstream. Indeed, the coolant jet with a high blow
ing ratio almost de-attached close to the hole, see Fig. 8.1, which dramatically
lowers the film-cooling effectiveness. However, the molecular diffusion, fed by
more coolant material, eventually counter-balanced the high vertical penetration
of the jet.

Surface metal temperature

As it has already been discussed in Chapter I, the surface metal temperature is the
ultimate value for the designer. Indeed, the arrangement of film cooling holes he
has designed should lead to a surface metal temperature that is below a given tem
peraturc threshold that the material can sustain in a long tcrm without significant
modification of its properties. Thus, the prediction of the surface metal temperat-
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(8.2)

ure with the model should be useful for the designer, i.e. the error in predicting
the surface metal temperature should be minimal. In this context, the predictive
error €b.T of surface metal temperature, versus experimentally measured surface
temperature is given by

[
TCFD _ TEXPj [nCFD. _ n EX

. P]100 aw o,W = 100. '/ '/
€b.T = . T!wXP fl EXP + 77,:f~P

where 77;Po~P = Tree / (TT - l~ee) and is given by the experimental conditions.
Based on the measured and predicted values of the laterally-averaged adiabatic
film cooling effectiveness fj plotted in Fig. 8.3 and Eq. 8.2, the laterally-averaged
predictive error Eb.'J' of surface metal temperature is plotted in Fig. 8.4. As it can
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Figure 8.4: Laterally-averaged predictive error (!"J.'T of the surface metal temperature for
for a low and medium blowing ratio (BR = 0.5, 1.5).

be observed, the predictive error €b.T is lower than 1% for both blowing ratios
investigated. In terms of absolute temperature, it corresponds to an error of predic
tion ofless than 2.5 [K] for the low blowing ratio case (BR = 0.5) and to an error
of less than 5.3 [K] for the medium blowing ratio case (BR = 1.5). This error
might be larger in real engine because of higher heat load and more complicated
flow field but this shows that the use of the model can deliver useful prediction of
surface metal temperature.for the designer.
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Discrepancies in the prediction - near hole region

As it can be observed in Fig. 8.3, the prediction of the laterally-averaged film
cooling effectiveness systematically suffers from a small and local discrepancy in
the near downstream region (XId < 4). This is attributed to the fact that the
coolant to freestream mixing is suddenly specified on the 2D plane ofinjection. In
this context, the numerical algorithm needs some computational cells to relax this
immersed boundary condition.

Discrepancies in the prediction· coolant lateral spreading

It has been verified that the numerically-immersed film-cooling jet model is cap
able to accurately predict laterally-averaged values of adiabatic film-cooling ef
fectiveness. However, as it is observed in Fig. 8.2, it seems that the accurate
prediction of fJ comes from different local values of fJ between the experiment and
computation, in particular toward the lateral direction. To quantify this issue, the
distribution of the centerline film-cooling effectiveness (strictly along YId = 0.0)
and also the lateral distribution of '17 in the cross line located at XId = 8.0 are
plotted in Fig. 8.5. In Fig. 8.5-1 (left), the centerline film-cooling effectiveness
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Figure 8.5: Measured and predicted centerline (Y/d = 0.0, lefi -I) and lateral (X/d =
8.0, right -II) adiabatic film-cooling effectiveness fl.

rl is observed to be systematically overpredicted in the computational result for
the BR = 0.5 case, typical value 30%. However, the prediction of the centerline
effectiveness is accurate within the experimental contours resolution (6.'17 = 0.1)
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in the BR = 1.5 case. In addition, in Fig.8.5-II (right), the lateral film-cooling
effectiveness TJ is not enough spread, particularly in the low blowing ratio case
(BR = 0.5). On one hand, the film-cooling effectiveness TJ at the center location
YId = 0.0 is about 33% overestimated and, on the other hand, at the lateral pos
ition Yld = ±1.5 TJ is found to be nuU3 in the computation whereas there is still
a trace of cooling in the experiment (TJ = 0.05). Interestingly, this discrepancy in
the lateral diffusion of the coolant is a bit less pronounced in the high blowing
ratio case (BR = 1.5). Although there is a small discrepancy in the prediction of
the local film-cooling effectiveness at XI d = ±1.0 (where TJ = 0.0 in the com
putation and 77 = 0.05 in the measurements), in the center position Xld = 0.0, it
is predicted accurately to within the experimental resolution. This trend of over
prediction of centerline film-cooling effectiveness and underprediction of lateral
spreading of the coolant is in line with previous numerical studies on film-cooling
jets, using an isotropic turbulence model, see for instance Lakehal [52], Walters
and Leylek [90]. The comments made in Chapter 7 on the inaccurate prediction
of the evolution of the counter-rotating vortex pair and the anisotropic behavior
of the turbulent flow field near to the wall might help to shed light on this result.
The near wall pinching is too pronounced and the lateral turbulent diffusion is not
adequately promoted.

8.3 Lateral injection

8.3.1 Test case definition

Experimental apparatus

The Seoul National University film-cooled flat plate experiment of Jung and Lee
[48] is briefly described. The test rig consists of an open-circuit, subsonic wind
tunnel. From a secondary duct, hot air is injected into the cold mainstream through
a row of five holes, each of them having a length of 4.0 hole diameters. A pitch
distance of 3.0 hole diameters separates them. Each hole has a diameter of 20
[mm], and a streamwise injection angle ao = 35°. Experiments are conducted
at a fixed freestream mean velocity of U f = 10 [m/s] (very low Mach number,
M rv 0.05) and at a fixed freestream and coolant temperature of T~ = 293 [K]
and T/} = 313 [K] respectively. The resultant density ratio for all measurements is
DR = 0.93. A boundary layer trip wire of 1.8 [mm] diameter is located 30 hole
diameters upstream of the holes. The measurement plate, starting at X Id = 1.0

3It is actually a bit lower than 0.0: 'TJ = -0.02 minimum
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and insulated with formed polystyrene, is covered with a Thermochromic Liquid
Crystal (TLC) sheet (l00 [pJn]-thick polyester), as well as black paint, adhesive
layer and beneath it a polycarbonate plate. The temperature is measured at the
plate surface by mapping color changes of the TLC sheet, the uncertainty being
about 0.17 [K]. The resulting uncertainty in film-cooling effectiveness 'rJ is 2.5%
for 77 = 0.5 and 29.5% for'rJ = 0.05. T-type thermocouple are used to measure the
coolant and freestream total temperature efield downstream of the injection site,
at Xjd = 2.5, 50, 10.0. Uncertainty in the measurement is about 6.4% for () =

0.25. Twelve measurements series are available, at four different lateral injection
angles, namely {1o = 0°, 300, 60°, gct and three different blowing ratios, namely
BR = 0.4, 0.9, 1.9.

Computational domain

The same computational domain as the one utilized in Chapter 7 is used here since
it has been shown to be well suited for this type of injection problem. Numerical
calculations are therefore carried out on the grid C2 (sec Chapter 6 for a complete
definition of the grid), having an axial density of Nx = 5 and lateral density of
Ny = 9. Meanwhile, the width of the channel is reduced to 3 hole diameters as in
the experiment. Since the freestream Mach number is very low in the experiment
(M ~ 0.05), it is artificially increased up to M ,-v 0.3 to stabilize and speed up the
computation. In the meantime, the hole diameter is reduced down to d = 5 [mm]
as well as the total pressure level so as to ensure the same Reynolds number Red
(based on hole diameter d and freestream Mach number Uf) as in the experiment.
The scaling of the flow conditions made for the computation is given in Table 8.1.
Total resolution ti me and overhead due to the use of the film-cooling model, as
well as residuals and mass flow error histories, are similar to the ones analyzed in
Chapter 6.

8.3.2 Predictive capability of the model - extreme cases

The three-dimensional flow field

The flow structure existing near the hole exit and downstream of it changes pass
ably compared to a strictly streamwise injection case. The predicted freestream
streamlines in the near hole region, for a lateral injection angle of /30 = 60° and a
blowing ratio of BR = 1.9, are displayed in Fig. 8.6. It is noticed that the deflec
tion of the freestream flow around the immersed jet toroidal surface produces an
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I Experiment I Computation I
Hole diameter [mm] 20 5
Freestream Mach number [-J 0.05 0.29
Freestream total pressure [bar] 1.00 0.41
Reynolds number Red [-] 6'400 6'400
BR = 0.4
Reynolds number Red [-] 12'700 12'700
BR = 0.9
Reynolds number Red f-] 25'400 25'400
BR = 1.9

Table 8.1: Scaling of the flow conditions made for the computation.

asymmetric flow. Indeed, A large scale vortex, so-called "Back Side" vortex VBs,
starting in the downstream side of immersed jet body is clearly identified. In the
upstream (front) side of the immersed jet body, there is not any objective visual
ization of a vortex structure, but merely a deviation of the freestream streamlines.
The back side vortex is induced from the coolant jet boundary layer in the hole. Its
counter-part is no more existing. Lee et at. [54] propose a model of the near hole
three-dimensional flow pattern for different lateral injection angles (from {Jo = 0°
to (Jo = 90°). They claim that between a lateral injection angle of (30 = 15° and
{Jo = 30°, the CVP structure transforms to a single vortex rotating in the sense of
the back side vortex in Fig. 8.6. For strictly streamwise injection, the two counter
rotating vortices have the same strength, or circulation. When there is a lateral
component to the coolant injection, there is a rapid concentration of vorticity to
the vortex located in the "back side" part of the jet at hole exit. This exchange of
circulation, as well as the lateral trajectory of the jet, is shown to be executed in
the model thanks to the circulation redistribution using a sin square function (see
Eq. 5.3 in Chapter 5) and the jet trajectory model.

Impact of the lateral injection angle (30 on the aero-thermal field

A significant change in the mixing between the hot freestream flow and the coolant
due to the structural change of the vortical flow and orientation of the coolant
injection is expected. In this context, measured and predicted contours of total
temperature e are plotted in Figs. 8.7, 8.8 and 8.9 at a cross section located at
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DR =0.9 BR =1.9 IR =3.2

179

Figure 8.6: Predictedfreestream streamlines near hole exit, fhr a blowing ratio qf H H =

1.0 and lateral iJ~jection angle (~nio -- (llr.

x /d = 5.0. To show the impact of increasing lateral injection angle and blowing
ratio, results for f3n = Cf and ER 0.1 are shown in Fig. 8.7, results for {3n ===. :30

0

andFJR = 0.9 are shown in Fig. 8.8 and results t"(Jr /30 -- (iCr' and BR - 1.9
are shown in Fig. 8.9. Cross velocity vectors (V/Uf, ~V/Uf) are superimposed
in the CFD prediction. Indeed, the effect of the lateral angle (in variation is found
very similar for any fixed blowing ratio and vice-versa. Due to the small blowing
ratio in the flow case with ER --- 0.4 and (in = ()", see Fig. 8.7 , the coolant fluid
is attached to the wall surface. This is seen both in the experi mental and CPD res
ults. Furthermore, the strength of the CVP structure is relatively small in regards
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BR = 0.9.

to the higher blowing ratio solutions. This induces a weak pinching of the coolant
jet. The coolant jet is simply convected toward the axial direction and diffused
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laterally. In the BR = [0.9, 1.9] and f30 = [30°, f)(r] cases, see Figs. 8.8 and
8.9, the effect of the lateral injection angle (lo is clearly observed. The shape of
the isothermal contours becomes asymmetric, and this asymmetry is amplified as
the lateral injection angle increases. The secondary flow vectors, displayed only in
the CFO prediction, show that already with a lateral injection angle of {30 = ~i(r,

the presence of a "front side" vortex VF'8 (counter-part of the trailing edge vortex)
is hardly seen. The position of this front side vortex VFs is found very close to
the wall, at Y/d = 1.47, Z/d = 0.1. In the experiment of Lee et at. [48], the
first measurement point is at Z/d = 0.15. Thus, although it is confirmed by the
CPO that there is only one vortex for a lateral injection angle of f30 = 60°, it is
still unclear at which exact lateral injection angle orientation the front side vortex
disappears. From the CPO data, it is however certain that if the front side vor
tex is still existing at f3() = 30°, its strength is more than 57% smaller4 than the
back side vortex. The assumption of a rapid dying of the front side vortex, made
in Chapter 5 with the sin square modulation of the circulation between the two
vortices, is therefore qualitatively confirmed. For a lateral injection angle higher
than f30 = atl", there is only one strong counter-clockwise rotating vortex (seeing

4This is measured from CFD data. Furthermore, in this situation it is objectively not possible to
separate the boundary layer vorticity due to its lateral squeezing and the vortieal motion. Thus the
strength of the front side vortex should be even much more smaller
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from downstream) that leads squeezing the coolant to freestream mixing zone. In
the near wall region (ZId < 0.:35 for f30 = 30°, BR = 0.9 and ZId < 0.85
for f30 = 60°, BR = 1.9), the back side vortex is shifting the coolant jet toward
the positive lateral direction so that the boundary layer is skewed. On the contrary,
above the back side vortex center, the coolant flow mixing is enhanced toward neg
ative lateral direction, which tends to bring backward (toward the central position
X Id = 0.0) coolant fluid materials. As a consequence, the effect of the vortex is
mainly to increase the mean mixing area between the coolant and freestream flu
ids, so that it can be expected that coolant diffusion is enhanced with the increase
of the lateral injection angle f3o.

Discrepancies in the prediction· coolant lateral mixing

In all Figs. 8.7 to 8.9, the lack of lateral diffusion and transport of coolant fluid
is systematically observed. There are two main indications of this statement. The
first one lies on the fact that the maximum temperature ()max in the core of the
coolant jet is predicted 30% too high on average. As mentioned by lung and Lee
[48], the maximum temperature in the jet core should slightly decrease with the
increase of f3o, at a fixed axial position XId. This fact is hardly found in the
CFD. Thus, as the lateral injection angle f30 increases, the accuracy of the CFD in
predicting the thermal mixing field decreases. The second indicator of a numerical
discrepancy comes from the lack of lateral spreading of the predicted isothermal
contours. This observation becomes more and more obvious as the lateral injection
angle increases. For example, in the fio = 60°, BR = 1.9 case, the isothermal
contours higher than () = 0.0 covers the whole measured cross section below
the coolant jet core, whereas it is not the case in the CFD prediction. Therefore,
as it has been shown for streamwise injection, the lateral spreading of coolant is
not promoted enough. This discrepancy increases with the increase of the lateral
injection angle. In addition, although there is a lack of experimental data in the
area of the hole (-1.0 < Xld < 1.0), it is presumed that the boundary conditions
imposed at the jet toroidal surface become not anymore valid when the lateral
injection angle increases. The collide of the coolant and freestream flow at this
location may certainly lead to significant differences relatively to the assumptions
made in the modeling. This is an open question for further model development,
but it can be proposed that a penetration boundary condition could be investigated
first.
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Prediction of adiabatic film·cooling effectiveness

The measured and predicted contours of adiabatic film-cooling effectiveness TJ on
the flat plate surface are shown in Figs. 8.10 to 8.12 for the same flow regimes
studied previously. In addition, comparisons of the laterally-averaged film-cooling
effectiveness ft between the experiment and computation are plotted in Fig. 8.13
for all the lateral injection angles f30 and blowing ratios BR investigated. For

Uo=35° f30 =00° DR =0.9 SR =0.5 IR =0.2 Z/d =0.0

Figure 8.10: Measured and predicted contours ofadiabatic film-cooling effectiveness 1] on
thejlat plate surface (Z/d = 0.0) for a lateral injection angle of (30 = 0° and a blowing
ratio ofBR = 0.4.

no lateral injection angle cases ((30 = 0"), taking into account the experimental
uncertainties, the prediction gets the same solution as what is found in the exper
iment. The lack of lateral diffusion of the coolant fluid is seen in Fig. 8.10 but
this was to be expected as shown previously. In inspecting Figs. 8.11 and 8.13,
it is found that the film-cooling model is capable of giving an fairly accurate pre
diction of film cooling effectiveness for a lateral injection angle of f30 = 30° and
BR = 0.9. Indeed, it is observed in Fig. 8.11 that the temperature trace of the
coolant jet trajectory is predicted similar to the measured one, taking into account
the lack of lateral diffusion. However, the prediction of fj (see Fig. 8.13) suffers
from an underprediction for the highest blowing ratio case (BR = 1.9), as seen
in Fig. 8.13. For this high blowing ratio, the CFD prediction does not manage
to capture the augmentation of the film cooling protection in the far downstream
region (X/d > 10), where, in the experiment, fj.ft/ fj. (X/d) "-' 0.012 and in the
CFD prediction, fj.ft/fj. (X/d) ~ 0.006. For higher lateral injection angle cases,
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Figure 8.11: Measured and predicted contours ofadiabatic film-cooling e,ffectiveness "/ on
the flat plate surface (Z / d = 0.0) for a lateral injection angle of (30 = 300 and a blowing
ratio of BR = 0.9.
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Figure 8.12: Measured and predicted contours ofadiabatic film-cooling effectiveness 'fJ on
the flat plate sur:face (Z / d = 0.0) for a lateral injection angle of /30 = 60 0 and a blowing
ratio of BR = 1.9.

that is for 130 = 60°, 90°, the discrepancies in the prediction largely increases.
Looking first at Fig. 8.12, it is confirmed that the film-cooling protection spans
better toward the lateral direction, since the variation of the film-cooling effectivc-
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Figure 8.13: Measured and predicted levels of laterally ..averaged adiabatic film-cooling
effectiveness fl jor a lateral injection angle of (30 = 0 0 (top l~ft), (30 = ao o (top right),
(30 = (in° (bottom left), /10 = 00 (bottom right).

ness contour levels are smaller5 than for lowcr lateral injcction angle cases6• This
trcnd is seen in the numerical solution but by inspection of the contour shape, this
is not accurately predicted. This results in an inaccurate prediction of the laterally
averaged film-cooling effectiveness fJ, as observed in Fig. 8.13. This is especially
true for high blowing ratio where the trend of the axial evolution of fJ is not even
captured.

5typical value at X/d = S.O is !:i.r] = 0.1 for {Jo = 60°
6 typical value at X/d = 5.0 is !:i.r] = 0.25 for (30 = 30°
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It has been shown that the CFD-embedded film-cooling jet model is a numer
ical tool capable of giving accurate prediction of laterally-averaged adiabatic film
cooling effectiveness for different streamwise injection angles and momentum flux
ratios. In fact, the error in predicting the surface metal temperature is less than 1%
(or 5.3 [K] in the investigated case) for all blowing ratio investigated. The main
discrepancy in the prediction of film-cooling effectiveness is the lack of lateral
transport of coolant material. This is not mainly due to inappropriate modeling of
the jet but it is mostly due to the modeling of the fluid dynamic occurring down
stream of it, in particular the turbulent transport and diffusion. In addition, adia
batic film-cooling efJectiveness prediction can even be done fairly accurately for
coolant jets having a lateral angle component of less than Po = 30° and moderate
blowing ratio, less than BR = 1.9. For higher lateral injection angle Po, upgrades
of the numerically-immersed jet model need to be carried out. In particular, the
mixing process at the immersed jet surface has to be revised. This can be done by,
for example, setting a penetration boundary condition at the immersed jet body.
An upgraded modeling of the mixing taking place on the plane of injection should
also be considered.



