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Abstract

Large Eddy Simulation is used to study the interaction of a 35° inclined jet into a crossflow. Steady
state cases, with a BR ranging from 0.150 to 1.2, are firstly examingdléostand the dynamics of the
flow field. Iso-surface of Laplacian pressure, vorticity contour and velocity fields highlight the presence
of four main vortical structures: shear layer vortices, helgees vortices, wake vortices and CRVP.
Qualitative corparisons are performed between simulations and experiments.

The dynamics of the flow field is next characterized by pulsing the jet. The studied pulsed cases have
same low BR and duty cycle respectively fixed at 0.150 and 50%. The presence of a vonexating
evolves into a leading hairpin vortex is observed at the pulse. Good qualitative agreement is obtained
between the numerical and experimental results.

Film cooling effectiveness, temperature contour and jet trajectory are extracted for both steady a
pulsed cases. Overall, steady state cases provide better results in term of film cooling performance. POD

is performed on steady and pulsed cases to obtain the dominant modes of the flow.
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Chapter 1. Introduction
1.1.Background JICF

The injection of a fluid inta crossflow has many practical technical applications. Some examples
are the flow issuing from the exhaust stacks of power plants, fumes from steam locomotives, fuel
injection for burners, or thrust reversers for propulsive systems.

These past years, highinterest has been brought to jet in crossflow studies due to its numerous
applications in environmental fields. In fact, the diffusion of pollutants into atmosphere from industrials
chimneys, or the release of contaminated water into rivers obeys sariee phenomenon as a jet in
crossflow (JICF).

One of the main applications of a jet in crossflow concerns fuel injection for combustion engines.
Given our energetic dependence and our limited resources in term of energy, it is essential to optimize the
mixing between air and fuel to reach higher or equivalent performance at lower energy cost. Higher
energy efficiency would be beneficial in many areas, such as avionics and automobile industry with more
fuel-efficient engines.

Another relevant applicatioof jet in crossflow is the cooling of gas turbines.

1.2.Film Cooling

In gas turbines, higher is the temperature at the turbine inlet, higher efficiency will be reached. The
increase of the turbine temperature has to be done by keeping in mind the linafdtie material. High
temperature may damage the blades and therefore its performance. Many improvements have been
realized on materials so that they support higher temperature. Over the g2&ty2ars, alloy
improvement, directional and singbeystal solidification have significantly contributed to reach higher
temperaturéFigure 1-1). The highest jump has been done with the introduction of coating system which
has allowed an increase of temperature up to 100°C.

Since limitations in terms of materials have been reached, other ways to cool gas tunzriesoea

found. Two systems ofooling are predominant: internal and external cooling. The internal cooling
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consists in the presence of channels inside the blaedant fluid is passed into the channels to cool

down the blades. The internal cooling is abundantly studied.
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Figure 1-1: Operational temperature of turbine components (Schulz et al, Aero. Sci. Techn. 7: 2003,
p.73-80)

In the case of the extellneooling, small holes, where cool air passes through, compose the blade.
For this technique, cool air is drawn from the compressor, pumped through internal passages in the blade
and ejected through the holes at the blade surface. The blade is cookediapésses through the inner
passages and impinges upon the internal surfaces. The ejected air, which is cooler, creates a thin
protective boundary layer around the component.

However two main points have to be kept in mind as the external coolingsailistly, the coolant
air is taken from the compressor. More air pumped from the compressor for cooling purposes means less
air available for the compressor and therefore a reduction of its performances. Aftradeveen
cooling and performance is ecessary. Secondly, the ejection of the coolant air has to be performed
without disturbing the primary flow. Any disturbances encounter by the main flow could decrease the
performance of the turbine. Therefore it appeared the quantity of coolant air esed tiee blades down
has to be maintained to a minimum level. Several possibilities are explored to reach this goal, as the use

of inclined jet which may improve the blade area covered by coolant, or the use of pulsed coolant.
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Figure 1-2: Film cooling of turbine blades in gas turbines
(Ittwww.epfl.ch/research/htprojects/filmcool.htm)

1.3Literature Survey

During the past decades, jets in crossflow have been extensively studied. Up to date, most studies
have been done on a vertical jet. It has been well established (Fric 1994, Kelso 1996) the interaction of a
jet with a crossflow produces four main vortistuctures: horse shoe vortices, shear layer vortices, wake
vortices and counter rotating vortex pair (CRVP). Horse shoe vortices form on the windward side of the
jet due to the blockage of the crossflow by the jet. Its legs extend around the jet exiakeheortices
develop underneath the detached jet. Fric and Roshko (Fric 1994) reported wake vortices originate from
crossflow boundary |l ayer whi ch has been entrain
simulation, Yuan and al. (Yuan 1999) haeeealed the legs of the horse shoe vortices are lifted upwards
by the crossflow motion and are incorporated into the wake vortex. In some cases, they may also merge
with the CRVP, depending on the sign of the vorticity (Peterson 2004). The shear lajersvimtm
along the jet/crossflow interface on the-lde and leadingdge of the jet exit. It has been shown the
development of spanwise rollers on the upstream and /or downstream side of the jet exit is linked to the
BR value and to the shape and otaion of the nozzle relative to the crossflow (New 2004). Broadly
speaking, at low BR spanwise rollers at the trailolge of the jet appeared due to the dominance of the
crossflow at the leadingdge. As the BR increases, the vertical jet momentumasesg as well as the

penetration of the jet into the crossflow and therefore the jet/crossflow interaction intensifies. This



generates the shedding of spanwise rollers at the windward side of the jet. A trailing edge column of
vorticity can be seen at rélely high BR. Concerning the CRVP, they result from the shearing of the jet

by the crossflow on the lateral edges of the hole. As the CRVP are convected downstream, they exhibit
the wellknown kidney shape. This largeale vortical structure is mainlgsponsible of the mixing of

the crossflow with the jet.

Counter-rotating
VOrtex pair

Jet shear-dayer

gL
Wake vortices

Figure 1-3: Vortical structures in JICF (Frick a nd Roshko, 1994)

It has to be noted the four vortical structures mentioned above result from the interaction of a jet with
a crossflow. However, their formation may slightly differ, or additional features may appear in function of
the velocity ratio, aspécratio, shape of the nozzle, jet velocity profile, or jet inclination. Several
experiments (Haven 1997, New 2004, New 2006) have been performed to study the influence of these
parameters. In general, the effects of these parameters are significant thielynaar field and diminish
in the far field.