Chapter 9

Toward the Use of the Model in an Unsteady Flow
Environment

The pulsating jet problem is introduced in this Chapter. As it is further demon
strated, film-cooling jets often pulsate in film-cooled turbines, due to the large
scale fluctuation of pressure over the blade surface. A necessary introduction to
these non trivial flows is first presented. The range of flow regimes encountered
are delimited. For a quasi-steady jet behavior, a one-dimensional model of the
evolution of the jet blowing ratio is derived. This "blowing ratio model" serves
to validate the use of the CFD-embedded film-cooling jet model in such flows. In
this context, the overhead when using the model is evaluated, for different pulsat
ing frequencies. A modification of the current fi 1m-cooling jet model is proposed
to take account of the adjustment of the coolant blowing ratio as a function of
near-hole static pressure. Several quasi-steady jet pulsation regimes are analyzed
in terms of streamwise velocity and adiabatic film-cooling effectiveness.

9.1 Introduction to pulsating jet in turbines

9.1.1 Impact of flow unsteadiness in high-pressure turbines

Modes of flow unsteadiness

The high-pressure section of a turbine gets one of the most complicated flow envir
onment of all energy conversion machines. In particular, the flow is significantly
unsteady, often transonic, and overall at high temperature and pressure levels. The
flow interaction between the stator and the downstream moving rotor is the main
cause of unsteadiness. Several modes of unsteadiness due to rotor-stator inter
action can be delimited. These are periodic potential flow interaction between the
two blade rows, wake passing from the upstream blade row, oscillation of the shock
system between the two blade rows and the unsteady feeding of vorticity gener-
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ated at upstream blade walls (passage, tip and leakage vortices) to the downstream
blade row. The effect of these modes of unsteadiness upon blade lives require
careful investigations. Blade life of a high pressure turbine is strongly linked to
the performance of its cooling system. Thus, it is important to study the effect of
flow unsteadiness upon the behavior of film-cooling jets. The different modes of
unsteadiness encountered in turbines are summarized in Table 9.1. In the follow-

I Unsteady mode I Physical measure I Location ]
Potential flow inter- Static pressure midspan, endwalls,
action mainly on upstream

blade
Passing shock waves Static pressure midspan, endwalls
Passing wakes Total pressure midspan, endwalls
Shedding vortices Total pressure (Vorti- endwalls

city)

Table 9.1: D~frerent modes ofturbine unsteadiness.

ing, only the midspan region of a rotor blade is considered. The effect of flow
unsteadiness near the endwalls is not investigated in the present work.

Impact of large scale pressure fluctuation

In their seminal work, Abhari and Epstein [11 have experimentally shown that
large scale static pressure fluctuations on the blade surface, resulting from passing
shock waves and potential interaction, lead to a 12% increase and 5% decrease of
the time-averaged heat transfer rate in the suction side and the pressure side re
spectively, compared with values with no static pre_ssure fluctuations l . Large scale
fluctuations are defined as being flow fluctuations 1; whose time of appearance (in
verse of their frequency) are longer than the time taken by a coolant particle to
flow through the hole and downstream. More formally, any flow quantity (p can be

- -/

decomposed on a mean value ¢, a large scale, phase-averaged, fluctuation value ¢
and a small scale fluctuation value 1/ .

(9.1)

IThis means no presence of upstream shocks waves, wakes and potential interaction, so that no
upstream blade row
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In this context, Abhari and Epstein [1] propose a graphical model of the typical be
havior the large scale fluctuation of static pressure Ps at the blade surface, derived
from an unsteady CFD prediction, as shown in Fig. 9.1. The authors explain that

····S4~iQn.··surtar~•••. ·•·•.·•.·••·..•·•••••.·.•.• i ....··.! ••·,<O••.••••••.·.·.·.·.i ...·.·.·.· .. ~ra7$ure'$uH<lq~
·!Fractlona..WettedSuftace··.···· .

Figure 9.1: Graphical model, derived from unsteady CFD, of the midspan rotor surface
pressure. Adaptedfrom Abhari and Epstein [1].

the large scale fluctuation of the static pressure Ps at the blade surface modulates
the blowing rate of film-cooling jets as well as the downstream heat transfer rate.
Indeed, as it is hypothesized in the film-cooling jet model in Chapter 3 (see Fig.
3.19 for a clear overview), the coolant jet expansion through the hole is mainly
driven by the static pressure level Ps at hole exit. Furthermore, the change of total
pressure level in the plenum Pf} is generally negligible, due to its relatively large
volume and also because of a constant feeding rate of coolant. Focusing back on
Fig. 9.1, it is noticed that the pressure fluctuation Ps is large around the mean
pressure J5.'3 level all along the pressure side, and the highest in the first half of
the suction side. In the second half of the suction side, that is after the throat, the
large scale pressure fluctuation is shown to be insignificant. In summary, since
the fluctuation of the static pressure is shown to be large, one could argue that the
blowing of the coolant jet may largely be affected. Significant change of the time
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mean and instantaneous film-cooling protection may result, compared to a steady
state regime.

Idealization of large scale pressure fluctuation to the first harmonic

It is well known that the pressure signal at the blade surface induced by passing
shock waves, wakes, and in a lesser extend by potential interactions, is character
ized by a large band of frequencies and amplitudes, see for instance Johnson et at.
[47]. The frequency spectrum of the pressure signal P'3 is strongly dependent of
the blade and casing geometry as well as the flow conditions. In the present study,
it is mainly aimed to demonstrate that the CFD-embedded film-cooling jet model
can be used in an unsteady flow environment, typical of high-pressure turbine.
Thus, as a first step, in order to give a comprehensive validation of the use of t~e

model in such unsteady flows, the large scale fluctuation of the pressure signal Ps

is idealized and modeled by only taking into account its first harmonic, typically a
function of blade passing frequency.

Importance of the pulsating jet problem

In order to show the importance of coolant jet pulsation, Abhari 12] has performed
a two-dimensional unsteady heat transfer prediction of a film-cooled rotor, using
an extended version of the two-dimensional film-cooling model proposed by Tafti
and Yavuzkurt [87]. In validating the CFD prediction with experimental data, it is
found that the film-cooling effectiveness can be locally decreased by as much as
64% in the pressure side when taking into account the pulsation of the jet. At this
particular location, it is found that the coolant blowing is periodically shut down
due to the very high value of near hole static pressure (see also Fig. 9.1). Few
attempts have been made to measure directly pulsating film-cooling jet flows and
there is not any computational study of this type of flow problem known by the
author. The research group of University of Utah (spread later to Seoul National
University) is the only one known by the author that has experimentally measured
and analyzed pulsating jet flows, in a flat plate test section, see Ligrani et al. [57]
[58], Bell et al. [10] and Seo et al. [84]. A slight deterioration of film cooling
protection is found when the pulsation of freestream static pressure is increased
to a level where the jet behavior at the hole exit is non-quasi steady. For quasi
steady freestream and coolant condition and long cooling holes (as assumed in
this study), hardly any difference of film cooling protection is seen, compared to
a steady coolant jet. Meanwhile, only low Mach number (Mf < 0.(4), relatively
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Reynolds number (Red < 6800) and moderate blowing ratio (BR < 1.0) flow
regimes have been investigated.

9.1.2 Relevant flow regimes of a pulsating jet

Idealization of the blade surface to a flat plate

In the present work, the pulsation of coolant jets at blade surface is reduced to the
analysis of a infinite row of pulsating jets in a flat plate, so that no curvature and/or
mean pressure gradient effects are included. Meanwhile, the same flow regimes of
jet pulsation as the ones encountered in turbine shall be approached. In fact, the
pulsation of a coolant jet can be characterized by two main values which are the
frequency of the pulsation and its amplitude.

Range of pulsating frequency

The level of the je~pulsating frequency Fj, set by the frequency of the fluctuation
of static pressure P..9' induces three main time scales. The first time scale determ
ines the level of unsteadiness of the freestream flow field. In the case of a film
cooled flat plate, the length L of the plate sets the freestream reduced frequency
0/.

(9.2)

where Lip is the length of the flat plate. This freestream reduced frequency nf

determines the quasi (n f « 1.0) or non-quasi (n f » 1.0) steady behavior of the
freestream flow. The second important time scale is linked to the time required by
the coolant fluid to go through the hole. It is quantified by the coolant reduced
frequency nc

(9.3)

where L c is the length of the hole. As it has been previously mentioned, and also
hypothesized in Chapter 3, the temporal variation of the near-hole static pressure
P..s should be much smaller than the time required for the coolant to flow through
the hole (quasi-steady assumption in the near hole region). This means that the
present model can only be used for nc < 1.0. In addition, the frequency Fj of the
large scale pressure fluctuations should be small enough to drive (modify) directly
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the coolant mass flow rate2
• To deal with this issue, the near hole static pressure

reduced frequency oa is introduced

oa = FjLe = Me . ~y (9.4)
ij,C

where ij,c is the speed of sound based on coolant flow condition3. In their film
cooled rotor test rig, typical of a high pressure gas turbine, Abhari and Epstein [1]
have measured that the near hole pressure reduced frequency oa is equal to 0.064

~d must be below 1.0. This demonstrates that the large scale pressure variation
Ps is indeed directly modifying the coolant flow rate. In connection to this, Ligrani
et al. [57] have proposed that typical value of oa in operating turbines ranges as
follows

0.02 < oa < 0.1 (9.5)

Thus, taking into account the range of oa, expressed in Eq. 9.5, and the fact that
the mean coolant Mach number can broadly range as 0.1 ::; M C < 1.0, the coolant
reduced frequency oe should broadly range as follows

0.02 < oe < 1.0 (9.6)

This eventually leads to have a scaling ofthe frequencies that are relevant to turbine
flows. It is interesting to note that the coolant frequency can be about 1.0 in some
situations, so that the quasi~steady assumption is not valid anymore. But this case
occurs only if the coolant Mach number is very low. This type of situation may
especially happen in the first half of the pressure side, see Fig. 9.1. A very low
mean coolant Mach number could reflect a very low blowing ratio, so that the flow
inside the hole might already be reversed.

Range of pulsating amplitude

The amplitude of the large scale pressure fluctuation p'g is driving the magnitude
of the coolant jet blowing. As already introduced by Abhari and Epstein [I], the
normalized magnitude of large pressure fluctuation coefficient \(1 is used

- -
\(1 = Ps,max - Ps,'fn'in

Pi, - Ps
(9.7)

2If the frequency of Fs is too high, the impact of the variation of the near-hole static pressure may
experience an unsteady damping

3Pressure waves are radiating at the speed of sound a in compressible flows
4They give a value of 0.4, based on the shedding frequency Wj = 27f.Fj



9.2. MAKING USE OF THE MODEL FOR UNSTEADY FLOWS 193

This fluctuation amplitude coefficient '1' can dramatically vary as a function of
where it is observed at the blade surface. Abhari 12] has calculated that, in a stand
ard industrial gas turbine rotor blades, the coefficient '1' can vary from 0.0 up to
3.0 around the blade surface. In particular, the first half of the suction side sur~

face is where the coefficient '1' is the highest ('1' max c::::: :~.O) whereas on the second
half of the suction side it is negligible ('1' < 0.2): the coolant jet does not pulsate.
Over the first 85% of the pressure side surface, the coefficient 'II is well above 0:_2
(threshold value) but not higher than 2.0. However, the instantaneous value of Po;
can be higher than the total pressure in the plenum chamber (PI; < to;). In the

last 15% part of the pressure side surface, the coefficient '1' is negligible.

9.1.3 Goals of the study

This study essentially focuses on demonstrating that the CFD-embedded film cool
ing jet model can be used in an unsteady flow environment. The following steps
are therefore discussed in this Chapter.

1. Treatment of the boundary conditions to be imposed to the film-cooling jet
model when experiencing a quasi-steady pulsation.

2. Computational stability and overhead when using the model for unsteady
flow predictions.

3. Verification of flow solutions obtained with the film-cooling model when
simulating a quasi-steady pulsating jet.

4. Perspective for further developments.

9.2 Making use of the model for unsteady flows

9.2.1 Instantaneous blowing ratio model

Steady and unsteady inputs

In referring to Fig. 3.19, one can list the flow quantities that need to be input to the
film-cooling jet model, that is total coolant fluid condition, incoming freestream
flow values, as well as the near-hole static pressure. Since it is assumed that total

SHe presented his calculation at a _10" incidence angle condition. However. except on the first
quarter of the pressure side, the distribution of coolant blowing is found the same at design condition.
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coolant fluid properties are constant, there are only the near-hole static pressure
and freestream, flow yroperties that can vary in time. The large scale near-hole
pressure fluctuation p'g is given by

,...... ~ ........ /

p'g = Ps + Ps

which causes the coolant and freestream flow to fluctuate.

{g; g;:g~,

Thus, a large scale fluctuating blowing ratio BR can be defined.

(9.8)

(9.9)

(9.10)
_ pCUc

BR= _
pfUf

F~om a designer perspective, it is very unlikely that the instantaneous blowing ratio
BR is known; in general, a bulk blowing ratio based on the stagnation properties
of the upstream mainflow, or on a no-film-cooling flow, is utilized. However, the
behavior of a film-cooling jet is ultimately driven by the near-hole surrounding
flow field. Thus, the film cooling jet model has to be used in connection to the
blowing ratio B-R based on near-hole flow values6•

Instantaneous blowing ratio RR model

In order to focus on this issue, it is proposed t~ derive a simple one-dimensional
model of the fluctuation of the blow~ng ratio BR as a function of the large s,9ale
variation of the static pressure field p,,,. It is assumed that the static pressure Ps is
directly modifying the freestream and coolant velocity field (no, « 1.0). A quasi
steady assumption is made for both the freestream and coolant flow (n f « 1.0
and nc « 1.0). The fluctuating coolant and freestream velocities and densities are
defined as follows.

(9.11 )

6This is not exclusive. For steady injection, the inputs can be providcd as experimentalists and/or
designers do.
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where Cd is the fluctuating discharge coefficient. Indeed, it has been shown by Bell
et ai. [10] that the hole discharge coefficient varies as a function of the frequ~ncy

of the static pressure fluctuations. In this study, the discharge coefficient Cid is
the same as for steady injection since no measurement of the behavior of Cd is
currently available for the flow regimes investigated. Putting Eqs. 9.11 in Eq. 9.12
and using isentropic relation, one gets

(!:±) ')'~1 _ 1
['s

(!i) J~l _ 1
P..

(9.12)

To illustrate this model, a typical variation of blowing ratio BR as a function of the
near-hole static pressure Ps is plotted in Fig. 9.2. In Fig. 9.2, the mean blowing
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Figure 9.2: The~retical variation of the blowing ratioBR as a function of the near-hole
static pressure P.s , for quasi-steady freestream and coolant flow condition. It is given

in terms of non-dimensionalized blowing ratio HR* = (BR - B-R) /Bll and non-

dimensionalized static pressure P,; = (Ps .- .Ps ) / .Ps .

ratio BR is given by the total flow conditions of the coolant and freestream, as
well as the mean near-hole static pressure Ps . A different behavior between a low
and high mean blowing ratio case is noticed. In the case of a low mean blowing
ratio (BR = 0.5), an increase ofthc ncar-hole static pressure leads to a decrease
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of the blowing ratio, as logically expected. However, in the case of a high mean
blowing ratio (B-R = 2.0), an increase of the near-hole static pressure theoret
ically leads to an increase of the blowing ratio! Even if this model idealize the
real flow phenomenon, the quasi-steady assumption used are valid in some of the
computations presented later in this Chapter. This means that a way of verifying
the correct probing of the surrounding near-hole flow values (used as inputs to the
film-cooling jet model?) shall be to match the instantaneous blowing ratio model
presented herein.

9.2.2 Computational issues

Definition of the unsteady flows studied

The fil rn-cooled flat plate test case of Bernsdorf [131 is selected for setting the film
cooling configuration to be investigated. The coolant injection case 84 (see Table
5.3), that is DR = 1.26 and BR = 2.0 sets the reference total freestream and
coolant flow conditions. In this context, the computational mesh C2, defined in
Chapter 6 and largely utilized in the validation of the CFD-embedded film-cooling
jet model, is used. Since the pulsating jet flow is studi~d in a flat plate config
uration, the fluctuation of the near-hole static pressure P'c; needs to be artificially
introduced in the calculation. To this efIect, the outlet static pressures is specified
through a sinusoidal signal in time t.

(9.13)

where !:1Ps is the maximum pressure amplitude of the fluctuation of P.s, relatively
to the mean static pressure P"c;. The phase shift rPP is set to 0 by default. The large
scale static pressure fluctuation is therefore restricted to one harmonic of frequency
Fj , which radiates from the outlet to the inlet of the computational domain.

Test cases investigated

Apart from the reference test case 84, another blowing ratio is studied for com
parison with the blowing ratio model given in Eq. 9.12. All the investigated test
cases are listed in Table 9.2. Note that all test cases are coupled with a computa
tion without any static pressure fluctuation (tlp.s = 0.0) for a better investigation

7That is incoming freestream density pi, velocity u J and temperature Tf" as well as near hole
static pressure Pc; .

8This is the outlet boundary condition to be specified for a subsonic flow, see Chapter 2
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of the effect of the jet pulsation. Due to the relaxation of the computed flow field

I Case I Fj [Hz] I BR [-] I 0) [-] I nc
[-] I na [-I I \lJ [-]

Ul 250 2.13 0.52 0.02 0.01 0.21
U2 250 0.50 0.52 0.()2 0.01 0.98
U3 1000 2.13 2.07 OJ)9 0.05 0.47

Table 9.2: Flow regimes investigated for the quasi-steady pulsating jet problem.

in the unsteady mode, the mean blowing ratio BR is found a bit higher in the
B-R = 2.1:3 then what is a priori guess (n-R = 2.1:3). The test cases U1 and U2
lead to a quasi-steady flow regime for both the incoming freestream boundary layer
and the coolant. In the higher frequency case U3, a non-quasi steady behavior of
the freestream flow in encountered (Of = 2.07). With this test case, it is aimed
to analyze the effect of the freestream unsteadiness upon the model behavior. The
fluctuation amplitude coefficient \lJ as given in Table 9.2 is calculated after that the
calculation has been carried out. The computed peaks of static pressure near the
hole appear to be not exactly equal to the ones specified at the outlet of the domain
(±~Ps). This is due to the finite geometry of the domain and the relative flow
damping due to the unsteadiness of the flow. The fluctuation amplitude coefficient
\lJ is noticed to be lower than what is usually experienced in film-cooled turbines.
The reason of this discrepancy is coming from the fact that, due to the rectilin
ear channel geometry and mean freestream and/or coolant velocity magnitude, the
fluctuation of the static pressure has to stay in a thin range in order not to have flow
reversal in the hole and/or at the in let of the computational domain. This type of
flow behavior is not supported by the CFD code and the model used in the present
thesis.

Total resolution time and overhead

The computation of the pulsating coolant jet is carried out for all the test cases
presented in Table 9.2 without any stability problem. All computations are always
started with the same initial flow solution, that is the flow through the channel
without any film-cooling jet. The computational procedure necessitates therefore
to calculate first the transient regime and then to entirely calculate at least one
period of the periodic regime. To this effect, an a priori analysis of the convective
time scale 7 1 of the flow through the whole computational domain is carried out.
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This is done relatively to the pulsating frequency F'.j. In this context, a minimal
number of period N;in to be computed is defined to get a periodic solution over
the last computed period.