If the coherent structures have been well identified experimentally, numerical simulation can help to
better interpret the complexity of their interaction under experimental conditions. However, numerical
simulations are relevant only if they are able to predict with accuracy the dynamics of tHesldow
therefore to solve the mulsicale vortical structures. To do so, several numerical models have been

investigated. Initially, due to computational lintia, the primary approach consisted in solving the



Reynolds Averaged Navier Stokes (RANS) equation. In RANS model, the Navier Stokes equations are
time-averaged, which results in the presence of an additional term: the turbulent Reynolds”si#gs

which is modeled to solve the flow fieltloda and al (Hoda 200@gave reviewed the performance of
seven tweequations models and compared them with the experimental results obtained by Ajersch at al
(Ajersch 1997). The comparison betweea tlumerical models and the experiment has been performed
on a row of six square jets oriented normally with respect to the crossflow, with a velocity ratio of 0.5.
The performance of seven numerical models has been investigated:-Rehigbdel, lowRe moals
(LaunderSharma, LanBremhorst and «v models), nonlinear models (Mayok@sagi and Speziale
models) and DNS based lee model. They concluded the tequations models fail to solve the
dynamics of the flowiield accurately. Overall the lateral sheat r ess udwbdé (responsib
mixing and spreading) is undpredict, while the vertical penetration is oyeedicted. In the wake
region of the coolant jet, the turbulent stress field is highly anisotropic and the unsteadiness of the jet
crosdlow interaction influences the entrainment process. The use of an isotropikvisddsity in the
two-equation model explains the lack of similarities between the numerical predictions and the
experiments.

The anisotropy of the turbulent stress fieldrisorporated in the Reynoléitress Transport (RST)
model where each component of the Reynolds stresses is solved. Despite a better representation of the
turbulent anisotropy, the RST predictions are not substantially better than teguation model orse
(Acharya 2001).

The advent of faster computers with larger core memories has allowed pushing further the resolution
of the flow field. New numerical models, like Large Eddy Simulation (LES) and Direct Numerical
Simulation (DNS) appeared. In LES, thevMdat Stokes equations are spatially filtered. The large eddies,
whose the size is superior to the filter width are numerically resolved, while the small ones are modeled.
This is in contrast with the RANS model where all eddies are modeled. Tyagi ang&¢hgagi 2003)
performed comparisons between RANS and LES models with experimental results of Lavrich and

Chiappetta (Lavrich 1990). The results have been obtained for a row of inclined cylindrical holes at
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blowing ratio of 0.5 and 1. They concluded thANS model fails to resolve the anisotropy and the
dynamics of the flowiield. However, the LES predictions are in good agreement with the experiments;
the large scale structures observed experimentally are reproduced by the LES model.

In DNS, the whole sgctrum of turbulent scales is numerically resolved. If the DNS provides
excellent comparison with the experiments (Muppidi 2007), its use is not widespread due to
computational costs.

The purpose of the numerical simulation of a transverse jet is tafydéme vortical structures,
understands their formation process and better interpret the complexity of the interaction of a jet with a
crossflow under experimental conditions. Several numerical studies have been realized. Most of them
have been done on%®° jet. Sau and Mahesh (Sau 2008) have studied the influence of the BR and stroke
ratio on the flow structures generated by the interaction of a jet with a crossflow. The study has been done
on a 90° circular jet using DNS for a range of velocity ratid atoke ratio. Depending on these two
parameters, they identified three distinct regimes. For blowing ratio below 2, whatever the stroke ratio,
the jet shear layer rolls up on the trailiedge of the jet, leading to the formation of a hairpin vortex
downgream. At these given blowing ratio, the shedding of hairpin vortices intensifies with the increase of
the stroke ratio. For blowing ratio higher than 2, two regimes have been characterized depending on the
stroke ratio value. A vortex ring forms for lowake ratio, while a vortex ring accompanied by a trailing
column of vorticityis created at higher stroke ratibhey showed the threshold stroke ratio separating
these two regimes decreases as the velocity ratio decreases. For high velocity ratiesiioédtistroke
rati o approaches the o6formation number 6. Contrary
observe vortex ring in their simulation. They performed LES simulation on a round jet issuing normally
into a crossflow at BR 2 and 3.3. Theydent i fi ed the presence of Ohangi
lateral edge of the jet exit due to the skewed mixing layer. As moving upwards and downstream, the
hanging vortices encounter an adverse pressure gradient and breaks down. This generaitsvaagai
CRVP aligned with the jet trajectory. Yuan et al do not assimilate the hanging vortices as vortex rings
because a strong axial velocity is carried through the cores of the hanging vortices, but also because their
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shedding is irregular downstreaihey also distinguished other vortical structures as the spanwise rollers
at the leading edge and isile of the jet, horse shoe vortices and wake vortices.

Guo and al. (Guo 2006) investigated the influence of the jet inclination on the flow field. The
comparison carried on a 90° jet and on a 30° streamwise inclined jet at low blowing ratio 0.1 and 0.48.
LES model has been used. In their simulation, Guo et alotlmention the presence of hairpin vortices
contrary to Sau and Mahesh, but only a spaawédl up on the trailing edge of the jet. This is due to the
very low value of blowing ratio. As well, at these two given low blowing ratio, no horse shoe vortex is
observed at the leadiragige of the jet because the crossflow does not undergo a bldokage jet. In
their work, Guo and al. mainly focused their attention on the primary large scale structure, the CRVP.
They considered the CRVP i s c arossfiod interactioddnth the s hear
streamwise oriented vorticity contathen the neaw a | | | ayer of the jet and th
their work, Guo and al. observed similar structures between a 90° and inclined jets: recirculation region,
spanwise rollers at the leadiegge of the jet exit, CRVP.

Tyagi and AcharyaTyagi 2003) also performed LES on a streamwise inclined 35° jet at low BR,

0.5 and 1. Contrary to Guo and al., they identified packets of hairpin vortices in the wake of the jet exit,

but also in the fafield as they are convected downstream. Based oticiprsimilarity, Tyagi and

Acharya have shown the head of the hairpin vortex are associated with the strong spanwise vorticity from
the spanwise rollers, its upright legs with the wake vortices and its horizontal ones with the CRVP.
However, since the alination of the jet reduces the pressure gradient upstream of the jet, no evidence of
horse shoe vortex has been found. Since hairpin vortices are the primargclaligeoherent structures
associated with a jet i n dtheentaihreotwfthe trdsslgw withcttent r o |
coolant jet fluid. Tyagi and Acharya investigated the influence of these coherent structures on the cooling

of the wall. They reported coolant jet fluid wraps around the head and the streamensed legs, wike

the crossflow fluid is entrained by the upright legs of the hairpin vortices, leading to the presence of

crossflow fluid (hot spot) inside the arch of the hairpin.



Several experimental studies (Coulthard 2007, Ekkad 2006) focused on the quantifictiefilm
cooling effectiveness by pulsing the jet. Coulthard et al. (2007) investigated the effect of jet pulsing on
film cooling. Their experiments have been done on a single row of cylindrical holes inclined at 35° with
respect to the surface. A ran®@f blowing ratio (varying from 0.25 to 1.5), duty cycles and pulsing
frequencies has been considered. They reported the cooling effectiveness in steady casesaff a trade
between the amount of coolant injected and the jebtiftAs BR increases, higer amount of coolant
flow is injected. However, the jet liiff increases too. A steady BR of 0.5 provides the best result in term
of cooling effectiveness. By pulsing the jet, their results showed high frequencies are overall detrimental
to cooling effetiveness because it improves jet-6ff. At lower frequencies, pulsing has an opposite
effect. The comparison between pulsing and steady cases at same BR mean demonstrates the highest
effectiveness is achieved with continuous jet. However, pulsed petuss the spanwise spreading.

The identification of the vortical structures can be accomplished through statistical analysis, like
Proper Orthogonal Decomposition (POD). Meyer et al. (Meyer 2007) have applied the POD on a
turbulent jet in crossflow at BR=3 and 3.3. The analysis has revealed the wake vortices and the jet shear
layer vortices are the dominant vortical structure respectively at high and low BR. The presence of CRVP
has also been identified. Graftieux et al (Graftieux 2001) have used thadP€¥parate from a highly
turbulent swirling flow the turbulent fluctuations and the unsteady swirling motion. The main advantage
of the POD consists in the identification of the main vortical structures with a very few modes. Therefore,
the POD modes amidely used as a basis in the Galerkin projection to obtairdiovensional model

(Moehlis 2002, Smith 2005, Rowley 2003)

1.4.Motivations

Most of experimental and numerical studies of a jet with asfles have been done on a vertical
jet. In this confguration, the vortical structures have been well defined. As mentioned earlier, these
vortical structures are influenced by many parameters; one of them is the inclination of the jet relative to
the crossflow. Very few studies have been performed witrearsivise inclined jet. In this present study,

numerical simulation of a streamwise 35° inclined jet will be accomplished. The goal is to better
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understand the dynamics and the interaction of the flow in this configuration. Simultaneously, the effect
of thevortical structures on the cooling effectiveness will be investigated. To reach this point, steady and
pulsed cases will be simulated. Since it has been shown RANS model does not capture with accuracy the
complexity of the flow field, and DNS model is taomputationally expensive, LES model will be used

for the simulation. Besides, statistical analysis using proper orthogonal decomposition will be done on the

numerical data.



Chapter 2. Notations and Definitions

2.1. Notations

BR Blowing ratio
BRnm Mean Blowing ratio
BR, Low Blowing ratio
BR High Blowing ratio
BRpp Peak to peak Blowing ratio
DC Duty cycle
D; Jet diameter
F Forcing frequency
U Jet velocity
Up Crossflow velocity
% Mean velocity
uo Fluctuation vedbcity
TI Turbulence intensity (0&7\)
o . Y
Re Reynolds number based on jet diameter and jet veIocYg/Q(’ )
Re Reynolds number based on jet diameter and crossflow velo\é‘i’tgl)fff )
"0 Jet density
" Crossflow density
u Boundary layer thickness at 99%
d Film cooling effectiveness
P Laplacian pressure
Subscripts
j jet
b Crossflow
rms Rootmean square
mean mean value

2.2. Definitions
2.2.1. BlowingRatio
The blowing ratio (BR) is defined as the ratio of the jet to crossflow mass flow rate.

”

0Y=—
H
Equation 2-1: Blowing ratio definition

In the simulation, the same fluidras used for the jet and the crossflow. The blowing ratio becomes

a ratio of velocity. In steady state cases, only one blowing ratio is necessary to define the flow condition.
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Pulsed cases are characterized by two of the four blowing ratio:BBR BR. or BR,,. BR is the
blowing ratio in the low part of the cycle, Bi the high part of the cycle, while BRfs defined as the
average blowing ratio over a cycle and Bie difference between the high and the low blowing ratio.
The following formulas emmasize the relations between these different blowing ratios and the duty cycle:
0Yy = 0¥z 00+ 06Y,2 1 06
0y = 0¥+ 0"y 200
0¥ =0Y O0Yyz 1 06

[4—= 41 14«

Equation 2-2: Relations between thaifferent parameters in pulsed cases

From the duty cycle and two of the four blowing ratios, the configuration of the pulsed case is completely

determined, as well as the two remaining blowiaips.
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Figure 2-1: Parameters definition in a pulsed case (Bidan 2008)
2.2.2. DutyCycle
The duty cyclgDC) is defined as the ratio of the time in the high part of the cycle over the time of the

cycle. The graphics below gives a better interpretation of all the parameters encountered in a pulsed case.

In our present work, all pulsed cases have a duty @fcb0%.
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2.2.3. ForcingFrequency
The forcing frequency ¢ is the frequency at which the jet flow is pulsed. In our simulations,

forcing frequencies of 1Hz and 10Hz have been considered.
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Chapter 3. Simulations

3.1. Geometry

The geometdal domain (figure &) used for the numerical simulation is a model of the
experimental setip. It consists of a rectangular box representing a part of the test section of the wind
tunnel used in experiment. The wind tunnel flow is parallel to the log®snsion of the box. A single
elliptical hole with a minor axis Dj=1in, which is perpendicular to the flow direction is located on the
bottom wall of the box. This hole is created by the intersection of a circular duct feeding the jet inclined at
35° with respect to the horizontal bottom surface of the box so that the major axis of the elliptical hole is
parallel to the flow direction. The computational domain representing the part of the wind tunnel test
section is 16Dj long Edirection), 8Dj wide (ydirection) and 8D;j tall (direction). The duct feeding the
jet is 7.5Dj in length and has the same geometry as in the experiment over that length. It is composed
firstly by a square section side 0.7Dj and length 2Dj.The square section discharges iotihaa arct
through a smooth transition. This complex geometry for the jet has been chosen to reproduce in the most
accurate way the experimental configuration. The jet exit center is located 4Dj downstream from the

beginning of the box which represents itlet of the computational domain.