. (T f
) (Lt, /71/)N mm = int - + 1 = int p + 1

p Tj 1/Fj
(9.14)

Computing at least N;nin periods should ensure that when the calculation reaches
the iteration number (physical time) where the numerical solution begins to be
stored, the startup flow solution is totally evacuated. In reality, it is obvious that
many flow time scales are existing. However, it has been checked with the flow
case U3 that this definition brings effectively a good scaling of the number of
period needed to reach the periodic flow regime. The number of periods N p com
puted for the two frequencies investigated are given in Table 9.3. The total number

I Fj [Hz] I Ttotal [h]

250 2 2 358'398 118
1000 3 8 358'398 118

Table 9.3: Pulsating jet: computational time to reach a periodic solution.

of iterations N1 are also given, as well as the total resolution time Ttotal. The time
discretization for the high frequency case (F'.j = 1000 [Hz]) is shown to be coarser
than the one of the low frequency case (Fj = 250 [Hz]) meanwhile satisfying the
stability criterion. In order to demonstrate that the CFD-embedded fi 1m-cooling
jet model can also be used for predicting unsteady film-cooling jet flows in a rel
evant time scale, the overhead a, as defined in Eq. 6.2 in Chapter 6 is evaluated for
the unsteady flow cases simulated in this Chapter. It is tabulated in Table 9.4. In

I Case I a r%]

UI 17'920 4.13
U2 17'920 4.38
U3 2'240 4.52

Table 9.4: Overhead obtainedfor the computed pulsating jet cases.

this Table, the number of updates per period Nv. made for numerically immersing
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the three-dimensional jet surface, due to its movement, is also given. As it can
be seen, the number of updates per period is very large, so that the overhead CJ

given in Table 9.4 envelops the overhead that should occurs for this kind of com
putation. One can see that the overhead 0' is about 4% whatever the blowing ratio
and frequency are. This is a low overhead since the CFD-embedded fi 1m-cooling
jet model is used here in an unsteady flow environment. This means that aU the
arrays that are needed to describe the location of the three-dimensional toroidal
jet surface can be very quickly updated when new inputs are fed to the model.
This shows that the modeling approach and the strategy chosen for the immersion
of the model in a CFD code is relevant for unsteady CFD prediction in terms of
computational cost.

9.3 Quasi-steady pulsating jet results

9.3.1 Computational history

Matching the instantaneous blowing ratio model

In order to verify that the computational results make se~5e, it is first proposed
to compar~ the computed evolution of the blowing ratio B..R and near~hole static
pressure P.s wi~h the instantaneous blowing rati? model BR1Dm . The computed
blowing ratio BR and near-hole static pressure Ps are found by probing, in a cross
plane, the calculated flow field at 1 hole diameter upstream of the hole leading
edge and at the wall surface9 respectively, ~s shown in Fig. 4.11 in Chapter~4. The
evolution of the computed blowing ratio E! R and near~hole static pressure Ps with
the instantaneous blowing ratio model BR1Dm are compared in Fig. 9.3. This
is shown for the test cases U2 (B-R = 0.5) and UI (BR = 2.13). First of all,
in the test case U2, a very good agreement of the time evolution of the_computed
and modeled blowing ratios is found.~A low near-hole static pressure Ps leads to
a high instantaneous blowing ratio BR and vice-versa, as expected. This result
indicates that the quasi-steady assumptions made for the film~cooling jet model
are valid, at least in this case. Most importantly, this shows that the behavior of
the CFD-embedded film-cooling jet model in an unsteady flow environment tends
to make sense. However, wh~,n comparing the time history of the fluctuation of
the computed blowing ratio BR to the blowing ratio model BR1Drn for the test
case U1, a noticeable discrepancy arises. A phase shift of b..t / Tj = 0.2 between
the computed and modeled blowing ratio is observed, although the amplitude of

9whcre the area of probing is selected as -1.5 < X/d < 1.5 and -1.0 < Y/d < 1.0
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Figure 9.3: Evolution ofthe computed BR, modeled BR1Dm blowing ratios and the near
hole static pressure p~ as afunction oftime tlTj. On the left, test case U2 and on the right,
test case U1.

fluctuation is found very similar in both cases. It is to be underlincd that the phase
shift is much less than tJ..t/7j = 0.5 which theret()fc confirms that, for a high
mean blowing ratio (B~R = 2.13), the time evolution of the blowing ratio B-R
is not similar as for a low mean blowing ratio case (B-R = 0.5); Thc minimum

value of near-hole stati£ prcssure P.s does not correspond to the maximum value
~f the bl'2wing ratio BR and vice-versa. In addition, a mode of oscillation of
Ps and BR at low amplitude and high frequency is noticed. This comes from a
numerical artifact which is creatcd by the use of a central collocated numerical
scheme, leading easily to odd-even wiggles.

Inputs to the model - the phase shift issue

In order to better understand and explain thc phase shift observed for the test
casc Ul, Fig. 9.4 plots the time evolution of thc freestream averaged momentum
(probed in the computational mesh) and coolant momentum (derived f.T0m thc
expansion modcl). The time evolution of the near-hole_ static pressurc Ps is su
perimposed. Indeed, the instantaneous blowing ratio BR is a direct function of
these two quantities (j/ [; f and pC[;C), which are themselvcs function of the near
hole static pressure P<;. In the case U2 (B-R = 0.5), it is noticed that the influ
encc of the freestream momcntum is much smaller than the coolant momentum
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Figure 9.4: Evolution ofthefreestream momentum prJ!, coolant momentum puc and near
hole static pressure.P8 as afunction oftime t/T,j. On the left, test case U2 and on the right,
test case U1.

(~ [pcue] rv 13~ [pfzjf]). This can be explained by the relatively small mag

nitude of the static pressure variation2 coupled with a low mean blowing ratio.
Given that the coolant momentum pCUc_ is instantaneously updated as a function
of the probed n~ar-hole static pressure p..<;, it becomes obvious th_at the computed
blowing ratio BR is very similar to the modeled blowing ratio BR. Now, for the
test case UI (B-R = 2.1:3), it is observed that the freestream momentum fluctu-

ation 151[; f is of the same order of magnitude than the one of the coolant mo

mentum piUi,even a bit larger (~ [pczjc] rv 0.44~ [pfzjf]). As previously,

the evolution of the coolant momeptum pCUc is exactly in phase with the fluctu
ation of near-hole static pressure Ps.Meanwhile, a phase shift between the time
evolution of the freestream momentum pfzjf and the near-hole static pressure of
about ~tlTj ~ 0.2 is noticed, which is very similar to the one observed for the
time evolution of the computed and modeled blowing ratio. Thus, this phase shift
indicates that the freestream momentum needs a time ~tlag ITj to reach a value
at equilibrium condition corresponding to Ps at time tlTj. This phase shift may
come from several sources. The probing of the incoming freestream flow is done
one diameter upstream of the hole leading edge, which corresponds to a very small
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(9.15)

time shift of ~t1.5dITj rv 0.0310 from the center of the hole. Thus, the relaxation
of the freestream momentum reached at time (t + ~Tlay) Tj to an equilibrium

solution based on the near-hole static pressure Ps at time tlTj is the main reason
of the phase shift. This induces that an instantaneous adjustment of the coolant
momentum as a function of the near-hole static pressure condition, as proposed in
the current model, may be erroneous. As a recommendation for further use of the
model in unsteady flow environments, it is propose to modify the expansion model
of the coolant flow by taking into account a time lag parameter T lag so as to have
(see Eq. 9.15 in Chapter 3)

, C ( _ 4rhactual (t - T
lay

)
ltx t) - j2

7rC,

This empirical parameter needs further experimental investigations in order to be
characterized.

Blowing history for non-quasi steady freestream flow

It has been seen that, for quasi-steady condition of the freestream and coolant
flow and for one moderate harmonic of pulsation, the model brings a reasonable
answer. The test ease V3 in which the large-scale static pressure fluctuation fre
quency is increased 4 times more than for the case VJ is now analyzed. This
corresponds to a non-quasi steady behavior of the freestream flow. Fig. 9.5 plots
the time evolution of the computed and modeled blowing ratios, as well as the
time evolution of the freestream and coolant momentum. It is first noticed that
the time histories of all quantities plotted are smoother than what has been previ
ously observed. This can be explained by the fact that the time discretization is
about 8 time coarser in this case than the test cases VJ and U2. Even though the
coarser time discretization tends not to solve as many time scales as previously,
the large scale fluctuation are captured, since only one large harmonic of the pres
sure fluctuation is fed to_the computational domain. As observed in Fig. ~.5, the
computed evolution of BR does not correspond anymore to the modeled BR1Dm ,

in terms of both amplitude and phase. In fact, looking at the time evolution of the
freestream and coolant momentum, it is surprisingly seen that the absolute mag
nitude of the fluctuation of freestream momentum is much smaller than in the VI

case ( L\. [i'/UI ] U
3

"" 0_5 [L\.pIUI ] U
1
), even though the absolute magnitude of

lObased on a distance of 1.5 hole diameter and (J f = 100 [m/s], for a pulsating frequency of
Fj = 250 [Hz]
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Figure 9.5: Evolution of the computed BR, modeled B-R blowing ratios (left), freestream
momentum pUf, coolant rnomentum pUc (right) and near-hole static pressure .Ps as a
function of time t /7j .

near-hole static pressure fluctuation is larger! (see Table 9.2). In fact, for a very
high value of the freestream reduced frequency oJ = 2.07, the freestream flow
field does not manag~ anymore to reach an equilibrium as a function of the near
hole static pressure P.9' The quasi-steady adjustment of the freestream flow is
verified to be not valid anymore. There is an unsteady damping effect of the fluc
tuation of the freestream. As such, the assumptions used for the CFD-embedded
film-cooling jet model are ensured anymore.

9.3.2 Analysis of the computed flow field

Boundary layer development

As shown)n Table 9.2, the amplitude W of the fluctuation of the near-hole static
pressure P.9 is not as high as it occurs in a film-cooled turbine. Furthermore, the
relatively parallel fluctuation of the freestream and coolant flow has the tendency
to damp the variation of the blowing ratio. This induces a relatively low absolute
magnitude of the blowing ratio fluctuation, see previous section. The boundary
layer development for the three test cases computed, in terms of the streamwise
velocity U /[r f, are plotted in Figs. 9.8, 9.7 and 9.8. This is shown at different
axial locations (X/d = 2.0, 4.0, 6.0, 14.0) for the time-averaged result of the no
pulsation and pulsation cases, as well as for two different instantaneous cases, that
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is at time steps tiT) 0.25 and tiT) 0.75. In all computed test cases, it
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Figure 9.6: Axial evolution of the boundary layer streamwise velocity (; / Of for the test
case U2 (EfR = 0.5).
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Figure 9.7: Axial evolution of the boundary layer streamwise velocity (; / 0 f for the test
case Vi (B-R = 2.13).

is systematically observed that the time-averaged result of the pulsation case is
quasi identical to the no pulsation case. It is also noticed that the variation, in
time and space, of the streamwise velocity profile around its time·averaged va!ue
is small. This corresponds to a small variation of the fluctuating blowing ratio BR.



9.3. QUASI~STEADY PULSATING JET RESULTS 205

Xld= 2.0
2.5

-AP'~=O
____ N tlmeav.
N·N·N·_ON tit'.. 0.25

2.0 N"_"N.,__.Ntft:'" 0.75
I

I
'j

X/d =4.0
2.5

--A,P,,~O

----- tll1Ulav._'_'_'N._ t{t''' 0.25
2.0 --.,- ...,- tI<'" 0.7S

X/d= 6.0 X/d =14.0
2.5

-:\P,:'l:O

----- tlmeav.N·N·N._.N tlt'''0.25
2.0 _._·_"_"N t!I'" 0.75

Figure 9.8: Axial evolution of the boundary Layer streamwise velocity 0- /Of for the test
case U3 (B-R = 2.13).

In addition, in the test case U3, the spatial evolution of the streamwise velocity, for
a given time is phase shifting from X/d = 2.0 to X/d = 6.0. This is induced by
the relatively high frequency, compared to the other cases. In a first approach, it
is very surprising to see no real differences in the presented results, between the
no pulsation and pulsation cases. However, there are a beam of reasons that can
objectively explain these results. First of all, as it has been seen, the variations of
the blowing ratio are small, so that it is very unlikely that high differences occur
between the no pulsation and pulsation results. Secondly, it has experimentally
been shown, see Seo et at. [84], that for a quasi-steady flow condition and long
holes, the change in time-averaged heat load, compared to a no pulsation flow
case, is negligible. Since these conditions are exactly fulfilled in the computations
shown in this Chapter, it is very likely that the time-averaged flow profile is very
si milar to the no pulsation flow case.

Adiabatic fi.lm~coolingeffectiveness

The computed laterally-averaged adiabatic film-cooling effectiveness if is plotted
in Figs. 9.9 and 9.10 for all the test cases. This is shown for the timeNaveraged
results of the no pulsation and pulsation cases, as well as for two different in
stantaneous cases, that is at time steps t/Tj = 0.25 and t/Tj = 0.75. In
connection to the observation done for the streamwise velocity field U /f) f, the
time-averaged laterally~averaged film-cooling effectiveness of the pulsation case
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is quasi-identical to the no pulsation case. In the U2 case, the temporal variation
of'i'j is very small, which confirms the very low impact of the large-scale static
pressure variation as being simulated here. In the U1 and U3 cases, the temporal
variation of i'j is large relatively to its small mean value. This shows that even if the
time-averaged results are not changing compared to the no pulsation case, it is very
likely that at some instant, the cooling protection may be enhanced or reduced.
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A comprehensive introduction of the pulsation of coolant jets in turbines has been
provided. The quasi-steady assumption used for the film-cooling jet model covers
a large (but not the entire) part of coolant jet flow regimes. It has been shown
that for a quasi-steady jet, the CFD-embedded film-cooling jet model delivers a
satisfactory solution. In particular, the overhead when using the model in such flow
is about 4%, which shows the relevance of the modeling approach for computing
in a reasonable time scale. It is proposed to modify the coolant expansion model
by including a time lag T lag parameter. Further experimental investigations are
needed to characterize this parameter. Due to the restrictions upon flow conditions
imposed by a flat plate configuration, a complete validation of the use of the model
still needs to be done. This can only be carried out in a real rotating film-cooling
turbine test case. The film-cooling jet model as it is can only be used for a quasi
steady regime of both the freestream and coolant flow. For quasi-steady pulsating
jets, issuing from long holes, the time-mean flow field is shown to be similar to the
one encountered in steady injection.
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Chapter 10

Film Cooling Model Use in an Linear Turbine
Cascade

10.1 Introduction

10.1.1 Motivation and goals

This Chapter is dedicated to the utilization of the film cooling model in the context
of a film-cooled linear turbine cascade. The main question raised in the Introduc
tion (see section 1.4) has partially been covered in the previous sections. A model
that allows computing a multi-scale flow problem in a reasonable time scale has
been introduced and validated within several flow configurations in a flat plate. Us
ing the model in a realistic turbine configuration is a natural step toward answering
the question underlying this thesis. In particular, the model should allow to pre~

diet, in a reasonable time scale, blade loading, film-cooling effectiveness and heat
transfer rate at blade surface, as well as losses occurring through the blade passage.
These are the key physical values setting the performance of a film-cooled turbine.
By showing the relevancy of the use of the model in such representative turbine
blade configuration, it is aimed to make a step toward the development of better
optimization tools dedicated to the design of film-cooled turbine. In this context, it
is eventually intended to show that the model can also predict the aerothermal field
resulting from multiple jets interactions, typical of the flow structure of an energy. .
converSIOn engme.

Main steps of the Chapter

The film-cooled turbine blade investigated in this Chapter is presented. To pre
serve the computational accuracy, a special mesh clustering technique to be used
in the near hole region is discussed. The computational performance of the model
in such a flow configuration is evaluated, in terms of convergence history, mass
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flow error and computational overhead. The CFD predictions are compared to ex
perimental data, in terms of blade loading, film-cooling effectiveness and Nusselt
number. An evaluation of the losses is given. This is done for two blowing ratios
and 9 different hole configurations. Eventually, an investigation of the effect of
the superposition of different cooling rows on the pressure side upon film-cooling
protection is carried out.

10.1.2 Description of the transonic turbine linear cascade

Geometry and freestream flow condition

The Oxford University linear transonic turbine cascade test case is briefly de
scribed. The turbine blades are placed in an isentropic light piston cascade, ex~

tensively described by Schultz et al. [82]. This is a short duration facility (!::..t rv

500 [ms]) which produces uniform (steady) flow conditions for about 300 [ms].
The test gas is compressed by a single-stroke isentropic compressor. A turbulence
grid generator is placed at five blade chords upstream of the blades row and pro
duces a freestream turbulence level of about 3%. Just upstream of the blade row,
a rotating bars device can be placed in order to simulate shock waves and wakes
blade interaction. This option is not considered in this study; only a steady flow
through the blade passage is investigated. The linear turbine blades are a two
dimensional representation, at midspan, of typical gas turbine rotor blades. The
dimensions of the blade and the passage arc given in Fig. 10.1 and Table 10.1.

I Geometrical dimension I Value
Blade true chord GTc [mm] 41.0
Blade axial chord GAD [mm] 34.82
Blade to blade pitch PBB [mm] 34.3
Inlet metal angle Bini n 48
Outlet metal angle Binl r] 77
Inlet hub to tip span Hf/J, [mm] 50.0
Outlet hub to tip span !iHlf-} [mm] 56.095

Table 10.1: Geometrical dimensions of the linear turbine cascade ofAshworth!6}.

The geometry of the blade profile is provided by Ashworth [6]. As the blades are
not leaned, the blade profile at hub section is orthogonally stacked up to the casing
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Figure 10.1: Sketch of the linear turbine cascade geometry ofAshworth [6J.

wall (tip of the blade). There is no tip clearance nor shroud as the blades are not
moving. The hub to tip height HHT increases from the leading edge to the trailing
of the blade. Unfortunately, the profile of the endwall section is not known, so that
a linear increase, through the axial direction, of the hub to tip height (HHT) is
assumed. A transonic flow regime is investigated, based on the experimental data
provided by Rigby et al. [74] and is listed in Table 10.3.