Xy

8Dj

Figure 3-1: Geometry and boundary conditions applied for the simulion
3.2. Mesh
The meshing of the geometry has been performed with the software Ansys ICEM by Guillaume

Bidan. The computational mesh is structured and consists of approximately 1.6 million hexahedral
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elements. Fine elements are used near the crossfldnjetaball and jet exit. Relatively coarse elements
are employed far away from the jet exit and the walls.

The meshing of the jet has been the delicate part of this operation. To reduce the number of skewed
elements in the cylindrical section of the @tn -gorG d 6 bl ock has been empl oye
into an 606 shape where a block <corne-Rshbwses on
respectively a crossection of the mesh inside the square (left) and cylindrical (right) pare ¢étthAs it
can be seen, the mesh of the square section of the jet is not exclusively composed of rectangular elements;
it has been adapdriddG.o Itthe meshiorg anomLIi sts of an
the square section of thetj 126 square elements of size 0.014Dj (edge length) result from the uniform
meshing of the inner square. The corners of the inner square and the square section are linked to each
other by radial edges containing 13 elements per edge. Therefore, thesgstection is composed of
2028 elements. The depth of the elements in the jet tube has been set up to 0.07Dj, except where the

transition from square to cylindrical section occurs. A refine mesh has been used in depth 0.028D;.

Figure 3-2: Computational mesh inside the jet: square section (left), cylindrical section (right)

Figure 33 represets the mesh of the crossction at the jet exit (green mesh). The curved cells
resulting from the meshing of the jet is considered at the wind tunnel wall (purple mesh) on a zone
centered on the jet exit and which extendsl®)] in the xdirection and #0.825Dj in the ydirection. In
this region of high interest, a fine mesh is used to capture the interaction between the crossflow and the

jet. The size element is 0.076Dj*0.055Dj*0.027Dj respectively in thg-xand zdirections.
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Figure 3-3: Computational mesh at the wind tunnel wall (purple), from the jet exit (green)

Since we don 0nterebtrtoithe cegigclose toghe madl and to the one far away from

the wall, the computational domain is divided into several sub domains for meshing (figuréh z

direction is composed of three sub domains. The first sub domain which contaivinditennel wall is

composed of fine el ements

(eez=0.027Dj)

near

t

he

boundary layer. The mesh size increases linearly upwards at a rate of 1.05 till the mesh size is 0.114Dj at

Zj=2Dj approximately. A coarse mesh is used in thmsd sub domain which extends from Zj=2Dj to

15



Zj=6D;j. In this zone the mesh size increases linearly from 0.12Dj to 0.155Dj. A uniform and coarse mesh

(ez=0.155Dj) is wused in the third zone.

\ "
@

Figure 3-4: Sub domains used for the meshing of the computational domain

Figure 3-5: computational mesh of the wind tunnel inlet (yellow), lateral side of the wind tunnel
(green)

Theydi rection is composed of 5 sub domains. A ve

which extends +0.825Dj on the symmetry plane. As we get closer to the lateral walls, the mesh gets
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wider until it reaches a mesh size of 0.15Dj. Thdinection is composed of three sub domains. The first

one extends from the wind tunnel inlet till 1Dj upstream of the center of the jet exit. The mesh size

decreases |inearly from a&ex=0.148Dj to 0.076Dj at

ismeshed uniformly with a mesh size of a&x=0.076Dj

exit until the outlet. As we go downstream, the m
The quality of our mesh has been checked by using the determinant 3*®mriddo hexahedral

element has a determinant lower to 0.7. 94% of the hexahedral elements have a determinant included

between 0.9 and 1.

3.3. Grid Independency

A grid independency has been performed to determine the correct grid refinement level. Our
reference grid contains 1.6 millions of cells. A scaling factor of 0.72 is applied in the three directions of
our reference grid to get two coarser meshes. These two meshes contain 0.28 and 0.68 millions of cells.

Figure 36 displays the evolution of the meareamwise velocity at different planes for the three grids at

BR=0.750.
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Figure 3-6: mean steamwise velocity scaled by the crossflow velocity at 4 different planes for the
three grid levels.
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The main discrepancy between these three meshes is located between Zj=0.25 and Zj=1. It has been
observed the coarser meshes overestimate the flow vac@ileared to the reference grid. At the planes
Xj=1 and Xj=3, the relative error between 1.58 millions of cells and 0.68 millions of cells is at maximum
1.8%, while the one between 0.68 millions of cells and 0.28 millions of cells is 2%. In the oppesite, th
relative error between our reference case and 0.68 millions of cells is higher than the relative error
between 0.68 millions of cells and 0.28 millions of cells at Xj=10; 3.5% compared to 1.6%. With such a
low value of the relative error at different giv planes between the three meshes, the mesh with 1.68
millions cells is considered to give a good representation of the flow field independently of the number of

cells.

3.4. LESTheory

3.4.1. Theory

The numerical simulation has been performed using anciad software FluefY. As mentioned

earlier, Large Eddy Simulation (LES) model has been chosen to simulate the complexity of the dynamics
of the flow field. Turbulent flows are characterized by a wide range of eddies of different size. Large
eddies ardlow dependent, their evolution is dictated by the geometry and the boundary conditions of the
flow. They carry momentum, energy, mass and other passive scalars. On the opposite, small eddies tend
to be more isotropic, they are less affected by the conditof the flow; therefore they are easier to
model. The theory behind LES consists in solving numerically the large eddies, while the small ones are
modeled. By doing so, compared to RANS model, less turbulence is modeled, then the error introduced
by mockling is reduced, a more accurate representation of the flow field is obtained. In addition, the

unsteadiness of large eddies motion can be resolved.

3.4.2. GoverningEquation in LES Model
For our study, an incompressible flow has been considered.inEbenpressible NavieBtokes
equations (equation-B) are spatially filtered in LES model. The filter width is function of the grid size.

By spatially filtering the NavieStokes equations, eddies whose the size is smaller than the filter width
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are removednd modeled by a sudrid scale (SGS) model. On the opposite, larger eddies are directly
solved numerically by the filtered transient Nav&tokes equation. For the application of the LES theory,
the velocity and pressure are decomposed as a resoMed(deaoted by an over bar) and a -gwiol

scale (denoted by a prime) (equatieR)3

Equation 3-1: Navier-Stokes equafion

O o, 4=0 o, 4+ 0%, «
no =nlw +n%w
Equation 3-2: Decomposition of the velocity and pressure as a resolved and sghd scales

The resolved scale refers to the filtered variable which is defined by equaBiot®& filtered

variable is the erage of the variable over the computational cell. V represents the computational cell.

1

®
Equation 3-3: Definition of the spatial filtering applied on a variable in LES
The filtered NavieiStokes equations are obtained by introducing the deasitign of the velocity

and pressure into the NaviStokes equation (equation 3.1), and then filter them spatially. By applying

the spatial filtering, the linear sigyid scale terms are washed out.

2% O
dh e |
Equation 3-4: Navier-Stokes equations spatially filtered

Due to the non linearity of the advective termitesNavierStokes equations are spatially filtered an

extra term (the left one in equatiorB appears. It characterizes the spatial filtering of thegsigbscale

terms and is named the sgbr i d scal e turbul ent stréss eifrershe ol

spatial filtering.
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Equation 3-5: Definition of the sub-grid scale turbulent stress

The filtered transient Néer-Stokes equations are
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Equation 3-6: Filtered Navier-Stokes equaibns deduced from the LES theory

The subgrid scale turbulent stress is unknown and required modeling. In Fluent software, the turbulent

stress is modeled using the Boussinesq approximation.
1 e
te 3Tows 2%

Equation 3-7: Boussinesq approximation
From equation 3, | refers to the sulrid scale turbulent viscosity, afyto the rate of strain tensor for
the resolved scale (equati@B). The termtsyemphasizes the isotropic part of the gyid scale which
is not modeled, but added to the filtered static pressure term.

116q 10
_ TQ+TQ

o5 oy

Equation 3-8: rate of stran tensor for the resolved scale

However, in LES model the sudyid scale turbulent viscosity; j§ unknown and requires modeling.
Four subgrid scale models are available in Fluent to model ghlegrid scaleturbulent viscosity:
SmagorinskyLilly, Dynamic SmagorinskaLilly, Wall-Adapting Local Eddy Viscosity (WALE) and
Dynamic kinetic Energy subrid scale model. Considering our geometry and the configurations of our
flow, the first two models have been consider&dcomparison between thesea models have den

perform to evaluate their differences.
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3.4.3. SubGrid ScaleModel
The two following subgrid scale models are very close to each other in term of theory. The
underlying assumption behind these two models is the local equilibriunedretthe smallest resolved
scales and the swgrid scales. In turbulent flow, large eddies transfer energy to small eddies via vortex
stretching; while the small eddies convert the kinetic energy into thermal energy via viscous dissipation.
Therefore, Smawginsky-Lilly model and Dynamics Smagorinskyly model assume a local equilibrium
between the transferred energy through the grid filter scale and the dissipation of kinetic energy at small

subgrid scales.
3.4.3.1. SmagorinskyLilly Model

The Smagorirlg/-Lilly model has been introduced by Smagorinsky in 1963. For this given model,
the turbulent viscosity (equation9 is expressed as a function of the mixing lengtlard the rate of

strain tensor for the resolved scale.
‘ —_ 1 7\ 2 A e
6= "0% 2"t

Equation 3-9: Smagorinsky-Lilly model for the turbulent viscosity

The mixing length is computed respectively according to equatibd. 3t is a function of th Von
Karman constant k, the distance to the closest wall d, the volume of the computational cell V and the

Smagorinsky constantsC

- 1
0; = min ‘M 6; k3

Equation 3-10: Definition of the mixing length

For homogeneous isotropic turbulence, a value of 0.17 has been obtained by Lilly for the
Smagorinsky constant Cs. However, 0t hi s -scadel ue wa
fluctuations in the presence of mean shear and irstrab i on a | flows as near so
manual section 12.9). For such geometry, a lower value of Cs has to be used. As it is easily discernible,

the main shortcoming in the Smagorindkity model is the absence of universal value for Cs, which wil
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be applicable to all kind of flows. Nevertheless, it has been shown for a large variety of flow a value of

0.1 for Cs provided good results. Consequently, in our study, the default value of 0.1 will be applied.

3.4.3.2. Dynamics Smagorinskyilly Modd

The Dynamics Smagorinsiyilly model overcomes the shortcoming of the Smagoridsky
model by computing dynamically the Smagorinsky constant, Cs. This constant is calculated according to
Germano et al. (1996) identity. It is determined locally fromvhlocity field which has been filtered on
two different levels. A better guess for the Smagorinsky constant is provided at any points of the flow

field.

3.4.3.3. ComparisonBetween SmagorinskyLilly and Dynamics Smagorinsky-Lilly

Models

As mentioned adier, these two models are suitable for our geometry and our flow conditions. To
determine which of the following model will be used in our study, comparisons have been performed on a
steadystate case at a blowing ratio of 0.400. Comparisons are realizéustantaneous and averaged
variables. The averaged variables have been calculated from a san8é dé&a files The time
separating eactiata fileis greater than the integral time scale. Therefore, two consedaiaefies are
uncorrelated.

The Smagorinskilly model exhibits higher normal velocity inside the jet tube than the Dynamics
SmagorinskyLilly model (Figure 37). Themaximumdifference between these two models is in order of
3-4%, so negligible. From figure-8 which displays the comparison between these two models for the
vorticity magnitude, no difference is se&xs well, no difference is noticed between the Smagorinsky
Lilly model and Dynamics Smagorinskylly model concerning the averaged streamwise uglat the
center plane of the jet in the vicinity of the jet exit. However, outside the jet exit, a maximum difference

of 4% between the two models has been computed.
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Figure 3-7: Comparison of the averaged normal velocity (right), averaged vorticity magnitude (left)

inside the jet tube between the Smagorinskiilly model (dashed line) and Dynamics Sagorinsky-

Lilly model (solid line): at the jet exit (red), along the line perpendicular to the jet centerline located
0.65 Dj (green), 1Dj (blue) and 2 Dj (purple) downstream from the center of the jet exit.

Figure 3-8: Comparison of the averaged streamwise velocity between the Smagoringkily model
(dashed line) and Dynamics Smagorinski.illy model (solid line): at the center plane along the lines
Zj=0.001 (red), Zj=0.01 (green), Zj=0.1 (blue) and Zj=0.125 (purple)

The difference between the Dynamics Smagorifisky and SmagorinskyLilly models has been
computed for the averaged data on the whole flow field. From this operation, it results the difference
beween these two models is in order of magnitude df #8cept for the velocity and vorticity variables.
Figures 39 represents respectively the contour of the mean velocity magnitude (top) and mean spanwise
vorticity (bottom) obtained from this differenc&he highest difference between these two models is

located in the recirculation region and at the interface between the jet and the crossflow fluids. At this

given BR, the jet stays relatively close to the wall. The recirculation region extends inetira stise
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direction but not vertically. Then small eddies develop in this restricted area, which justifies the
observation of the highest difference. The order of magnitude of the differenckand @0 respectively

for the velocity magnitude and theamwise vorticity. However once scaled by the mean value of the
Dynamics Smagorinskiilly model, the errors are in order of 2% for both variables, which is

insignificant.