I Flow quantity Value

Inlet Mach number Ml1l [-] 0.38

Outlet Mach number Mtut [-] 1.18

Reynolds number Re~ut, based on blade 1.0· 106

chord and outlet isentropic condition [-]

Inlet total temperature '1j., [K] 460

Inlet total pressure pi [bar] 2.9

Table 10.2: Experimentaljlow condition ofthe linear turbine cascade ofRigby et al. /74].
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Film-cooling holes configuration

There are five rows of film-cooling holes drilled through the blade material, as
shown in Fig. 10.2. There are two rows on the suction side (set I and set 2) and

1-,-+,,- -_·_-_··--···1--··1···· t·i- I··!·+-·!---I +---f---I--~~""""-

!J I

--t-- -t,-Ft-- I-I---'--t-.

o 20
X [mm]

40

Figure 10.2: FiLm~cooling holes configurations (adaptedjrom Rigby et af. [74/).

three rows on the pressure side (set 3) among which two are staggered (set 4a and
set 4b). Except for set 1, every cooling hole has a cylindrical body from the plenum
chamber to the blade surface. The hole diameter is d = 0.5 [mml. The cooling row
in the first half of the suction side (set 1) contains only shaped-holes. This means
that the circular cross section of the holes at the plenum outer surface is expanded
up to the blade surface, resulting in a trapezoidal cross sectional shape at hole exit.
The width of the hole exit area is larger than for cylindrical holes. Except for set
3, every cooling hole has a streamwise injection angle of ao = 30°. The cooling
row in the first half of the pressure side (set 3) has a streamwise injection angle
of ao = 60°. In fact, the orientation of the holes at thislocatlon is typical. Due
to concave shape of the pressure side, it is more difficult to drill holes with a low
streamwise injection angle. Rigby et al. [74] do not report the number of holes per
row in their experimental setup. In order to demonstrate the capability of the film
cooling model to simulate coolant jets issuing simultaneously from several dozens
of holes, 17 holes per row (16 holes for set 4b) are placed. The hole to hole pitch
distance is constant for every row and equal to .'3/d = 4.0. This study limits the
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validation of the use of the CFD-embedded film cooling jet model near the midspan
section only. Thus, there is no hole in the very near proximity of endwall corners.
As previously described, the first row in the suction side (set 1) is a collection
of shaped-holes. Since this hole configuration is not available in the present film
cooling jet model, it is replaced by a cylindrical hole configuration. Furthermore,
there is currently no calibration of the modcl coefficients for a streamwise injection
angle of 0:0 = 60° (holes in set 3). To solve this issue, the model coefficients are
linearly extrapolated from their known values at 0:0 = [atY, 501

Coolant flow conditions

The coolant flow properties are not all explicitly provided. The freestream to

coolant total temperature ratio is given (T/j,jTf, = 1.6) which results in a coolant

total temperature in the plenum of T/j. = 287.5 [K]. The coolant total pressure
P!f is not explicitly known. Instead, several blowing ratios BR are given, but no
formal indication on how they are calculated is provided. Thus, the definition of
blowing ratio employed by many experimentalists is used. In a first step, an un
cooled blade computation is carried out in order to determine the near-hole static
pressure Ps . Based on the total freestream flow conditions, near-hole static pres
sure, blowing ratio and total temperaturc of the coolant, the total pressure Pj, of
the coolant is computed using Eg. 9.12. As it can be seen in Fig. 10.2, there
are two plenum chambers, one for set 1 and set 3, the other one for set 2 and set
4ab. In addition, the experiment has been carried out separately for the pressure
and suction side. Using these facts, it is decided that the total pressure P/j. of the
coolant could be different for each rows (except for set 4a and set 4h) so that the
blowing ratio is matched for each of them. All the different coolant conditions
investigated in this study are listed in Table 10.3. The two reference flow regimes

BR =1.0 BR =1.5
set 1 set 3 set4ab set 1 set 3 set4ab

Total temper- 287.5 287.5 287.5 287.5 287.5 287.5
ature Tf [K]
Total pressure 2.632 2.841 2.80:3 3.144 2.961 2.997
Pf [KI

Table 10.3: Coolant flow conditions.
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concern the uncooled blade with adiabatic or isothermal wall. For the isothermal
wall computation, the wall temperature Tw is set to TV) = 320 [KJ, approximat
ively as in the experiment (experimental uncertainty in fixing TV) is ±6 [KJ). The
different flow regimes with cooling are coolant injection with the two blowing ra
tios (BR = 1.0, 1.5) combined with different arrangement of rows together (set 1,
set 3 set 4a and set 4ab). These different flow regimes are computed twice, for an
adiabatic and an isothermal wall boundary condition. It is worth mentioning that
set 2 is not considered since it is located in a transonic flow region, in which the
current model is not available.

Available experimental data

The blade surface pressure P.., and blade surface heat transfer rate q'u, are measured.
The heat transfer rate q'w employs

[aT]Iq =-K -
w an wall

(10.1)

where n is the direction normal to the blade surface. To acquire the surface pres
sure, pressure taps are placed at several locations on the blade surface, leading to
have 10 and 13 measurement points at the pressure and suction side respectively.
The blade loading is given is term of the isentropic Mach number Mis, which reads

2
--
')'-1

(10.2)

The surface heat transfer rate q'u, is obtained from surface temperature T.., measure
ments using high frequency analogues, see Oldfield et al. [72]. The surface heat
transfer is given in term of the Nussclt number Nu.

N
q'u,CTC

'u=~-,----::.c------,----

K (1'f -- T)T S

(10.3)

The fi 1m cooling effectiveness 'tJ is also prav]ded in term of the isothermal adiabatic
wall film cooling effectiveness. For more information about the latter, see Rigby
et al. [74]. The measurements uncertainties are not reported by Rigby et al. [74J.
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10.2 Computational issues
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10.2.1 Computational mesh for an efficient use of the film-cooling
model

Computational domain

The computational domain entirely covers the hub to tip span, through the whole
blade passage. The inlet plane is placed at a distance of 0.27 axial chord upstream
of the leading edge of the blade. Despite the relatively short distance between the
inlet plane and the blade, the use of the non-reflecting boundary conditions, as
described in Chapter 2, ensures an adequate treatment of the flow characteristics
going in and out of the inlet plane. In addition, the short interval between the inlet
plane and the leading edge of the blade is typical of a multiple blade rows config
uration. The outlet plane is located at a distance of 0.5 axial chord downstream
of the trailing edge of the blade. The meshing of the computational domain, dis
played in Fig. 10.3, is carried out by using an in-house grid generator developed
at ETHZ 165]. Briefly, this grid generator is based upon a multi-block topology.

1.5

iJ
1.0 cJ.....

>-

0.5

I 1.5

1.0.,.......
(.)
<l:

~
0.5

Figure 10.3: Computational domain mesh, in the XY-plane at hub (2D grid - left) and in
the X Z-plane at the pressure side surface and periodicity plane (right).

Several H-blocks are connected together in the passage from the inlet to the outlet
plane. Around the blade surface, an O-block is placed. This allows to arrange and
to cluster the grid cells that are located in the boundary layer region without signi-
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ficantIy influencing the grid in the through-flow passage. In particular, it is ensured
that the first cells close to the blade walls are strictly hexahedral so that their edges
are orthogonal to the blade surface1

• The strategy to get the three-di mensional
computational mesh is to pile up two-dimensional blade to blade grids in the span
wise direction, as shown in Fig. 10.3. The 2D grid in Fig. lO.3-left exhibits a
refinement near the throat area. This is because a shock is assumed at this loca
tion. After the throat, the expansion of the grid cells area does not significantly
influence the solution accuracy [65]. In total, the computational mesh contains
N3D = 2.1a . 106 grid nodes. This is a relatively large grid to those generally em
ployed in RANS-based numerical predictions of turbomachinery flows. A typical
three-dimensional grid to predict the flow through an uncooled blade passage (not
tip clearance nor shroud) has an order of magnitude of 5 .105 grid nodes. There are
several reasons that lead to this grid size. Firstly, as a two-layer turbulence model
is used (Baldwin-Lomax), it is needed to cluster the first cell near the blade wall
so as to ensure a Z+ value of Z+ ('.,J 1. This leads to place a relatively large num
ber of cells nearby the blade wall. In the current grid, there are approximativcly
12 to 20 grid nodes in the boundary layer region. Secondly, the use of the CFD
embedded film cooling jet model necessitates to have enough mesh resolution near
the cooling holes in order to preserve an acceptable accuracy.

Special clustering for the computational mesh

As it has been analyzed and demonstrated in Chapter 6, it is advised to have about
Nx ('.,J 4 - 7 and Ny ('.,J 7 - 11 near the cooling holes to ensure an acceptable
accuracy without excessively increasing the computational time. This means that
the mesh density at blade surface needs somehow to be controlled. To this effect,
a special mesh clustering technique has been implemented in the current grid gen
erator [65]. This mesh adaption strategy can be described as follows. Given an
orthogonal grid at the blade surface, as shown in Fig. 10.4, it is wished to stretch
and tilt the mesh lines so that the resulting mesh is clustered near the location of the
cooling holes. In order to carry out this procedure, the one-dimensional adaptive
grid algorithm proposed by Gnoffo [36] is utilized for the current mesh adaption
problem. The algorithm is upgraded for two-dimensional problem by simply solv
ing the problem twice, in the two directions describing the blade surface. The
basic idea of the algorithm is to link every grid node with a constant spring cle
ment. The value of the spring constant is a function of the mesh density wanted at

IThis orthogonal mesh arrangement near the wall allows to lower the numerical production of en
tropy, especially near the leading edge of the blade
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Figure 10.4: Mesh near cooling holes, for set I. Before adaption on the left and after
adaption on the right.

the considered location. Once all spring elements are defined, a Newton-Raphson
procedure is employed to find the equilibrium solution of the system of springs.
The equilibrium solution gives the final clustered mesh, as shown in Fig. 10.4.
There are N x = 5 and Ny = 7 grid nodes per hole diameter ncar every cooling
hole of the computed blade. The fact that Ny = 7 leads to have in total 279 2D
grids to be piled up. This induces an overall grid size of N 3D = 2.13 . 106

. Due
to computer memory limitation at the time of this work, this is the largest grid
size that could be utilized. This special mesh clustering technique shows that the
current numerically immersed film-cooling jet model needs to be used with care
but allows to compute a full film~cooled turbine blade passage with a reasonable
number of grid nodes. As a comparison, in terms of overall grid size, the film
cooled turbine blade computed by Heidmann et al. [42] (see also Fig. 1.5), where
the holes and plenum chamber are gridded, contains about 1.2 . 106 grid nodes
with only 2 holes per row (only the midspan section is modeled). An extrapola
tion of this grid to the film-cooled turbine blade computed in this work leads to
a mesh having more than 25 to 40 . 106 grid nodes. Based on this benchmark, it
is postulated that, the current jet model allows decreasing by a factor of over 10
times the size of the mesh to be used to compute the flow in a film-cooled turbine.
In addition, the pre-processing time spent to build up the entire film-cooled blade
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geometry and grid is significantly reduced because only the blade through-flow
region is modeled.

10.2.2 Computational performance

Computational history

The computation of the different flow regimes, using the model, shows a stable
behavior. The computational procedure employed is the following. A generic
flow solution is first computed with the blade uncooled and having an adiabatic
or isothermal wall boundary condition. The numerical solutions of the different
flow regimes through the film-cooled blade are obtained by starting the computa
tion with the generic flow solution. Two typical convergence histories, in terms
of rooHnean square residual DQrrns' are plotted in Fig. 10.5. The convergence
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Figure 10.5: ComputationaL history (Root-Mean Square residuals (DQ,,"ms)) of the film
cooled linear turbine cascade (adiabatic wall) with set 1, set 3,set 4ab and BR = 1.0.

histories concern the uncooled blade and the film-cooled blade with rows set 1, set
3, set 4ab and a blowing ratio of BR = 1.0 (adiabatic wall). The other compu
tations get similar convergence histories. The root-mean square residual DQ1'1ns
drops by about 1 order of magnitude for both restarted computations. Interestingly,
the iterative evolution of the root-mean square residual DQ1'1ns is very similar for
both computations, although there is a shift of about fj.DQTTns ""-J O.~~ between the
uncooled and film~cooled blade calculations, the latter being higher. This can be
explained by the fact that the flow near the toroidal jet body readjusts so that a
higher residual is found locally. This process is similarly found near the leading
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edge or trailing edge of the blade. At this stage, it is worth noting that the total
coolant mass flow injected varies from 0.15% to 1.35% of the total freestream
mass flow entering the turbine cascade, depending on the coolant injection con
figuration, see Appendix L.l. Interestingly, the reduction of freestream mass flow
due to the blockage of the coolant jets is found to be counter-balanced by the aug
mentation of the coolant mass flow so that the outlet mass flow remains constant
(rh~ut = 0.:{9 [kg/s] for one passage). The global mass flow error f~ ranges from
-0.26% to 0.22%, see Appendix L.2. In summary, the computational histories for
the uncooled and film-cooled blade computations arc similar. This shows that the
numerical inclusion of the film-cooling jet model does not significantly degrade
the convergence rate and mass flow errors. In other words, the number of itera
tions (10'000 in this case) to find a converged flow solution in a film-cooled blade
cascade is of the same order as for an uneooled blade calculation, using the same
grid.

Overhead

The computational overhead u, as defined in Eq. 6.2 (see Chapter 6), is plotted
in Fig. 10.6 as a function of the number of holes N h . As it can be observed,
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Figure 10.6: Overhead a as a function of the number ofholes N h found in the linear jilm
cooled turbine cascade test case.

the overhead (J is linearly increasing with the number of holes N h . This linear
variation formally reads

(lOA)
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This means that including one more hole within the blade surface increases the
computational time by 0.1%. Thc mesh employed in this film-cooled blade flow
prediction has a typical size for the utilization of the CFD-embedded film cool
ing jet model. Thus, Eg. 10.4 gives a relevant scaling of the computational cost
when using the model in a film-cooled turbine cascade. As the number of itera~

tion needed to get a converged solution is similar in the uncooled and film-cooled
blade computations, Eg. 10.4 scales the total amount of extra computational time
when calculating a film-cooled turbine, compared to an uncooled blade computa
tion with the same grid. However, as previously mentioned, a typical grid size for
an uncooled blade computation contains approximatively 4 times less grid nodes.
Hence, the real computational cost when using the model is more than 4 times the
uncooled blade computational cost.

10.3 Uncooled blade: validation of the computation

In a first step, some key results of the uncooled blade prediction are presented.
This is to give to the reader an overview of the flow problem studied and also to
validate the computational procedure.

10.3.1 Overall flow field

Midspan flow field - static pressure

The predicted contours of static pressure coefficient Cps at midspan are plotted
in Fig. 10.7. The contours of static pressure coefficient Cps exhibit the transonic
character of the computed flow field. A shock system occurs near the throat area
and blade trailing edge. One branch of the shock system is going from the trailing
edge of the blade toward the rear part of the suction side. This provokes a shock
boundary layer interaction at the suction side surface. Meanwhile, no boundary
layer separation is identified downstream of the shock. Near the surface of the
blade, the static pressure reaches a peak minima just before the shock. Just after
the shock, the static pressure suddenly increases. In the freestream, just after the
shock, the throat is behind. Thus, a region of relatively low static pressure persists
which induces a supersonic zone. The other branch of the shock system is going
from the trailing edge of the blade toward the outlet of the computational domain.
Schlieren photographs done by Rigby et at. 174] confirm the presence of this shock
system.
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Passage flow field - Nusselt number

The predicted contours of Nussclt number N'IL at the blade surt~lce, superimposed
with the surface flow streamlines, are plotted in Fig. IO,g, The Nusselt number
reaches its maximum level at the leading edge of the blade, from hub to tip, In
deed, this is where the boundary layer is the thinnest On the pressure surface, the
Nusselt number is pretty constant along blade axial direction (750 < NtL < 10(0),
The surface flow streamline shows the upward radial migration of fluid due to the
increase of the blade to tip passage height HlIT and local secondary flow struc
ture. On the suction side surface, the Nusselt number suddenly drops just after
the leading edge ( 0.1 < X/CAC' < 0.0). This is a typical feature of a laminar
boundary layer thickening. In this context, the increase of the Nusselt number
level at (X/CAe: rv ----0.1) is a marker of a laminar to turbulent boundary layer
transition process [53], Near the endwalls, the lift-off line of the passage vortex is
clearly identified with the surface flow streamlines. As a consequence, the Nus
selt number (heat transfer) level reduces on the lift-off line of the passage vortex
(locally thick boundary layer) and increases again in between the lift-off line and
the blade corners, because of the new thin endwall boundary layer forming. In
addition, it is observed that the surface flow strearnlines ncar the lift-off line are
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suddenly compressing toward midspan, at the location of the shock. This may in~

dicates the sudden growth of the passage vortex due to the compression/dissipation
effect of the shock. Eventually, it is noticed that the contours of Nussc1t number
shows some wiggling artifacts. This is due to a lack of data of the blade geometry
combined with the local refinement of the grid: the blade surface spline contains
some small bumps near the retined grid regions.

10.3.2 Design value: comparison to cxperin1ent

To validate the computation, the measured and predicted isentropic Mach number
AIls distributions at the midspan section arc compared in Fig. 10.9. In the same
Figure, the measured and predicted Nusselt number N'II, distributions at midspan
section arc also compared. The predicted isentropic Mach nUlnber ltTis is found
in agreement with the experimental value. On the suction side, the agreement
is very good. A peak Mach number of _l\,[r~la;l: = J.55 is t(nll1d near the shock~
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Figure 10.9: Measured (EXP) and predicted (CFD) isentropic Mach number Mis at mid
span (left) and Nusselt number Nuo (right),for the uncooled blade.

boundary layer interaction. On the pressure side, the predicted isentropic Mach
number distribution is slightly higher than the measured one (underprediction of
the blade loading). This discrepancy can be attributed to the fact that the full
cascade geometry is not known. This is especially true for the endwalls, so that the
radial migration of the fluid may be predicted erroneous. As it can be noticed in the
Nusselt number NUQ plot, there are two experimental data sets that are displayed.
Indeed, in the uncooled blade measurement set, a plain (no holes) blade is taken.
The boundary layer in the suction side exhibits a laminar behavior until the shock
boundary layer-interaction. In the film-cooled measurement set, only the cooling
holes in set 2 and set 4ab are uti Iized. Since no coolant is injected through set 1 and
set 3, the boundary layer is tripped at these locations. These induces a transition
of the boundary layer to a turbulent character. The turbulence model used in this
thesis fails to predict transition, so that it induces a turbulent boundary layer not
far downstream of the leading edge of the blade. Thus, the comparison of the
measured and predicted Nusselt number should be done with the tripped boundary
layer result, at least on the first half of the blade surface. As a consequence, it is
observed that the heat transfer on the suction side surface is accurately predicted
down to the location of the shock-boundary layer interaction. On the pressure
side surface, an underprediction of 20% on average is found. Several reasons may
explain this discrepancy. The freestream turbulence (3%) is certainly enhancing
the turbulent mixing in the pressure side, as well as the heat transfer. The current
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turbulence model (Baldwin-Lomax) is not taking into account the effect of the
freestream turbulence. Furthermore, the computational result (not shown here)
shows that the eddy viscosity layer in the pressure side is not fully established.
Near the middle of the pressure side surface (S/ Smax ~ 0.5), the eddy viscosity
significantly reduces, to be almost null. This might indicate that the boundary layer
in the pressure side is in a transition regime. This is a very challenging flow for
turbulence model. It is also worth noting that the experimental uncertainties are
not known.