~ Vorticity Mag mean: S0 0 50
X/Dj 1

Figure 3-9: Contours of the mean velocity magnitude (top) and mean spanwise vorticity (bottom)
obtained from the difference between the Dynamics Smagorinskyilly and Smagorinsky-Lilly
models

Figure 310 shows the isosurface of the Laplacian pressure at same time instant for both models.
Qualitatively, both models show the same structures, a street of hairpin vortex. However, Dynamics
SmagorinskyLilly model shows 8 welformed hairpin vadices, while Smagorinskyilly model
represents only 7. Besides, in the far field of the flow, Dynamics Smagotiiikynodel captures much
more vortical structures. What it may be interpreted as legs of horse shoe vortices are present at the level
of the fifth hairpin vortex, while this same configuration appears farther for the Smagetifigkypodel,

at the level of the sixth hairpin vortex.
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Figure 3-10. Comparison between Smagorinsky model (top) and Dynamics Smagorinskjlly
model (bottom) at same time instant. Isosurface of Laplacian pressure (2000 P&)m

From the averaged variables of the flowld, no difference appears between these two models.
However, from the instantaneous plots, the Dynamics Smagorinibkymodel captures more vortical
structures than the Smagorindkiyly model, in particular in the fafield of the flow. From these
observations, and from the fact it is well established in the literature that the Dynamics Smagbitipsky
model better handles transitional flows, this last model will be used in the present study. It has to be noted
our simulations will run at transitioh&eynolds number, which also explains our choice of using the

Dynamics Smagorinskiilly model.

3.5. BoundaryConditions

Figure 31 shows the boundary conditions applied during the simulation. Velocity profiles for the
inlet are obtained from the expeental wind tunnel. The inlet velocity profile used for the crossflow is
showninfigured 1 (l eft). The crossfl ow has awl@E2m nar bo
At the inlet of the jet feeding duct a uniform velocity is defined so as tal ¢l volumetric flow rate of
the experiment. In the pulsed case, this velocity is modulated by using the signal of the unsteady
volumetric flow measurement from the experiment (figufeL3ight).

As mentioned previously, the blowing ratio is definedhasratio of the jet to crossflow mass flow
rate. In the present simulation, the blowing ratio is calculated from the mass flow rate in the circular duct.

Since the jet tube is composed of a square injection (WihAUsquare@S the section and theloeity)
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followed by a circular tube (with &, U, as the section and the velocity), the velocity at the inlet of the

square section is defined by equatiehl3
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Figure 3-11: Velocity profile at the wind tunnel inlet (left), at the jet inlet for a pulsed case (right)
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Equation 3-11: Definition of the velocity of the square section of the jet
To examine the effect of the coolant jetidllon the main flow, the coolant jet is maintained at a
constant temperature of 300K, while the crossflow is at 330K. Tkim@ondition is employed along
the wall of the jet and the wind tunnel. In reality, a row of several holes is used to coabthe hiade
surface down. To model the periodicity of the holes, as well as their interaction the periodic boundary

condition applies along the lateral side of the box.

3.6. Procedure toRun LES

Before running LES, several steps have to be performerter o obtain accurate, convergent and
physical results. The flow is initialized by running a steady state laminar solution with the jet flow only,
and then with the crossflow. Once the steatdife is reached, an unsteady laminar solution is used to
bring unsteadiness in the flow for the RANS model which will allow speeding up its convergence.
Turbulent effect is introduced in the simulation by runnirgpkilon RANS model. To do so, turbulence

at the jet inlet and wind tunnel inlet are defined. For tesgnt study, a turbulent intensity of 1% has
26



been implemented at the wind tunnel inlet and 30% at the jet inlet. These values reflect the low turbulence
of the wind tunnel free stream and the high fluctuation levels created by the seeding injectiorirsystem
the jet. It has to be noted, even if the jet inlet conditions are taken from experimental data, these
conditions may not give an accurate representation of the phenomena which take place inside the jet tube.
In fact, complex interactions and structumesult from the injection system which is not modeled.
Running the RANS model has two purposes. First it provides a realistic initial field for the LES, and
second it gives an estimation of the time step for unsteady LES. The time step is based afigsie sm
Kolmogorov time scale (equation12) of our domain. For the present geometry, it has been found in the
transition between the square injection and the circular tube, where the energy dissipation is the highest.
We decided to base the time step ba Kolmogorov time scale because the Kolmogorov nécades

represent the smallest scales of the turbulence.

Equation 3-12: Definition of the Kolmogorov time scale

Once RANS model convergdsiS model is activated. A secondder centrabifferencing scheme
and a secondrder implicit formulation are employed respectively for spatial and temporal
discretizations. Since we are solving the incompressible N&udes equations at low velocitihe
pressurebased solver has been selected instead of the déasigyl solver recommended for high speed
compressible flows. The convergence criterion is reached when the residuals are beldw t@del
fluctuating velocities at the inlet boundariéise spectral synthesizer algorithm has been chosen. In this
met hod, 6fluctuating velocity co#reeoelceity vestofield e ¢ o mp
from the summation of Fourier v-87).Tlhemumbefd-oooeni cs 6 (
harmonics is fixed at 100 by Fluent. Since Large Eddy simulation involves running a transient solution
from some initial condition, the solution ran long enough to wash out the transients and to reach a

statistically stable flow field for data @uisitions.
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The simulations have been performed on LSU6s hi
composed of 34 nodes with myftiocessors. Thirty nodes are dedicated to parallel computing. Their
distribution is as follow: 16 nodes have 16 pssms and 14 nodes have 8 processors. Several tests have
been performed to determine the number of processors which will provide results the fastest. The tests
have been done on a steadgite case at BR=0.400 with the resolution of the energy equatipme 3
12 shows the time it takes to simulate 100 time steps (dt=0.6ms) in function of the number of processors
used. It has to be mentioned all the tests have started at the same time instant for consistency in the

comparison.
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Figure 3-12 Time to perform 100 iterations in function of the number of processors

As the number of processors increases, fastesithulations are. A configuration of 32 processors
provides the fastest result, 70min. For our purpose, we have decided to perform simulations with 3 nodes
and 8 processors per node (T=140min), which is not the fastest configuration. This choice has been
influenced by two factors. Firstly, several simulations are run at the same time, so the use of 32
processors for each simulation would limit the number of simulation we can launch simultaneously.
Secondly, the computational resources of Pelican are ugechalmy other departments other than

mechanical engineering; therefore all nodes are not available continuously.
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3.7. DataProcessing

The numerical data have been processed with the commercial software Tecplot 2006 or Tecplot
2009. The largscale structies resulting from the interaction of a jet with a crossflow can be visualized
with three different methods. In fact, the core of the lmgme structures is associated with strong
vorticity, and therefore local pressure minima. Jeong and Hussain (1684) have established three
definitions which capture the pressure minima; they are based on the Laplacian pressitegio or

a.-criterion.

3.7.1. Laplacianof the Pressure
Since the vortex cores are associated to pressure minima, positsgfaa®e of the Laplacian of

pressure can be used to identify coherent structures.

3.7.2. QCriterion
For incompressible flows, the Laplacian pressure is directly related to the second invariant of the
velocity gradient tensor Q, which is defined in equatietB3It depends on the strain rate tensor S and
rotation rate tensor q. Appendix A presents the

tensor.

SO SRR S
6= Soabar 5 6% ¥ o'm

Equation 3-13: Definition of the second invariant of the velocity gradient tensor Q

For incompressible flows, the relation between the Laplacian pressure and Q is linear (eglidjion 3
Positive isesurface of Q can be usaalidentify the vortical structures.

KD =2"0

Equation 3-14: relation between the Laplacian pressure and Q
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3.7.3. Seconcigenvalue of theTensorS+ o, &2

3.7.3.1. GeneraDbservations

The visualization of the coherent structures wahrdurface of Laplacian pressure or Q is based on
the identification of these structures by pressure minima. Jeong and Hussain have observed a pressure
minimum may not always coincide with a vortex core and reciprocally. Considering a planar irrotational
flow such as a sink or a source flow, there is a minimum pressure at the origin, but no swirl is involved in
the flow. Then, an unsteady straining can create a pressure minimum without involving a vortical motion.
Reciprocally, a pressure minimum can beneliated in a flow with vortical motion by viscous effects.
Considering Karmandéds viscous pump, the centrifuga
motion is induced by the rotating disk, whereas the pressure is constant in plane pegretalitid

vortex axis. There is no pressure minimum.
3.7.3.2. Identification of theSt r uct ug es by @&

Jeong and Hussain established a new indicator for the detection of vortex core: the second
eigenvalue of the tensor’ 3 d. This new criterion is not based on the identification of a pressure
minimum; however they considered this observats the starting point of their theory. Information
about pressure extremum is includedhia Hessianof the pressure () which is obtained by taking the
gradient of the NavieBtokes equation (equatiornl).

The Hessian athe pressure is symmetri8y using the decomposition of the velocity gradient tensor
in function of the strain rate tensor and rotation rate tensor (equafiéh e acceleration gradient can
be expressed as a symmetric and asymmetric part (equétion 3

The symmetric partfdhe gradient of the Naviestokes equation is expressed in equatid8.3

v 'CX')QD 1 5 ,
W= <55 = 7 Vet g

Equation 3-15: Gradient of the Navier-Stokes equation
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Equation 3-16: Decomposition of the velocity gradient tensor in function of the strain and rotation
rate tensors

W= %ﬂh Lot " Yo + %%, Lhan Yo+ “kteo

Equation 3-17: Decomposition of the acceleration gradient as a symmetric ancdwmmetric part

oYy . - 1,
o ot Hdlot YeYe=  slw

Equation 3-18: Symmetric part of the gradient of the NavierStokes equation

To obtain a better indicator for the detection of vortex core, Jeong and Hussain discarded the
contribution of unsteady irrotational straining (pressure minimum without vortex corejsaodis terms
(vortical motion without pressure minimum) which are respectively present in the first and second terms
of equation . Discarding these two effects, only the contributiosof  to the Hessian pressure is

taken into account (equatior-897).

Zz g gt 1|;;§1|§35;;§; =z +
Equation 3-19: Expression of Hessian pressure

The presencefa local pressure minimum in a plane requirgdd®have two positive eigenvalues;
therefore two negative eigenvalues for the ter®of . Since the tensd® + ¢ is symmetric, it has

three real eigenvalugg _» _3.Jeong and Hussain dedi a vortex core as a region with 0.
3.7.3.3. RelatiorBetween Q and theEigenvalues of &+ o
The eigenvalues of the tens® (f can easily be related to the second invariant tensor Q.

A | 1
0= s "t Yalm=5 AY# AW

Equation 3-20: Expression of the second invariant tensor Q
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Equation 3-21: Relation between Q and the eigenvalues of 6 ¢
3.7.4. Determination of theVisualization M ethod

From their work, Jeong and Hussain stated, in most cases, similar resultbtained for the
identification of vortex cores by using the @ r , crierion. Slight differences have been observed only
for vortices with strong core dynamics; the vortex core boundary based on both definitions differs a little.
It has to be notededng and Hussain did not use-@aface of Laplacian pressure to visualize the
coherent structures. Therefore no comparison has been performed with it. However, since the Laplacian
pressure is proportional to Q for incompressible flows (equatibh) 3itis legitimate to assume that the
compari son bet ween t hydeadk @ phe aamé eoncluspon than dhe compadsond o
bet ween, QOamred adl , Jeong adefinitidd veprasants the wricalstructdes d i o
more accurately tmthe Qd ef i ni ti on and t he e v edomdns appear®rhorec o nn e (
appropriate for studying evolutionary dynamics and related flows physics of vortices and coherent
structureso (pp.91).

Figure 313 shows the vortical structures at the sdime instant for BR=0.400 by using the iso
surface of the Laplacian pressure, Q andLaplacian pressure is computed with the divergence of the
pressure gradient, while Q is obtained by summing the eigenvalues of the fensSio8s it can be seen
for the kind of flows we simulate, no difference is perceptible between these three methods. Taking into
consideration Jeong and Hussainés conclusions, w e

&, criterion. However due to software limitati® it has been impossible to automate the calculation of

a. Therefore, the vortical structures will be visualized withsadace of the Laplacian pressure.
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Chapter 4. Experimental Apparatus and Procedures
As mentioned previous)\the humerical simulations are realized in parallel to the experiments. The
geometry used for the simulation is based on the experimentap.sht this chapter, the experimental
facilities, as well as the visualization and acquisitions methods arebasscr
It has to be noted all the pictures from the experiments have been taken by Guillaume Bidan and

Lemuel Wells.