10.4 Film-cooled turbine blade

10.4.1 Blade loading

The measured and predicted blade loading, in terms of isentropic Mach number
Mis, are plotted in Fig. 10.10 for the two blowing ratios investigated, that is
BR = 1.0, 1.5. The results are presented for coolant injection in set 1, set 3
and set 4ab. Interestingly, the blade loading is found almost identical for both
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Figure 10.10: Measured (EXP) and predicted (CFD) isentropic Mach numberM'i8 at mid
span, for two blowing ratios (BR = 1.0, 1.5). Injection at set 1, set 3 and set 4ab.

blowing ratios, in the experimental and the CFD prediction. It is also very similar
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to the blade loading found in the uncooled case. At the locations of the holes,
the blade loading could obviously not be measured. The CFD predictions using
the CFD-embedded film cooling jet model give solutions that make sense in terms
of the aerodynamics occurring ncar the hole. Firstly, the blade loading level pre
dicted a short distance before and after the holes are always found similar to the
measured one. Secondly, a decrease of the isentropic Mach number Mis (increase
of static pressure) is systematically predicted just upstream of the holes. Further
more, an increase of the isentropic Mach number Mis (decrease of static pressure)
just downstream of the holes is also systematically predicted. This result is in
agreement with the behavior of the near~hole static pressure analyzed in Chapter
7. It is worth noting that the isentropic Mach number Mis distribution exhibits a
higher gradient near the holes in the suction side than those in the pressure side.
Although no conclusion can be drawn from the present results, it would be inter
esting to deeper investigate the effect of a high near-hole static pressure gradient
(accelerating flow) upon the jet blowing and mixing.

10.4.2 Adiabatic film-cooling effectiveness on suction side

The adiabatic film-cooling effectiveness 1] is analyzed. Since no experimental data
is available for adiabatic film-cooling effectiveness on the pressure side, only the
suction side surface is analyzed (injection from set 1). The predicted contours
of adiabatic film-cooling effectiveness r] on the suction surface are plotted in Fig.
10.11 for the two blowing ratios investigated. The injection of the coolant with
the use of the CFD-embedded film cooling jet model is clearly seen. The down~

stream evolution of the coolant is observed. In particular, the lateral mixing of
the coolant and freestream increases along thc surface of the suction side. It is ob
served that there is some distance (more than 20 hole diameters) before the coolant
and freestream are fully mixed. In fact, the flow is accelerating downstream of the
hole exit. Thus, the stretching of the Counter-rotating Vortcx Pair (CVP) better
counter-balanced its diffusion. This can favor a pinching of the coolant jet further
downstream, compared to a film cooling flow without streamwise pressure gradi
ent. At this point, it is worth recalling that in the experiment, the holes in set 1
are shaped, whereas in thc CFD prediction, the holes are cylindrical. In the rear
part of the suction side, the shock~boundary layer interaction provokes a blurring
of the film-cooling protection. Indeed, the sudden deceleration of the flow just
after the shock induces a intense viscous dissipation, hence a reduction of the film
cooling protection. In addition, the spanwisc length covered by the coolant sud
denly reduces just after the shock. This is in agreement with the trajectory of the
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Figure 10.11: Predicted contours of adiabatic film-cooling effectiveness 77 at the suction
side surface for a blowing ratio of BR = 1.0 (left) and BR = 1.5 (right).

surface flow streamlines shown in Fig. 10.8. As expected, the film-cooling pro
tection appears to be slightly better for BR = 1.0 than for BR = 1.5. In order to
quantify the accuracy of the numerical solution, Fig. 10.12 displays the measured
and predicted adiabatic film-cooling effectiveness t] at midspan, as a function of
the non-dimensionalized axial distance X/d. The results with the two blowing ra
tios investigated (BR = 1.0, 1.5) are provided. For the coolant injection with the
lower blowing ratio case (BR = 1.0), the film-cooling protection is measured and
predicted better than with the higher blowing ratio case (BR = 1.5), before the
shock. Not too far downstream of the hole (X/d < 15), a relatively large discrep
ancy is found in the CFD prediction compared to the measurements. In this region,
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Figure 10.12: Measured (EXP) and predicted (CFD) adiabatic film-cooling effectiveness 'f)

at midspan suction side, for two blowing ratios (BR = 1.0,1.5). Injection at set 1.

the numerical solution exhibits a lower adiabatic film-cooling effectiveness 1] than
the measured one. Meanwhile, the fact that in the experiment, shaped-holes are
used can be a major reason for the discrepancy. Indeed, in Fig. 10.11, it has been
observed that the coolant mixes with the freestream not in the near downstream of
the hole but far downstream. In general, shaped-holes having a large width, such
as the ones in this experiment, induce a better mixing near the hole and also largely
decrease the strength of the Counter-rotating Vortex Pair, see for instance Hyams
and Leylek [46]. Thus, the discrepancy of the numerical prediction can partially
be explained by the fact that the cylindrical holes lead to a lower adiabatic film
cooling effectiveness in the near downstream of the holes. Further downstream
(X/d> 15), the CFD prediction is better, especially for the low blowing ratio
case (BR = 1.0). However, an overprediction in the higher blowing ratio case
(BR = 1.5) remains. After the shock, the CFD prediction tends to blur the result
so that the adiabatic film-cooling effectiveness 17 distribution is flat and similar for
both blowing ratios.
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10.4.3 Nusselt number

The measured and predicted Nussc1t number N'u distributions at midspan are com
pared in Fig. 10.13 for the two blowing ratios investigated (BR = 1.0, 1.5) and
injection at set 1 and 3. Near the leading edge, it is found both in the measure-
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Figure 10.13: Measured (EXP) and predicted (CFD) Nusselt number N1J, at midspan, for
two blowing ratios (BR = 1.0, 1.5). 1njection at set I and set 3.

ments and computations that the Nusselt number Nv, is pretty similar. On the
suction side, the Nusselt number decreases down to a value lower than 0.0 just at
the injection site of set 1. This is because the coolant temperature (T'T = 287.5
[KD is lower than the wall temperature (Twall = :{20 [K]). Then, just downstream
of the injection site, the Nusselt number rapidly increases both in the experiment
and the computation. Near this location, the peak of Nusselt number is too highly
predicted, by about 20% on average for both blowing ratios. Further downstream,
the heat transfer is reduced, compared to the uncooled blade, by about 25% in the
experiment and by about 50% in the CFD prediction. The discrepancy of the pre
diction can be explained by the earlier comments made about the adiabatic film
cooling effectiveness prediction: the holes at the suction side are not the same in
the experiment and in the computation. Meanwhile, the measured distribution of
Nusselt number is qualitatively well predicted when using the film cooling model,
compared to other numerical studies involving more advanced turbulence models
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[35], [62]. This comments also applies at the pressure side surface. Indeed, on the
pressure side surface, just of the injection site of 3, the NusseIt number is slightly
underpredicted, by 10% to 15% on average for the blowing ratio BR = 1.0 and
BR = 1.5 respectively.

10.5 Evaluation of losses

10.5.1 Definition of losses

The designer is ultimately looking for the best thermal protection while maxim
izing the turbine efficiency. In this respect, an evaluation of the efficiency of the
film-cooled turbine with the different computed configurations of coolant holes is
a necessary step. Since the computed turbine case is a stationary cascade, there
is no work exchange between the blades and the flow. Hence, the efficiency of
the current computed turbine can only be described through a loss coefficient. A
good review of losses in turbine cascade is provided by Denton [26]. In this thesis,
two loss coefficients are computed. These are the pressure loss coefficient Yp and
the enthalpy loss coefficient YlI, see Appendix L.3 for a complete definition. The
pressure loss coefficient Yp is broadly used because it is easy to measure it from
experimental cascade data. The enthalpy loss coefficient is more useful for design
purposes because it scales the loss of usable energy through the blade row.

10.5.2 Results

The pressure loss coefficient Yp is plotted in Fig. 10.14. The enthalpy loss coeffi
cient YH is plotted in Fig. 10.15. The losses are systematically predicted higher
in the high blowing ratio case (BR = 1.5) than in the low blowing ratio case
(BR = 1.0). In the low blowing ratio case (BR = 1.0), it is observed that the
losses with coolant injection can be lower than the losses without injection. Haller
et al. [41] deliver an experimental evaluation of the losses occurring through the
same cascade. This is done for a coolant injection at the suction side only, for dif
ferent hole positions than set 1 and a slightly lower Mach number that in this thesis.
They also find that the losses increase with the blowing ratio and, for a low blowing
ratio (e.g. BR = 1.0 or lower), the losses can be lower than without injection. The
increase of losses with the blowing ratio can be explained by the fact that when the
blowing ratio increases, the jet penetrates more in the freestream so that the blade
boundary layer increases in size. This leads to a region of higher skin friction and
larger area of boundary layer mixing downstrcam of the injection site. In Figs.
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Figure 10.14: Pressure loss coefficient Yp •

10.14 and 10.15, it is also found that coolant injection from several rows of holes,
with BR = 1.5, generally leads to higher losses than a coolant injection from only
one row of holes. In the BR = 1.0 case, no global trend is found. Meanwhile, the
addition of the losses obtained from the different isolated row computations does
not end up to the same level of losses than for the computation with all the rows
together. Thus, the losses does not linearly change with the addition of rows of
holes. For the isolated row cases, the pressure loss coefficient Yp leads to conclude
that the losses are higher in the pressure side than in the suction side. However,
with the enthalpy loss coefficient YH , the inverse statement is made. This obser
vation can be explained by two main reasons. Firstly, the pressure loss coefficient
Yp takes into account the losses in the holes, given by the discharge coefficient Cd.
The discharge coefficient is systematically lower in the pressure side than in the
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suction side2. Secondly, in the BR = 1.0 case, the specified coolant total pressure
p:r inside the plenum chamber of holes in set 1 (suction side) is substantiaIIy lower
than the one for set 3 and set 4ab, see Table 10.3. Thus, the mass-averaged inlet
total pressure PT,inl is somewhat lower when injecting only from set 1 whereas
the mixed-out static pressure Ps,o-ut remains constant. This means that the pres
sure loss coefficient Yp tends to be lower when delivering the coolant at a low total
pressure. The losses are generally observed to be higher in the suction side [53],
and this fact is observed with the enthalpy loss coefficient. This is because the
entropy production is proportional to the third power of the boundary layer edge
velocity 126]. Indeed, Fig. 10.10 shows that the flow velocity near the suction side
surface is higher than near the pressure side surface. The enthalpy loss coefficient
conforms to this trend.

2for instance, for BR = 1.0, set I: Cd c::'. 0.8, set 3: Cd c::'. 0.70, set 4ab: Cd c::'.0.7:3
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10.6 Superposition of solutions on pressure side surface

10.6.1 Definition of the superposition of the adiabatic film-cooling
effectiveness

This section presents an investigation of the superposition of cooling rows at the
pressure side surface, in particular its impact upon the film-cooling protection.
The study aims to show that the model can be used to investigate different cooling
schemes because it can handle the flow interactions resulting from the injection of
coolant from several rows of holes. Hence, it is intended to show that the model
can be used to study the impact of a small scale flow feature upon the global
performance of an engine. In fact, in the design of film-cooled turbine, it is often
useful to superpose different experimental or numerical results from the adiabatic
film cooling effectiveness, as it can shrink the turnover time. This superposition
principle is a direct outcome of the linearity of the energy equation. This linearity
would indicate that in the absence of property variation of the flow and for the
same hydrodynamic flow distribution, any variation in the film temperature could
be calculated by superimposing various solutions or experimental results. Given
the above stated conditions, then the optimization of the location of one hole can
be independently done from the others. The goal of the present investigation is to
first check for the limitations of this superposition rule in a typical 3-dimensional
flow structure as in a cascade of airfoils. The superposition model of Sellers [83]
is selected here for application. This model assumes that the hydrodynamic of
a cooling jet is not interacting with the other ones so that the superposition of the
measurements or predictions of adiabatic film cooling effectiveness 711' for different
rows r gives the total adiabatic film cooling effectiveness rhot-. It is given by

1'=R

1 - 77t-ot- = L (1 - 771' )
1'=1

(10.5)

where R is the total number of rows. The main issue of the current investigation
is to observe, on the pressure side surface, if the superposition of the distribution
of the predicted adiabatic film-cooling effectiveness with injection at set 3 only
and with injection at set 4a only is the same as with injection at set 3 and set 4a
together. If the superposition principle given by Eq. 10.5 applies, then the design
of a film-cooled turbine blade can be reduced to the addition of the individual
design of each cooling row, i.e. the jet hydrodynamic does not need to be taken
into account.
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10.6.2 Results of superposition on the pressure side surface

The predicted contours of adiabatic film-cooling effectiveness 7]34a and 7]:3 +7]4a on
the pressure side surface are plotted in Fig. 10.16, for a blowing ratio of BR = 1.0.
The same type of result is found for blowing ratio BR = 1.5, see Appendix LA. At
a first glance, the results seem to be pretty similar. However, a zoom downstream
of the second row (4a) shows that a different film-cooling protection is found. The
adiabatic fi 1m-cooling effectiveness is observed to be better spread over the surface
of the pressure side surface, in the midspan region, for the two rows together (set
34a) than for the addition of the individual rows set 3 and set 4a. However, near
the hub, the coolant shows to be better spread over the surface in the numerical
solution obtained with the addition of the individual rows than for the two rows
together. Thus, the coolant jets coming from the holes in set 3 must have an impact
upon the evolution of the jets issuing from the holes in set 4a.

10.6.3 Hydrodynamic impact of coolant jets issuing from set 3
upon the aerothermal flow field downstream of set 4a

Definition of the visualization

In order to analyze the hydrodynamic impact of the coolant jets issuing from set
3 upon the aerothermal flow field downstream of set 4a (i.e. the film-cooling pro
tection downstream of set 4a), plots of the predicted flow field on cross planes
at three streamwise location, near the pressure side surface, are provided in Figs.
10.17-10.20. These three cross planes are denoted A, Band C. Cross plane A is
located about 3 hole diameters upstream of set 4a, cross plane B is located about 1
hole diameter downstream of set 4a and cross plane C is located about 15 hole dia
meters downstream of set 4a. On all the cross planes, contours of the normalized
total temperature e superimposed with the coolant secondary flow vectors U~nd

are shown. A cross plane is defined by the plane orthogonal to the flow direction
at the streamwise position where the visualization is made. The coolant second
ary vectors U~nd are found as follows. The predicted velocity vectors obtained
in the cooled case are subtracted by the predicted velocity vectors obtained in the
uncooled case. The resulting vectors are projected on the cross planes to give the
coolant secondary velocity vectors U 2nd .

00.6)

where eb and et are the two unity vectors defining the cross plane. The coolant
secondary vectors U~nd represent the hydrodynamic disturbance on the flow field
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due to the presence of the coolant jets.

Near midspan flow field

The visualization of the predicted flow field near midspan is given in Fig. 10.17
for injection from set 134a and in Fig. 10.18 for injection from set 14a. These
two plots allows to observe the hydrodynamic impact of the upstream jet, issuing
from set 3, upon the jet issuing from set 4a. On the cross plane upstream of set
4a (cross plane A), the flow field is undisturbed in the injection case set 14a (Fig.
10.18) whereas the counter~rotating vortices (CVP) and coolant mixing zone are
clearly seen in the injection case set 134a (Fig. 10.17). At about 1 hole diameter
downstream of the center of the holes pertaining to set 4a (cross plane B), the
newly injected coolant jets are clearly seen. In particular, the counter-rotating mo~

tion of the vortices and the coolant core are observed. In the set 134a case (Fig.
10.17), the upstream jets are located above, on the right of the new jets. Thus,
the counter~rotating vortices of the upstream jets are phase shifted compared to
the counter-rotating vortices of the new jets. This induces a downward momentum
push of the new jets due to the action of the upstream CVP. The result of this phe
nomenon is observed on the cross plane further downstream of set 4a (cross plane
C). In the injection case set 14a, the evolution of the jets issuing from set 4a are
found as it can be expected: the coolant jets arc lifting off and pinching due to the
action of the CVP. In the injection case set 134a, the flow field appears to be more
complicated. The coolant jets issuing from set 4a are much more skewed with the
presence of the phase~shifted upstream jets. Indeed, the action of the upstream
CVP induces two main flow features. Firstly, a migration of the coolant material
toward the hub direction (left side of the newly injected jets) due to the action of
the left-leg of the upstream CVP. This means that each newly injected coolant jet
better spread toward the hub direction, close to the blade surface. Secondly, the
right-leg of the upstream CVP induces a blocking effect against the action of the
CVP issuing from the new coolant jets, injected at set 4a. This blocking effect
induces a squeezing of the right-leg of the CVP of the new coolant jets toward the
blade surface. Thus, the coolant material is forced to stay closer to the surface and
the pinching effect is less pronounced. Overall, this explain the better film-cooling
protection observed in the midspan region, downstream of set 4a (near midspan),
with the presence of the upstream row (set 3).
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Near hub flow field

As previously, the flow field upstream of set 4a (cross plane A) is undisturbed in
the injection case set 14a (Fig. 10.20) whereas it is disturbed by the coolant jets
issuing from set 3 in the injection case set 134a (Fig. 10.19). Just downstream
of set 4a (cross plane B), in the injection case set 14a, the coolant jets appear to
behave as a collection of single jets, as expected. In the injection case set 134a, the
upstream coolant jets are now located directly above the new coolant jets. Further
downstream (cross plane C), the flow field for the injection case set 14a is the same
as in the midspan region. In the injection case set 134a, the newly injected coolant
jets appear to have almost completely de-attached from the wall. This is observed
to be due to the presence of the upstream jets, just above. These upstream jets
enhance both the upward motion of the CVP in the center of the newly injected jets
and the freestream entrainment at their sides. As a consequence, the film-cooling
protection becomes poor when the two coolant jets are in phase, as observed near
the hub endwall region for the current film-cooled turbine blade.

Summary

A schematic of the previous flow analysis is given in Fig. 10.21. In this section, it

G
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Figure 10.21: Schematic of the influence of the upstream jets upon downstream jets.

has been numerically shown that the standard superposition model of Sellers [83]
does not apply in a three-dimensional turbine environment. It still need to be exper
imentally confirmed. Meanwhile, thanks to the use of the proposed film-cooling
jet model, the effect of a small scale flow feature, such as the hydrodynamic in
teraction of several rows of jets, upon the global performance of an engine can be
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observed and explained. In this study, it is shown that the upward radial migration
of the fluid particles induced by a non-constant endwall profile and local secondary
flow structure has an impact of the trajectory of the coolant jets. The trajectory of
the upstream coolant jets leads to a flow configuration at the downstream row of
holes that has either a positive or negative impact on the film-cooling protection, as
a function of the spanwise position. If the upstream coolant jets arc phase-shifted
with the new coolant jets, then a positive impact on the film-cooling protection is
found. If the upstream jets are in phase with the new coolant jet, then a negative
impact on the film-cooling protection is found. Thus, it would be interesting and
possible with the model to study more in details the impact of passage flow distor
tions (due to non-constant endwall profile, incoming vortices, hot streaks, etc...)
on the position of the film-cooling holes so that on the film-cooling protection.
This could allows to better optimize the design of film-cooled turbine blades.

10.7 Conclusion

The use of the CFD-embedded jet model in a three-dimcnsional linear turbine
cascade, representative of turbine rotor geometry and flow condition at midspan,
has been shown. In total, 67 cooling holes have been taken into account. There
have been placed on the suction and pressure surface. A computational mesh of
2.13 . 106 grid nodes has been used. The mesh has been clustered near the holes
in order to preserve accuracy. This grid size appears to be more than 10 times
smaller than if a mesh including the holes and plenum chamber would be used.
In addition, the meshing complexity is alleviated. A stable solution has been ob
tained for different cooling schemes and blowing ratios. It has been shown that
the computational overhead in such a flow configuration is about a = 0.1% per
hole. From a restart solution, the same number of iterations are needed to converge
the uncooled and film-cooled blade (with model) computation. However, the total
number of grid nodes is about 4 times higher than for a standard computational
mesh for uncooled blade computation. This is a necessary condition to ensure that
the macro flow features of the smallestftow scale to be computed (namely the film
cooling jet) are captured. Predictions of blade loading are in excellent agreement
with experimental data. Predictions of adiabatic film-cooling effectiveness and of
Nusselt number are in agreement with experimental data. Different arrangements
of cooling rows are investigated on pressure side. It appears that the interaction of
coolant jets coming from different rows can increase or decrease film-cooling pro
tection, as a function of the arrangement of the rows and passage flow distortion.
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Chapter 11

Conclusion

11.1 Conclusive summary

This thesis has dealt with multi-scale flows pertaining to an energy conversion
engine. Based on the question proposed in the Introduction, see section lA, a
solution has been proposed and presented step-by-step in this thesis. The chal
lenge that has been raised concerns the modeling of the macro flow features of a
small scale flow phenomenon typical of gas turbine technology, that is namely a
film-cooling jet. To the author's knowledge, this is the first time that a fully three
dimensional film cooling jet model has been proposed for use in a RANS solver.
The modeling approach and the numerical implementation have shown to be rel
evant in regards of the prediction results obtained in different geometries and flow
configurations. The major breakthrough of this thesis is that the proposed model
is computationally efficient:

• The current modeling approach fully alleviates the meshing complexity that
arises when the holes and plenum chamber are gridded.

• For a film-cooled turbine blade computation, the current modeling approach
leads to a grid size at least 10 times lower than if the holes and plenum
chamber were modeled.

• A film-cooled turbine blade with 67 holes can be computed with a mesh
having about 2 Mi Ilion grid nodes.

• The use of the model for a steady flow prediction in a film-cooled turbine
leads to a computational overhead of 0.1%per hole.

The key points of this work are summarized in the following.
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A RANS-based CFD solver
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A RANS-based CFD code, so-called MULTI3, has first been developed by the
author in the course of this work. The development, optimization and validation
of the CFD solver, with different test cases typical of turbomachinery flows [15],
[16], took about 1~ years. This "in-house computational too)" has been designed
for academic research in turbomachinery flows. The CFD solver is built upon an
explicit, time-marching, Ni-Lax-Wendroff algorithm, based on a Finite Volume
Method (FVM) for spatial discretization. The computational stencil is vertex
based. This central differencing algorithm is typical to those used for solving
compressible flows in industrial configurations. Although its simplicity, robust
ness and relative accuracy (for a second-order accuracy scheme) are a consequent
advantage, its odd-even aliasing behavior, typical of central schemes, is a major
source of errors when analyzing flow derivatives.

A feature-based film-cooling jet model

The first part of the core of this thesis is the development of a film-cooling jet
model based on the macro flow features occurring in the near hole region of such
a flow. The macro flow features are identified through an in-depth review of the
literature covering this subject. Due to the rapid jet bending and the re-arrangement
of its structure occurring between the hole exit plane and just after the hole trailing
edge, the model is developed in the so-called plane ofinjection, typically located in
ajet cross plane just after the hole exit. The macro flow features that are accounted
for are the bulk jet trajectory, jet counter-rotating vortex pair (CVP), wake zone
and the jet to frcestream mixing. The model is partially based on the governing
equations of fluid dynamics and has empirical coefficients. The number of inputs
to the model is small. Only the hole geometry, as well as the freestream and coolant
flow conditions need to be input. The model is only valid for long cylindrical holes.

A numerical immersion of the film-cooling jet model

The numerical implementation of the model in a RANS-based solver represents
the second part of the core of this thesis. A discussion of the different existing
technique to numerically include the film-cooling jet model is provided. Based
on this literature survey, the Immersed Boundary Method (IBM) is chosen due to
its relatively low computational cost versus accuracy, easy integration to any CFD
code and its locality. The ground of this method is to immerse a three-dimensional
surface in a standard mesh through the specification of the flow at ghost-nodes.
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This specification is done as a function of the surrounding computed flow field and
also the boundary conditions representing the effect of the immersed surface upon
the surrounding flow field. In between the hole exit and the plane of injection, the
assumption of a very thin mixing limit between the coolant and freestream fluids
is used. This allows the representation of the jet boundary by a toroidal surface.
A slip boundary condition is specified at the jet toroidal surface since no vorticity
can be created at this location. The plane of injection cuts the toroidal jet surface,
allowing to inject the film-cooling jet model. The full CFD-embedded fi 1m-cooling
jet model is localized and immersed in the computational mesh through the use
of boolean functions that set the character (inside, outside or in bctween the jet
surface) of each grid node and cell. The algorithm is entirely local, working in a
so-called "3D film-cooling box".

An experimentally-aided calibration of the model coefficients

This work is part of a wider project about unsteady film-cooling flows. In con
nection to this work, a film-cooled flat plate experiment [13] has been built to
facilitate the comprehension of film-cooling flows and also to provide accurate
three-dimensional data for the calibration of the present modeL Since a large
number of model coefficients (16) need to be tuned, a strategy of calibration is
shown but is not unique. It is assumed that the model coefficients are only func
tion of the momentum flux ratio IR and injection angles ao, (30 . The functional
dependencies arc cither constant or linearly or algebraically varying as a function
of the momentum flux ratio I R. The calibration is done twice, for two streamwise
injection angles (ao, f3o). The circulation r of the two counter-rotating vortices
is redistributed as a function of the lateral injection angle f3o. The model coef
ficients describing the toroidal jet surface are tuned so that the mass flow at the
plane of injection is conserved. The calibrated model shows an excellent agree
ment with three-dimensional accurate experimental data (about 200 to 300 meas
urement points within the jet cross section), for a broad range of momentum flux
ratios (0.6 < IR < 7.3) and two streamwise injection angles (ao = 30°, 50

0

).

An evaluation of the computational performance of the model

The computational pcrformance of the CFD-embedded film-cooling jet model is
evaluated in a steady film-cooled flat plate configuration. A large spectrum of
computational mesh sizes is tested (20 in total). It is proposed to express the mesh
refinement N as a function of the hole diameter. As the mesh refinement in the
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direction normal to the wall is already set by the boundary layer characteristics,
only refinements in the axial (X) and in the lateral (Y) direction are considered.
A marginal gain coefficient CQ is introduced. It allows to quantify the gain in
computational accuracy if one is willing to spend one more time unit for the com
putation. Spending more computational time means a finer mesh. The computa
tional accuracy is perfect when a totally grid-independent solution is found. The
computational accuracy is measured through the vortex circulation r and adiabatic
film-cooling effectiveness 1]. A mesh with Nx rv 4 - 7 and Ny = 7 - 11 grid
nodes per hole diameter is found to be the best suited for an optimal use of the
CFD-embedded film~cooling jet model. For this type of mesh resolution, the local
mass flow error is of the order of f~~OC rv 1%. The overhead tY, which expresses
the extra time spent per iteration compared to a no film-cooling case, is of the order
of tY ~ 1%.

A study of the impact of the momentum flux ratio I Rand streamwise injec
tion angle (.to upon jet aerodynamics

The use of the CFD-embedded film-cooling jet model is validated against several
film~eooled flat plate experiments. In a first step, the capability of the model to
predict the aerodynamics of a coolant jet is checked. A clear distinction is done
between region-l (in the ncar downstream of the hole), where flow gradients are
high so that convective entrainment is dominant and region-II (in the far down
stream of the hole) where flow gradients are low, so that diffusive entrainment
is dominant. As in the experiment, it is found that the momentum flux ratio I R
is the major parameter that influences the trajectory of the coolant jet. It typic
ally penetrates vertically 50% more when I R = 4.0, compared to a flow regime
where I R = 1.0. The streamwise injection angle 0:'0 influences the trajectory of
the coolant jet much less. Meanwhile, the wake structure shows to differ from the
0:'0 = 30° case compared to the (to = 50° case. In particular, in region-I, the wake
velocity deficit is more pronounced in the 0:'0 = 50° case than in the (.to = 30°
case. This can be explained by the fact that the CVP vorticity in the wake region
decays much more quickly in the 0:'0 = ~j(t case.

An evaluation of the predictive capability of the model for aerodynamics and
heat transfer values, in an isotropic turbulence context

Low momentum flux ratio cases (IR < 1.0) are better predicted than high mo
mentum flux cases (IR > 4.0). The major discrepancy in the CFD prediction
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using the model is found to occur in the wake region. In general, the wake vclo
city deficit is overpredicted by an order of magnitude of 10%. This discrepancy is
shown to emerge from a misprediction of the evolution of the counter-rotating vor
tex pair. The lateral spreading of the vortices is constantly overpredicted by 15% to
30%, which leads to entrain more low-momentum fluid toward the wake. In con
nection to this fact, the predicted vorticity in the wake is shown to decay too slowly,
especially for the 0:0 = 30° case. Based on previous experimental and computa
tional works, it is expected that turbulence anisotropy, enhancing the lateral dif
fusion of the coolant, should be taken into account in this region. The circulation
of the vortices at the plane of injection is constantly overpredicted by about 10%
to 20%. The deflection of the viscous freestream flow, due to the presence of the
toroidal jet surface, induces the appearance of vorticity. This vorticity originally
comes from the interior of the immersed toroidal shape because of the imposition
of the immersed boundary conditions. Thus, the vorticity appearing at the sides of
the immersed jet body is effectively coming from the coolant, as experimentally
observed. The effect of the misprediction of the coolant jet aerodynamics, espe
cially in the wake, upon the prediction the adiabatic film-cooling effectiveness 1] is
clearly demonstrated. The predicted laterally-averaged film-cooling effectiveness
fJ agrees in general very well with experimental data. In particular, it is shown that
the predictive error of laterally-averaged surface metal temperature, compared to
experimental data, is less than 1% with the model. Meanwhile, the overpredic
tion of the CVP strength, coupled with the lack of the enhancement of the lateral
turbulent mixing, results in underpredicting the lateral diffusion of coolant fluid
and overprcdicting the centerline adiabatic film-cooling effectiveness. The model
has been tested in extreme injection case, that is with high lateral injection angles
({30 = 300

, 600

, 900

). With the increase of the lateral injection angle {30, the switch
of the coolant aerodynamics behavior is reproduced by the CFD prediction us
ing the model; it switches from a symmetrical counter-rotating vortex structure
to an asymmetrical structure where only one vortex issuing from the back side
of the coolant jet. Up to a lateral angle of {3o = 30° and moderate blowing ra
tio (BR < 0.9), the CFD-embedded film-cooling jet model is capable of giving a
reasonably accurate prediction of the laterally-averaged film-cooling effectiveness.
Beyond {3o = 300

, the model fails in most cases to accurately predict fi 1m-cooling
effectiveness.
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A comparative study of the model versus other injection strategies

The predictive capabilities of two alternative injection strategies have been com
pared to the CFD-embedded Film-Cooling jet Model (FCM). They have been
chosen to represent the two extreme strategies to inject a coolant jet. The simplest
strategy, so-called Wall Injection (WI), consists of specifying the coolant flow con
dition at the wall cell faces that should be inside the hole exit area. The most
complex strategy, so-called Full Injection (FI), consists of explicitly computing
the flow in the plenum chamber and hole. The computational mesh for the WI
injection is the same as the one used for the model. The computational mesh for
the FI strategy, containing about 3 times morc grid nodes than for the previous
strategies, is shown to be much more complicated, due to the more complex geo
metry to be meshed. The total resolution time of the steady coolant flow field is
the same for the WI and FCM strategies, whereas it is about () times bigger for
the FI strategy. Overall, the best predictive accuracy is achieved with the FCM
strategy. The FI strategy delivers a solution similar to the FCM solution whereas
the WI strategy largely mispredicts the aerodynamics of the jet. This is shown to
be due to the fact that the specification of the coolant conditions at the wall faces
are erroneous. In the FI strategy, it is shown that the complex flow field existing
in the hole, exhibiting a vortical system, is certainly a very challenging flow to be
accurately predicted using a RANS-based method.

A method for dealing with quasi-steady pulsation of the near-hole flow field

The pulsation of coolant jets in turbines is first introduced and discussed. A state
of the art review of the current knowledge about this phenomenon is provided. The
large-scale fluctuation of the near-hole static pressure P.<; is shown to be the major
phenomenon to influence the blowing of a coolant jet. Upon this review, a quan
tification of the range of jet pulsation is done in terms of the pulsating frequency
and amplitude. The pulsating jet flow is computed in a flat plate configuration.
This limits the jet pulsation regimes to values a bit lower than what is encountered
in turbines. Only quasi-steady pulsation is considered. The CFD-embedded film
cooling jet model is shown to work in such an unsteady flow environment, with
an overhead of only CJ '::::: 4%. The update of the jet shape and model, in the
CPD solver, is automatically carried out as a function of the large scale pulsation
of the near-hole static pressure. It is shown that for a low mean blowing ratio
(B-R = 0.5), the increase of the ne~r-hole static pressure P.s leads to the decrease
ofthe instantaneous blowing ratio BR. Interestingly, for a high mean blowing ratio
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BR, the opposite phenomenon occurs. The time mean flow field of a quasi-steady,
moderately pulsating jet issuing from a long hole is similar to the corresponding
steady coolant injection. Further investigations of a pulsating jet in a turbine con
figuration are needed to better characterize its influence upon heat transfer rate.

A relevant demonstration of the use of the model in a film-cooled turbine

The use of the CFD-embedded film-cooling jet model in a three-dimensional lin
ear turbine cascade, representative of turbine rotor geometry and flow condition at
midspan, has been shown. In total, 67 cooling holes have been taken into account.
There have been placed on the suction and pressure surface. A computational mesh
of 2.13 . 106 grid nodes has been used. In particular, the mesh has been clustered
near the holes in order to preserve accuracy. This grid size appears to be more than
6 times smaller than if a mesh including the holes and plenum chamber would be
used. In addition, the meshing complexity is alleviated. A stable solution has been
obtained for different cooling schemes and blowing ratios. It has been shown that
the computational overhead in such a flow configuration is about (j = 0.1% per
hole. From a restart solution, the same number of iterations are needed to converge
the uncooled and film-cooled blade (with model) computation. However, the total
number of grid nodes is about 4 times higher than for a standard computational
mesh for uncooled blade computation. This is a necessary condition to ensure that
the macro flow features of the smallest flow scale to be computed (namely the film
cooling jet) are captured. Predictions of blade loading are in excellent agreement
with experimental data. Predictions of adiabatic film-cooling effectiveness and of
the Nusselt number are in agreement with experimental data. Different arrange
ments of the cooling rows are investigated on the pressure side. It is shown that the
interaction of the coolant jets coming from different rows can increase or decrease
the film-cooling protection, as a function of the arrangement of the cooling rows
and passage flow distortion.

11.2 Recommendations for future work

Recommendations for future work with the CFD-embedded film-cooling jet model
are given in the following.



11.2. RECOMMENDATIONS FOR FUTURE WORK 250

Further development and use of the film~coolingjet model

The current film-cooling jet model is available only for long cylindrical holes, with
a streamwise injection angle of no more than 0:0 = 60° and for a lateral injection
angle of no more than f30 = 30°.

• Shaped-holes. There is a tendency of having shaped-holes in fi 1m-cooled
turbines, due to their better performance. The model should be further de
velop to be able to reproduce the flow field resulting from such cooling
holes. In particular, the counter-rotating vortex (CVP) pair structure seems
to be strongly affected by the hole geometry. Shaping the holes tends to
reduce the impact of the CVP structure. In addition, coolant jets issuing
from shaped holes appear to better stick to the wall compared to coolant jets
issuing from cylindrical hole at the samc blowing ratio. Thus, a new calibra
tion the coefficients used for the jet trajectory model and the mixing model
should be carricd out.

• Lateral injection angle. Lateral injection is often interesting since it pushes
the coolant fluid to bettcr spread over the surface to be cooled. The mixing
occurring in the near-hole region is certainly changing. Also the counter
rotating vortex pair is degrading to one big vortex issuing from the back side
of the hole when the lateral injection angle is increased.

• Showerhead. The cooling of the leading edge of the Nozzle Guide Vane
(NGV) and the downstream rotors is critical. Indeed, this is where the heat
transfer rate is the highest. Generally, holes inclined at a streamwise injec
tion angle of ao = 90° are placed at this location. They are called shower
head. The coolant flow field at the hole exit may be very different from what
is experienced at the suction or pressure side of a blade. Further develop
ment of the film-cooling jet model for such hole configuration is strongly
recommended.

• Otherjetflow cases in turbine. Jet flows in turbines are not exclusively used
for film-cooling purposes. For example, the design of modern high-pressure
rotating turbine blades are more and more often using a tiny tip clearance
gap near the outer casing. The flow control (as well as the cooling) of such
blade parts, to lower the induced losses, can be done with discrete injections.
It is proposed to test and use the model in such configurations.

• Pulsating jets. For quasi-steady jets, it has been shown that the film-cooling
jet model should be upgraded so as to take account of a time lag factor. Fur-
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ther investigation are needed to characterize this parameter. For non-quasi
steady jets, the model as it is cannot be used. In this respect, further consid
eration of the main assumptions used for the current model are advised.

• Turbulence. The model has been used in the context of an algebraic and
isotropic turbulence model (Baldwin-Lomax). As the turbulence in coolant
jet is often complex, with an anisotropic behavior, it is recommended to
develop a model of the turbulent flow field on the plane of injection. This
model should serve for computations involving more complex turbulence
models, having better heat transfer prediction capabilities, such as the k - w
model.

Further development and use of the Immersed Boundary Method

The current Immersed Boundary Method (IBM) used to numerically include the
film-cooling jet model is based on the assumption that a slip boundary condition
is imposed at the jet surface.

• Thermal boundary conditions. The thermal boundary condition of the cur
rent model assumes a constant temperature on the jet toroidal surface. This
temperature is given by the averaged value of the coolant and freestream
temperature. It would be worth testing more accurate thermal boundary
conditions, such as specifying a heat exchange between the coolant and
the freestream. In this context, the systematic discrepancy that is found in
the prediction of adiabatic film-cooling effectiveness in the near hole down
stream region could be reduced. This is because the thermal mixing at the
sides of the jet would be more in agreement with the suddenly imposed
thermal mixing on the 2D plane of injection.

• Turbulence. If one wishes to use the modcl with a more complex turbulence
model, based on solving partial differential equations for the transport of
turbulent quantities, then new boundary conditions on the jet surface should
be developed for these turbulent quantities. This should be done in connec
tion with experimental measurements and/or computational predictions (at
the level of LES and/or DNS) of such flows.

• Freestream penetration and permeability. As it has been discussed in
Chapter 9, if a high near-hole static pressure Ps relatively to the plenum
coolant total pressure PTis occurring, then it may happen that the freestream
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flow is actually ingested inside the hole. From this point of view, it is advised
to develop new boundary conditions at the immersed jet surface so as to al
low penetration of the freestream flow inside. In addition, and in connec
tion with the development of more advanced thermal boundary conditions, a
permeable boundary condition could also be implemented for the immersed
toroidal jet body. Indeed, the permeable boundary condition would allow to
transfer not only energy but also mass through the toroidal jet body. This
can be important because a non-negligible mass fraction may be ingested
between the hole exit and plane of injection due to the action of the nasccnt
CVP structure and freestream momentum. This may induce a better relax
ation of the computed near hole flow field so that a bcttcr prediction of the
near hole adiabatic film cooling effectiveness.

• Using IBMfor local geometrical change. In a more general context, thc use
of the IBM is very promising for flow problems involving local complex
geometrical features. For example, in industrial flows, the investigation of
the etJect of a local geomctrical change of a mechanical component upon
the general flow behavior is often desired because it could significantly im
prove the overall efficiency of the component. The use of the IBM allows to
modify the geometry in a givcn grid without having to redo the whole mesh
ing. Significant gain in effort and time in the optimization process could be
obtained.

Using the model for optimization

It has been shown that the current model can be used to solve flow through a film
cooled turbines in a reasonable time scale. In the continuation of this work, it
would be worth implementing, testing and using the model in a real optimization
loop. Since the model appears to be robust for predicting film-cooled turbine, its
integration in a design tool seems promising.
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Appendix A

Toroidal shape

A.l Mathematical description

A toroidal shape is chosen to represent the jet three-dimensional surface in the
near hole region. The mathematical description of the toroidal shape is done in the
jet intrinsic frame of reference (x,~, 7]). It is assumed that the toroidal shape is
symmetrical in respect to the 7]-direction (lateral direction from the point of view
of the jet) where the symmetry plane is lying on the (X, ~)-plane, see Fig. A. I.
The big circle, which is the curved axis bearing the solid small ring, has a constant
radius R,rn. The center of the big circle is located at point X tc (Xo, ~o, 0). The
big circle goes through the hole exit plane, at the point X ho (Xho, ~ho, 0) and also
through the center of the jet X jc (Xjc, ~jc, 0) on the plane of injection. The small
"circle" of the toroidal shape, which is the circular section that is translated along
the big circle axis to create the toroidal surface, is in fact an ellipse. This "small
ellipse" represents the cross section of the jet, which may vary in size along the
jet path, as explained in the previous section. The two axis of the small ellipse are
denoted by A (X, 0 (this is the axis of the small ellipse in the (X, ~)-plane) and
B (X,~) (this is the axis of the small ellipse in the 7]-direction). They actually are
an extension in the third dimension X of the two axis of the elIipse which represents
the mixing zone, see Chapter 3. Intuitively, the mathematical description of the
toroidal surface is given by

where

2 2

( ) [
y (X, ~) - Rm] [ 7] - T)o ]

Tintuitive X,~, 17 = A (X, ~) + B (X,~) - 1 = 0 (A. 1)

(A.2)

(A.3)
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Figure A.I: Description of the toroidal three~dimensional surface mimicking the jet body
near the hole.
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Obviously, '1]0 is equal to zero since the toroidal shape is placed on the (X, ~)

plane, where fJ is equal to zero. To have a more compact expression of the toroidal
three-dimensional surface, it is set that

O(X,~) = Y(X,~) - Rm . (AA)

To simplify the notation, the spatial components (X, ~,fJ) of the functions are from
now on omitted, as they all have been shown. Plugging Eq. AA in Eq. A.I and
some algebra, the final mathematical expression for the toroidal surface is derived.

(A.S)

The geometrical place of the toroidal surface is found when the function T (X,~, "7)
is equal to zero.

A.2 Axis of the small ellipse .. jet cross section

The axes of the small ellipse are varying as a function of its position on the (X, ~)

plane. To simplify the problem, it is first assumed that the same type of function is
describing the two axes A (X,~) and B (X, ~), that is the function A (X, ~). A peri
odic behavior is assumed for the function A whose period is given by the aperture
angle !:1() = ()Ze - ()wi for A and !:1() = ()ho - ()wi for B between the hole exit and
the plane of injection, as shown in Fig. A.2. The function A is given by

and the angle () reads

(~ -~o)() = arctan
X - Xo

(A.6)

(A.7)

For the axis A, ()1 = ()Ze, ()2 = ()wi and for the axis B, ()1 = ()ho, ()2 = ()wi.

Furthermore, the first derivative of the function A is zero at () = ()l, ()2.

(dA)
d() = 0

(}=Ol ?.,-

(A.8)
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Figure A.2: Variation ofthe two axis A and B ofthe jet elliptic cross section ellipse.

In fact, the angle of the toroidal surface I is enforced to match the angle of injection
at the hole exit (that is (to, f30 in the (X, ~)-plane and 90° in the (1', B)-plane) and
on the plane of injection (that is a and (3). As it has been seen in Chapter 3, the
axis A is not the same on the plane of injection whether it is considered above or
below the jet center. As it has been assumed that the toroidal shape is symmetrical
in respect to the 1]-direction, the axis B is the same in both lateral sides of the jet,
and varies following the A function. Furthermore, the axis A in its lower side, that
is AI, see Chapter 3, is set constant. Only A2 varies as the A function.

A.3 Scaling of the toroidal shape parameters

Obviously, the parameters of the toroidal shape, contained m the functions
A (X, 0, n (X,~) and n (X, E) are not known a priori. They are listed in de
tails in Table A.I. To find them, it is necessary to take into account the available
information, that is the geometry of the hole as well as the characteristics of the
jet mixing zone on the plane of injection. These two features allow to constraint
the search of the unknown parameters defining the toroidal shape in such a way to
get a unique solution. The geometrical characteristics known owing to the know
ledge of the hole geometry and jet mixing are given in Table A.2. The center of

1this is the local angle a in respect to the streamwise direction
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Geometrical Description
characteristic

X tc (Xo, ~o, 0) Center of the toroidal shape
Rm Radius of the toroidal big circle
Am, riA, Al Axis of the small ellipse, in ~-direction, of the tor-

oidal shape
Em, dB, Bho Axis of the small ellipse, in 17-direction, of the tor-

oidal shape. Aperture angle on the plane of injec-
tion

Table A.I: Unknown parameters to be used as a .function T (X, ~, 77) which defines the
toroidal surface.

Geometrical Description Known from
characteristic

d Hole diameter Hole geometry

X le (Xle, ~le, 0) Leading edge point of Hole geometry
the hole

tle, Ble Coolant flow injection Hole injection angles ao and
direction Po

X wi (Xwi,~wi,O) Top side of the jet on the Located at height A2 from
plane ofinjection the jet center position X jc ,

in the direction of e~
t wi , BWi Coolant flow direction Local jet angles a and {3

on the plane of if~jection

X jc (Xjc, ~jc, 0) Center of the jet on the Jet trajectory model
plane of injection

Table A.2: Geometrical characteristics ofthe toroidal jet surface that are known a priori.

the toroidal shape X tc can be inferred from the leading edge position of the hole
X le, its aperture angle Ble , the windward side position of the jet on the plane of
injection X wi and its aperture angle BWi as shown in Fig. A.3 In the center plane
(X, 0, the local angle a at any point within the toroidal surface can be computed
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Figure A.3: Normal vectors to the toroidal surface at X Ie and X ,.lIi to find the center X tc

ofthe toroidal shape

using the normal vector of the surface.

(
n ) 7ra = - arctan n; = e- 2 (A.9)

Now the toroidal surface at points Xl e and X wi in the plane (X, 0 can be simply
defined as a circle, since the derivative of the small ellipse axis is zero at these
locations, see Eq. A.8. This means that the equation of the "surface" at these
locations, in the plane (X, ~), reduces to

The normal vector of such a "surface" is given by

(A.IO)

n= (A.ll)

Using Eqs. A.II and A.9 at points X Ie and X'wi leads to the following system of
equations

{

al = - arctan ~Xle-X()),e ~le -~()

a . = -arctan XWi-XO)
Wt ~wi-(O

(A.12)



(A.13)

(A.14)

(A.15)
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The solution of the above system gives the position of the center of the toroidal
shape (xo, ~o).

{

Xl"-(:~'ll;':le. )XWi+.(i;le-l;"'i)tanale
X wz
0= l_t.a.UOile

ta.n CX'w'i.

t ~ ~ . ~ XO-Xwi
<.,,0 ~ <"w~ tan a.,,,.;

The radius Rm of the big circle is simply given by the distance between the center
of the jet on the plane o.f injection X jc and the center of the toroidal shape X tc.

Rm = V(XjC ~ Xo)2 + (~jc - ~0)2

The point X ho pertaining to the hole exit plane need to be found in order to derive
the aperture angle eho . To do so, the point Xlm which is on the toroidal shape
cross section where X le lies, see Fig. A.I, is first computed. Using Eq. A.II
gives the following system of equations.

{
O:l = al = ~ arctan (Xlrn -xo),e m l;lrn -l;o

2 '
(Xlrn ~ Xo) + (~lm ~ ~o) - Rm = 0

The solution of the above system of equation is

~ . (Rrn tan ale )
Xlm - Xu - Jl+t. 2an ale

~ ~~+( R rn )r."lm - <.,,0 Jl+.t.' 2
,c1n Ctl"

(A.16)

In analogy to the previous system of equation A.15, the system of equation to be
solved for X ho is

(A.I7)

This gives the solution for X ho.

X· = X· ~ ( R rn tanahQ )
ho 0 V 2l+tan aho

t ~~+( Rn1
)..,ho ~ ..,0 Jl+' 2 .td.n aha

(A.IS)
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Hence, the aperture angle 8ho is known, see Eg. A.7. The two coefficients Em
and dB of the function B (see Eg. A.6) are easily found. Indeed, searching their
extreme value at the two points X Iw and X wi gives

(A.19)

where the semi-axis B~et should normally be equal to the semi-axis Bm2 of the
mixing zone, see Chapter 3. However, in order to ensure mass conservation, see
Chapter 5, this variable is set as a model coefficient to be calibrated. The same
procedure as above is applied to search Am and dA.

(A.20)

hence

(A.21)

where A~et is also set as a model coefficient for the same reason as for B~et. The
semi-axis Al is also set as a model coefficient.
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Immersion of the 3D jet in the computational mesh

B.t Cell/Ghost-node classification in the 3D film-cooling box

The aim here is to show how the ghost-nodes X p and their corresponding surface
points X s are searched and classified.

B.l.l 3D film-cooling box

A priori, the search of the characteristic C l of cells and the related ghost-nodes
X p and surface points X s should be carried out upon all the grid nodes pertain
ing to the global computational mesh. However the vast majority of grid nodes are
certainly not located in the ncar-hole region. Hence, in order to not waist computa
tional resources, a 3D film-cooling box is extracted from the global computational
domain, as shown in Fig. B.1. This three-dimensional box represents the near-

3D film-cooling box

Figure B.l: Three-dimensional film-cooling box.

I The characteristic C of a cell is either physical, interfacial Of ghost, see Fig. 4.5
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hole computational domain, so-called Bfcm. Any cell that is not included in the
3D film-cooling box is considered as being a physical eel\. Typically, the 3D film
cooling box has a streamwise length of a- 4 hole diameters, a width of 2 - 3 hole
diameters and a height of 1- 2 hole diameters. The searching and classification of
the cells, grid nodes and points are only performed inside this local computational
mesh B fcm .

B.1.2 Cell/Ghost-node classification

The ghost-nodes X p are necessarily located inside the jet displacement body. The
jet body is defined by the interior of the toroidal shape, upstream of the plane of
injection, as shown in Fig. B.2. The toroidal shape mimicking the jet near the hole

(1,0)

Figure B.2: Regions and boolean.

(0,0)

(0,0) (0,0)
.~-- -_ ..... -

(0,1)

is defined by the function given in Eq. A.5, 'It (X) = O. Furthermore the plane of
injection is defined by the function P (X) when it is equal to zero.

P(X) = X = 0 (B.I)

Thus, the ghost-nodes X p, which are located in the interior of the near-hole jet
body, formally rcads

(B.2)
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Although it is a necessary condition for X p, it is not sufficient. Indeed, the ghost
node must also pertain to one interfacial cell at least, see Fig. 4.5. The classific
ation of all cells pertaining to the 3D jilm-cooling box is therefore required. To
do so, each grid node X is characterized by two boolean functions, as shown in
Fig. B.2. The first boolean function is 'II' (X), which tells if the grid node is loc
ated outside ('II' (X) = 0) or inside ('II' (X) = 1) of the toroidal shape. In analogy,
the boolean function TID (X) determines if the grid node X is located downstream
(lP (X) = 0) or upstream (lP (X) = 1) of the plane of injection. Knowing that
each cell has Nv vertices2

, its characteristic C can be derived as follows.

N,,,

C = 2: max (TID (X n ), 'II' (X n ))

71.=1

where the integer number C determines the class of the cell.

{

C = 0 {.:} physical cell
o< C < N v {.:} interfacial cell

C = Nv {::} ghost cell

(B.3)

(BA)

The ghost-nodes X p are those which satisfy Eq. B.2 and at least one of its adjacent
cells is an interfacial cell (0 < C < N v ).

B.2 Boolean function and surface point of the plane of injection

It has been shown in the previous section how the ghost-nodes X p, as well as
the cells characteristics, are found and classified. However, the boolean function
JID (X)3, as well as the surface points X s of the plane of injection are still miss
ing information to be able to numerically immersed the near-hole fi1m-cooling jet
model. As shown in Fig. B.2, for any grid node X located within the 3D jilm
cooling box, the boolean function JID (X) is given by

{( I) [(X-X"e).e ]}JID(X) = int "2 abs IX _ ~jel x -1 (B.5)

Furthermore, the surface point X s of its corresponding grid node X is given by

(B.6)

2In this study, all the cells are considered hexahedral so that N v = 8
3as well as 11' eX), see section B.3
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B.3 Boolean function and surface point of the toroidal shape

In analogy to the previous section, it is shown here how to find the boolean function
1I'(X) as well as the surface points X s of the toroidal shape. This is to fully
immerse the three-dimensional film-cooling jet model.

B.3.! System of equation to be solved

The search of the position of any grid node X relatively to the toroidal surface does
not end up with a unique solution since the toroidal surface is a three-dimensional
curved surface. In order to find the surface point X s corresponding to the grid
node X, there are three informations to be respected.

1. The surface point X s verifies Eq. A.5.

2. The normal line to the toroidal surface issuing from X s is also going
through the grid node X

3. As several surface points X s verify 1. and 2., it is added that the selected
surface point X s is the one that gives the shortest distance to the grid node
X

The above information can be put into the following system of equations.

{
T(Xs) = 0

Xs+Ans = X
(B.7)

where Aand X s are the four unknowns of the system of equations B.7. The normal
vector n s to the toroidal shape at X s is given by

n, = [ ~ ]
(B.8)

The first order derivatives of T are given in Appendix C. A Newton-Raphson
method is used to solve the system of equations B.7. This means that an initial
guess X~ of the position of the surface point as well as for the coefficient (.\0)
has to be fed to the Newton-Raphson procedure. Note that the search of the initial
guess will determine the boolean function 1I' (X) as shown here after. Also the
initial guess will ensure that the above-cited point 3 is fulfilled.
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B.3.2 Toroidal shape initial guess - get the boolean function

In order to get a quick and efficient initial guess, the three-dimensional problem of
Eqs. B.7 is reduced to a two-dimensional problem. This sub problem is defined
in the plane going through the grid node X and lying onto the cross section of
the toroidal shape, as shown in Fig. B.3. The initial guessed surface point X~

Figure 8.3: Two~dimensionalplane where to search the initial guess of the surface point
pertaining to the toroidal shape.

and coefficient AO are searched in two steps. The first step is to locate a reference
surface point X:. It is found when solving the following system of equation.

where the center Xc of the local ellipse reads

X-Xtc
Xc=Xtc+RmIX_X 1

tc

(B.9)

(B.IO)

(B.12)

and the angle e is found using Eq. A.7 to be fed in A and B, see Eq. A.6. The
solution of Eqs. B.9 is therefore

(B.ll)

So that X: is found using Eq. B.II plugged into the first equation of Eqs. B.9.
The initial guessed surface point X~ is therefore given by solving the following
system of equation.

{
X~ = X + A~n~

Ixo-x 12 Ixo-x 12

8 A2
C +- 8 B2

c -1=0
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where the normal vector n~ is found by plugging X; into Eq. B.8. The final
solution is therefore

(B. I3)

The boolean function 1I' (X) is simply given by

(B.l4)

B.3.3 Accurate search of the surface point - Newton-Raphson
method

The resolution of the system of equations B.7 can rapidly be fastidious and compu
tationally intensive since there are four non-linear equations (among which three
are differential) to be solved in a three-dimensional domain. In order to save com
putational resources, the system of equations B.7 is decoupled to be reduced to one
non-linear equation. This equation is to be solved by an iterative process, using
a Newton-Raphson method. It is considered that the surface point X s is known
and fixed so that the only unknown is the coefficient .\. The equation A.5 of the
toroidal shape becomes

where

T [Xs (.\)] = T (,\) = 0 (B.IS)

(B.16)

The normal vector n s is found by plugging explicitly the surface point X s in Eg.
B.8. The procedure to accurately derive the surface point X s consists of multiple
n steps of repetitive Netwon-Raphson method to solve Eq. B.16. The Newton
Raphson method applied to Eq. B.16 gives

(B.17)

where the derivative dT/ d,\ is given in Appendix C. Overall, the procedure to get
the surface point X s is given as follows.

1. Get initial guess X~.
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2. Set i = -1

3. Update i = 'i + 1

4. Set Ai and n~ from the knowledge of X~.

5. Set Ao = Ai

6. Compute the toroidal function T (AO) and its derivative (dT/dA)O.

7. Set n = 0

8. Update n = n + 1

9. Compute the toroidal function T (An) and its derivative (dT'/dA)n.

10. Compute An +l using Eg. B.17.

11. If An+l - An > C).. then go back to 8.

·12. U d t Xi X \ i~lP a e s = - An+ln~

13. If X~ - X~~l > Cx., then feed back 3.

14. Set finally X s = X~

After some testing, it is proposed to set C).. = 10~10 and CXs = 10~1O. In
average, it takes about n = 3 and i = 4 iterations to get the final solution X s ,

provided that the initial guess X~ is good enough.

B.4 Numerical treatment of local singularities

B.4.1 Pseudo-mirror point

As shown in Fig. 4.8, the jet toroidal surface is pinching back in its lee side. In
certain cases, the search of the mirror point X musing Eg. 4.7 may not come
to an end. Indeed, as it is displayed in Fig. B.4, the mirror point X m might
be located outside the computational domain. Thus, for this local singularity, a
pseudo-mirror point X~n that acts as a standard mirror point has to be defined.
To ensure that the pseudo-mirror point X~n is inside the computational mesh, it
is mirrored to the outside in the direction parallel to the neighboring wall. This
direction can be formally defined by the lateral unity vector er} of the jet intrinsic
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Figure B.4: Pseudo-mirror point in case ~fmirror point outside ofthe computational mesh.

frame of reference. This induces that, before searching the pseudo mirror point
X~n' a corresponding pseudo wall point X~g needs to be found. It is easily found
by using the procedure to find the reference wall point X: shown in section B.3.
The normal vector n s is simply replaced by the unity vector er/. The pseudo mirror
point is therefore found by solving the following equation.

(B.18)

BA.2 Corner node

The ghost-nodes that are located near the plane of injection as well as the jet sur
face might need to be updated to fulfill two different types of immersed boundary
condition Q lBG, that is the one affected to immerse the jet surface and the one
to inject the film-cooling jet model, as shown in Fig. B.S. Such a singular node
is denoted a corner node. A blending parameter Ie is used so that the final state
vector value q~orner of the corner node is a mixture of the two state vector value

Q~et and Qtern given by the immersed boundary method applied for mimicking
the jet surface and for the film-cooling jet model respectively.

(B.19)

At the location of the corner nodes, the jet is in general starting to be as it is
described by the film cooling jet model. Therefore, by default, the blending para
meter Ie takes a value of 1.
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Appendix C

Derivatives of the toroidal shape function

C.l (x, ~ , T) ) -derivatives

8'1' = 2 [A 8... A ( 2 _ B2) + B(?B (n2 _ A2) + n8nB2]
8x 8x 1] 8x H, Dx (C.1)

8T = 21]A2 (C.3)
81]

The derivative of the sub~functions of ']' are given as follows

80, X --- Xo
-

aX 0, + R rn

DO, ~ - ~o
-

a~ n+ Rrn

an
-=0
arl

(CA)

(C.5)

(C.6)

(C.7)
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aA
01] = 0
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(C.S)

(C.9)

ae
ax (C.lO)

C.2 A..derivatives

(C.ll)

(C.l2)

aT = 2 [A a.A (r)2 _ B 2) + B 8B (n2 _ A2) + nan B 2+ 1]81] + A2]
0'\ 0'\ 0'\ a,\ 0'\

(C.13)

The derivative of the sub-functions of T are given as follows

an (x - XO) nx + (~ - ~o) n~

0'\ - n+Rm

De (X-Xo)n~+(~-~o)nx

a,\ (0 + Rm )2

(C.14)

(C.15)

(C.16)



Appendix D

Calibrated film-cooling jet model versus experiment:
velocity field

The three-dimensional velocity field obtained with the calibrated film-cooling jet
model on the plane q{injection is shown. It is compared to the avai lable PlY exper
imental measurements [13] for all flow regimes investigated, with a hole streanl
wise injection angle eto of 3<rand SCt.
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AppendixE

Calibrated film-cooling jet model versus experiment:
thermal field

The test rig of Rydholm [751 consists of a closed-loop, recirculating wind tunnel.
From a secondary flow loop, cool air is injected into the hot mainstream through a
row of five holes, each of them having a length of 8.0 hole diameters. A pitch dis
tance of 3.0 hole diameters separates them. Each hole has a diameter of 5 [mm],
and a streamwise injection angle O~O of 30°. Four measurement series were car
ried out for different density ratios and blowing ratios. In each series, the test rig
pressure was at atmospheric level; with a freestream velocity of 47.4 [m/s]. Ve
locity measurements were made with a Laser-Doppler Anemometer (LDA). The
uncertainties can be estimated equal to 0.5 [m/s] for streamwise and lateral velo
city and 1 [m/s] for vertical velocity. The total temperature was measured by an
ironlconstantan thermocouple whose global uncertainty is 0.5 roC]. A comparison
of the velocity and thermal field obtained with the measurements and with the cal
ibrated film-cooling model, for a density ratio of 1.17 and a blowing ratio of 1.35
is shown in Fig. Rl. The plane of injection is located at X / d = 1.0.
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Figure E.l: Comparison of the measured (left) [75J and modeled (right) coolant jet flow
field on the plane of injection.



AppendixF

Numerical values of the model coefficients for
ao = 30°

I Coefficient I Functional dependency I Co I C

Cn power law: Co + c· IRn 40.000 0.0191 :{.:{570
<>

Cnr; power law: Co + c· IRn 5.3245 0.2625 0.267:3

AmI constant: Co 0.:3200 - -
A rn2 constant: Co 0.2600 - -

Bml =Bm2 constant: Co 0.4400 - -

~w constant: Co -0.1600 ~ -

''7w constant: Co 0.0000 - -

Awl linear: Co + C. I R 0.1800 0.0200 -
A W2 linear: Co + c· IR 0.4400 0.0500 -

BW1 =B w2 linear: Co + C. I R 0.:393:3 0.0167 -

I~ power law: Co + c . I R n 0.0000 --0.1600 0.2618
[1 constant: Co -0.0100 - -w
6r power law: Co + c . I R n 0.0000 -0.1400 0.3260

rllr constant: Co 0.4800 - -

rjr power law: Co + c· IRn 0.0000 0.6375 -0.5438

aIr power law: Co + c· IRn 0.0000 0.2960 0.0562

Table F.l: Calibrated functional dependencies ofthe model coefficientjbr eta = :10 Q.
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Numerical values of the model coefficients for
ao == 50°

I Coefficient I Functional dependency I Cn I C In
Cn « power law: Co + C . I R n 42.000 1.000 1.5000
Cnd power law: Co + c· I R n 5.a245 0.2625 0.2673
AmI constant: Co 0.3200 - -
A m2 constant: Co 0.2600 - -
Bml ;;;; Bm2 constant: Co 0.4400 ~ -

~w constant: Co -0.1200 - -

7}w constant: Co 0.0000 - -

AWl linear: Co + c· IR 0.0200 0.4000 -
A W2 linear: Co + C . I R 0.0667 o.aa:~a -
BWI ;;;; B W2 linear: Co + c· IR 0.0200 0.4900 -
III power law: Co + c . I R n 0.0000 -··0.2:340 0.1548W
[1 constant: Co -0.02 - -W

6r power law: Co + c· I R n 0.0000 -0.1800 0.2653
7711' constant: Co 0.4800 - -

ri1' power law: Co + c . I R n 0.0000 0.7594 -0.5272
(J,l l' power law: Co + c· IRn 0.0000 0.2960 0.0562

Table G.l: Calibratedfunctional dependencies of the model coefficientfor eto = 500.



AppendixH

Numerical values of the model coefficients for the
small ellipse of the toroidal shape

I Coefficient I Functional dependency I Co I C In
A] power law: Co + C . I R n 0.1200 0.2000 0.0213

A
Jec power law: Co + c· I R n 1.8000 -0.5380 0.02892

BJet power law: Co + c . I R n 0.5000 0.0900 0.07602

Table H.i: Calibrated functional dependencies of the coefjicients of the small ellipse of the
toroidal shape, for 0:0 = :30°.

I Coefficient I Functional dependency I Co I C

Ai power law: Co + c· I R n 0.1200 0.1960 0.0566
AJet power law: Co + c . I R n 1.8000 -0.5380 0.02892

B
Jet power law: Co + c· I R n 0.5000 0.0800 0.29252

Table H.2: Calibrated functional dependencies of the coeJficients of the small ellipse ofthe
toroidal shape, for ao = 50 o.
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Appendix I

Determination of the stretched wall coordinate

The equations shown in this Appendix are given in Schlichting [801. The first
grid node normal position Z from the flat plate surface is found knowing that the
stretched wall coordinate Z+ has to be equal to 1. This is due to the fact that a
two-layer turbulence model is used in this study.

Z+ = 1

The stretched wall coordinate Z+ reads

Z+ = pfUTZ
pJ

where 'IJ,T is the wall friction velocity. It is given by

(1.1)

(1.2)

(1.4)

(1.3)uT={j
where T w is the wall stress. It is proportional to the freestream kinetic energy.

pf'U
f2

T w = Cf 2

where C f is the skin-friction coefficient. It is assumed that the flow through the
rectilinear channel is fully turbulent. The Blasius solution for such a flow over a
flat plate gives the relation for the skin-friction coefficient C f.

I

C f = O.058Re~5

Plugging Eqs. 1.5,1.4 and 1.3 into Eq. 1.1 gets

pi11/Z _--.L
Z+ = 0.2408 Re . III

pJ L

(1.5)

(1.6)
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So that the Z coordinate of the first grid node of the mesh in the normal direction
is known, using Eq. 1.1 into Eq. 1.7.

IIi J

Z - 4 1>::23 f"'" R TIl-- . \) -f·f· ,e rp 'I}, ..J

(1.7)



AppendixJ

Wall Injection (WI) injection strategy

The Wall Injection (WI) strategy consists on the following steps to be carried out.

• Select the hole exit grid nodes that pertain to the hole exit area.

• Compute the state variables at hole exit grid nodes, as a function of the
specified coolant conditions.

• Specify in the CFD algorithm the coolant state variables.

Fig. J.l displays the selected hole exit grid nodes that pertains to the hole exit area.
This is shown for the mesh utilized in Chapter 7, that is mesh C2. The coolant state

WAll INJECTION (WI)

0.5 ,~
hole axit
grid noder--+-......~ ~~..--~""ooF=+--I-..:..

'00.0~~+=~+--~-.
~ --------.......-...~---------j

0.0
X/d [..]

1.0

Figure 1.1: Arrangement ofthe hole exit J;rid nodes at the jiat plate surface (Z/ d = 0.0).

variables are computed at each hole exit grid nodes. They have a constant value at
each hole exit grid nodes so that they only need to be computed oncc. In this work,
the technique utilized to probe the surrounding flow field in the FCM strategy is
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also used for the WI strategy. Furthermore, the computation of the coolant flow
conditions at hole exit is done as for the FCM strategy. It is based on the isentropic
expansion of the coolant through the hole, see section 3.4.1 in Chapter 3. This is
to ensure that the flow values used for the FCM and WI strategies are as closc as
possiblc. Vogel [89] used other inputs but the stratcgy of the injection stays the
same. Here, the coolant state variables are specified as follows:

• P'l.tx = pCUc cos (no) cos (f3o)

• pUy = pCUc cos (ao) sin (f30)

,2

• pE = (P<;/ b - 1]) + O.5pcuc



AppendixK

Full Injection (FI) injection strategy

The Full Injection (FI) strategy consists of meshing not only the freestream region
but also the hole and the plenum chamber, where the coolant is delivered. Sev
eral authors have already used this strategy to investigate film-cooling jets in a flat
plate, see for instance Leylek and Zerkle [56], Walters and Leylek [90], Lakehal
[52], Martelli and Adami [60]. The meshing of the hole and plenum chamber
is obviously more tedious than meshing only the freestream region. Thus, the
effort when using this method is not only increased by the higher amount of com
putational cells, comparatively to the FCM or WI strategies, but also due to the
pre-processing of the computational domain. In this thesis, the commercial soft
ware CFX5.7 has been used t()[ the Full Injection (FI) strategy. A very detailed
explanation of the procedure to carry out the computation shown in this thesis can
be found in Christen [20].

K.l Computational domain

The computational domain used for the FI strategy corresponds to the geometry
of the film-cooled flat plate test section of Bernsdorf [13]. The dimensions of the
computational domain are plotted in Fig. K.l. The dimensions of the plenum
chamber are identical to the experimental setup. The coolant is delivered at the
bottom of the plenum chamber.

K.2 Computational mesh

The computational mesh consists of a combination of tetrahedral and hexahedral
cells. This hybrid approach has been chosen because it allows to lower the number
of grid nodes in the freestream region (tetrahedral cells) while being well refined
and orthogonal near the walls (hexahedral cells). This hybrid grid structure is fully
supported by the solver CFX5.7. A center plane cut of the computational mesh is
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Figure K.l: Dimensions ofthe computational domain used in the FI strategy, in [mm).

shown in Fig. K.2. As it can be seen in Fig. K.2, the mesh is refined in the near hole
region and downstream of it. Indeed, this is where the coolant and freestream flows
interact. Since a two-layer turbulence model is used, the hexahedral cells near the
walls have been ensured to be enough clustered so as to have a non-dimensional
wall distance of Z+ f"'-' 1. There are typically about 10 hexahedral cells in the
laminar near wall region and buffer zone. Then, tetrahedral cells are placed. More
than 1'5 cells are lying within the boundary layer in the freestream region. In total,
the computational mesh contains 7.7 ·I05 grid nodes. This is a typical grid size for
this kind of flow problem, see for instance Martelli and Adami [60]. During the
meshing process, one of the most complicated task is the connection of the grid
blocks pertaining to the hole to the ones that are in the plenum chamber and in
the freestream region. To help the user, CFX5.7 has a optional tool to make sure
that all blocks are well connected. The mesh near the hole exit is plotted in Fig.
K.3. It reveals the changes in grid density near the corners of the hole. This is a
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Figure K.2: Center plane cut (~lthe computational mesh used in the FI strategy.

consequence or the block connections. As it can be seen in Pig. K.3, corners are
very sharp. In fact, it is assumed in this computational domain that corners have
no fillet. As it is shown in Chapter 7, this may have an importance to the evolution
of the coolant in and out of the hole.

K.3 Boundary conditions

The same boundary condition as for the pCM and WI strategies are given at the
freestream inlet plane and at the outlet plane. At the rreestreanl in let plane, the
flow angles are given (velocity perpendicular to the plane) as well as the total
pressure and temperature of the freestream, sec Table 5.2 in Chapter 5. There is no
boundary height. Indeed, the boundary layer starts developing at the inlet of the
computational domain, as in the experirnent. At the outlet plane, a constant static
pressure is specified so as to match the freestream Mach number, see Table 5.2.
The specification at the inlet coolant plane is a bit more tricky. Indeed, after some
computational runs, it has been discovered that the prediction of losses trough the
hole is inaccurate, see Christen [201. This means that if the coolant total pressure
is spedfied in the computation exactly as it is in the experiment, then the computed
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Figure K.3: Thre(>dimensional view oflhe cOInpulalional mesh in Ihe near hole region.

coolant mass flow, as well as the blowing ratio, is inaccurate. To remediate to this
problem, the coolant mass flow at the coolant inlet plane has been forced to be
equal to the experimental mass flow. This ensures that the computation with the PI
strategy gets the same blowing ratio as for theFCM and WI strategies.

K.4 Computational procedure

The Reynolds~AveragedNavier Stokes (RANS) equations are solved. The eddy
viscosity is computed through the k-w based Shear-Stress 'I'ransport (SST) model,
see Menter 1631. This is a two-equations, isotropic turbulence model. It basically
uses the standard 1,; - w model in the boundary layer region and switches to the
standard k - f model in the freestream region. The computational procedure con
sists of two parts. In a fi.rst step, a computation is carried out with a blowing ratio
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of BR = 1.0 in order to have an initial flow solution that can serve for ditIerent
blowing regimes. Then, the computation with the blowing regime wanted is car
ried out. The Root Mean Square (RMS) residuals of the initial guess computation,
as well as the final computation, are shown in Fig. KA. In total, about 200 iter-

r-r···r·'i.......~r"""TI iii ( iiI ,·-r·,....·t·'TT...,. iii' ii' I Iii l~rl~T-1""'l
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Figure K.4: Root Mean Square (RMS) residuals for the initial guess computation (left) and
final computation (right).

ations are needed to get a fully converged solution. The computations have been
done on the same hardware as for the FCM and WI strategies, see Chapter 5. Each
iteration takes about 7.4 minutes. This means that the whole computational time
is 24 hours and 40 minutes.



K.4. COMPUTATIONAL PROCEDURE

Seite Leer /
Blank leaf

~·"""_,__ ,,,,"",iw~l,iiII_ ",,__~__-----'

306



Appendix L

Linear transonic film-cooled turbine cascade

L.t Injected coolant mass flow

I Case I BR =1.0 I BR =1.5 I
set 3 0.15 0.23
set4a 0.21 0.31
set 1 0.37 0.50
set 4ab 0.42 0.61
set 13 0.52 0.73
set 14a 0.57 0.81
set 134a 0.73 1.04
set 14ab 0.79 1.12
set 134ab 0.94 1.35

Table L.1: Percentage ofinjected coolant mass flow as afunction ofthe incomingfreestream
massJiow.



L.2. GLOBAL MASS FLOW ERROR

L.2 Global mass flow error

308

I Case I BR =1.0 I BR =1.5 I
uncooled -0.13 0.13
set 3 -0.24 -0.15
set4a -0.15 -0.04
set 1 -0.06 0.01
set 4ab -0.22 -0.05
set 13 -0.05 -0.01
set 14a -0.26 0.06
set 134a -0.02 0.12
set 14ab -0.05 0.14
set 134ab -OJ)6 0.22

Table L,2: Global mass flow error t~.



L.3. DEFINITION OF LOSS COEFFICIENTS

L.3 Definition of loss coefficients

The pressure loss coefficient Yp is computed as follows (Denton [26]):

"V _ PT,inl - PT,oUL
Lp -

FT , t- P t,au s,ou

309

(L.I)

where the pressures are mass-averaged at the inlet and outlet planes respectively.
The outlet total and static pressure PT,01J,t and Ps,mtt represent the mixed-out pres
sure condition, given by the computation (or experiment). The inlet total pressure
PT,inl is found by mass-averaging the inlet freestream and coolant total pressures
p/, and p,c .

T,7nl T,1/nl'

. f Df ""n. Ci Dei. m,· r, . + LJ' rn· rr,'p}nl _ tnl T,/'nl '/,=1ml 1,1,1",,[

l' - . f ""n . C

rninl + LJi=1 m'i';"z

(L.2)

where n is the total number of cooling holes. The enthalpy loss coefficient YH is
defined as follows (Denton [26]):

H Hiss out -- c, o'u'/y; -' '-', ,
H- H-H

out s,ouL
(L.3)

where H~'~out is the mixed-out, isentropic expansion, static enthalpy. The mixed
out total and static enthalpy (Hout and Hs,out) are mass-averaged at the outlet
plane. The mixed-out, isentropic expansion, static enthalpy H.~~out is found from
the mass-averaged inlet total pressure and total temperature p,J;~l and T¥l.l. The
mass-averaged inlet total temperature 'l'/rn,l is given by

(LA)

The mixed-out, isentropic expansion, static enthalpy H,~'~out is therefore given by

(

p )'Y~-1
is s,out

H s mLt = CpTT,'inl
, PT,'inl

(L.S)
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L.4 Superposition of rows at pressure side surface with set 3
andset4a

Cooled Adiabatic BR =1.0
1~ S134a

L-----r-J1.0
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Figure L.l: Predicted adiabatic film-cooling effectiveness 71 at the pressure side surfacefor
a blowing ratio of BR = 1.0. Injection at set 3 and set 4a (left) and injection at set 3 only
(right).
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Figure L,2: Predicted adiabatic film-cooling effectiveness t} at the pressure side surfacefor
a blowing ratio ofBR = 1.5. Injection at set 3 and set 4a (left) and ir{jection at set 3 only
superposed with injection at set 4a only (right).
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1__.5 Superposition of rows at pressure side surface with set 3
and set 4ab
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Figure L.3: Predicted adiahatic.fibn-cooling effectiveness 'I at the pressure side surlaceJbr
a blowing ratio (~rBn = 1.0. Injection at set 3 and set4ah (l(dO and Injection at set 3 only
superposed with if~iection at set 4ab only (right).
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