4.1. Facilities and Apparatus
4.1.1. Wind Tunnel

The experiments took place in the test section of the aerodynamic wind tunnel of LoSisitna
University. The dimensions of this open loop wind tunnel are 10ft in length with an inletseign of
3*2ft. To keep a constant pressure gradient inside the test section, and therefore a constant velocity, the
side walls of the test section aaagled with respect to the centerline. The test section is preceded by a
contraction with an area ratio of 20. The contraction is composed of five conditioning screens in order to
provide low turbulence inlet conditions (Figurel} The flow in the windunnel is powered by a fan
allowing a range of velocities going from 0 to 30m/s. To allow visualizations in planes parallel to the
bottom wall and parallel to the jet symmetry plane, a set of transparent acrylic windows compose the roof

of the test sectioand one side of the wall.

Fan
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Figure 4-1: Schematic of the wind tunnel (Bidan 2008)
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4.1.2. Jet

The jet is Ieated 30in downstream of the test section and is mounted flush with the bottom of the
wind tunnel. It is inclined at 35° with respect to the bottom of the wind tunnel and has a round section of
lin diameter. The jet is fed by dry air issued from a reseregjulated at 20Psig. To perform pulsed
experiments with variable blowing ratios, a set of three valves is present upstream of the jet {Eigure 4

This system is composed of a main anepbgs branch which comports a solenoid valve controlled
by a compter. The main branch provides the desired low blowing ratio (solenoid closed), while the by
pass branch sets the high blowing ratio by adding air to the main branch (solenoid open). The flow from
these two branches is monitored by the intermediate ofrimgtealves. A flowmeter is placed
downstream of the valves system. It allows controlling the experimental settings and obtaining time
resolved records of the blowing ratio during the experiments. Then, therfiter is connected to a
stainless steel jaction bloc with four injection ports, which is followed by a 6in square acrylic tube.
Finally the square tube connects to a 5in stainless steel tube inserted in an acrylic block and attached to
the bottom wall of the test section (Figur@} For more mformation about the experimental -sg, the

reader can refer to Lem (2010).

To flow-meter

Metering Valve
—\< Metering Valve
/\ \ A oenngave
Solenoid Valve 1’

Air Supply
(at 20 psig)

Figure 4-2: Valve setp controlling jet blowing ratio in steady state and pulsed conditions (Bidan
2008)

35



o L “ Injection Angle

Stainless Steel Tube Z £ A 35° X
O 1.0in -
e
Mixing
Block 5%
0 0.5in,
/ . .
7 Acrylic Mounting
Square Acrylic Block
Tube 0.7in

e

Figure 4-3: Jet apparatus for the inclined jet experiments. Red arrow indicates crossflow direction,
blue indicates jet flow direction.

4.2. Visualizations

Images of the flow field are obtained by Laser sheet Mie scattering visualizations. The images are
obtained from a digitatamera which is synchronized with a laser. The camera and the laser are located
perpendicularly to each other, allowing the camera to record images of the plane which is illuminated by
the laser sheet. For our study, two planes have been consideredntireptane and a plane parallel to
the wind tunnel wall and located 1/8in above the floor. To understand the mixing process between the jet
and the crossflow, the jet is seeded with titanium dioxide {TiThis component has been chosen as
tracer due tahe size of its particles; big enough to be illuminated by the laser, and detected by the camera
sensor, and small enough to follow the path lines of the jet fluid. The titanium dioxide is generated from
the reaction of water with titanium tetrachloride@ll). In addition water reacts with hydrogen chloride
(HCI) to form hydrochloric acid.

Yag + 2GQ0 © "YQ, + 4Ga
Equation 4-1: Reaction of TiCl, and H,O

W+ QO © QG+ + b

Equation 4-2: Reaction of HCIl and H,O

To prevent any adverse effect of the seeding system on the flow field, the reaction happens in the jet
itself. The reaction takes place in the injection bloc where two injection ports are fed by water, and the

two remaining ones by titanium tetrachloriddwe two reagents are carried as vapor in pure nitrogen gas.
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Then as the jet fluid discharges into the ctew, titanium dioxide is already formed. For the
experiments, both fully reacted and reactive Mie scattering visualizations have been acconipiighed
reagents are used for reacted Mie scattering experiments, while the vapor is suppressed in reactive Mie
scattering experimenso that the reaction takes place in the test section when thgefit€ls in contact

with ambient moisture.

4.3. Controls and Acquisitions
Hotwire anemometry and time resolved flosate records are the principal measurement methods

used in experiments.

4.3.1. FlowMeters
Two flow-meters are used in the experiments, one to control the maindtevinside the jet, antie
second one to determine the seeding ftate. From the main flowneter, flowrate records are acquired
on a sufficient long period of time to compute statistical independent averaged for steady state cases and

phase averaged quantities for pulsed cases

4.3.2. Hotwire Anemometry
Hotwire measurements allow obtaining accurate value of the velocity at any points of the flow field

through a transverse system.

4.3.3. ImagesAcquisition
For steadystate cases, 3 series of 32 images are taken in ordeute atatistical independence. For
pulsed cases, the sampling differs in function of the forcing frequency. For a forcing frequency of 1Hz, 10
images are taken at 10 equally spaced phase locations within the cycle. For a forcing frequency of 10Hz,
10 imagesre taken at 50 equally spaced phase locations within the cycle. Images are then processed into
Matlab™ to obtain either averaged or phase averaged images.
For more information about the measurement methods and the reduction of the experimenta data, t

reader is invited to refer to Bidan thesis (Bidan 2008).
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Chapter 5. Resultsand Discussion

5.1. SteadyState Cases

Simulations with a constant BR have been performed to identify the vortical structures resulting
from the interaction of a jet with a crdlesv. Five cases with a BR of 0.150, 0.300, 0.400, 0.750, 1.00
and 1.2 have been investigated. The Reynolds number associated to each BR and based on the jet
diameter and the velocity inside the cylindrical section of the jet is summarized in Thbldd vortical
structures identified in a vertical jet have been recognized in an inclinell jets to be noted this
numerical work is done in parallel of experiments. Our initial goal was to verify the simulation provided a
good representation of the dynam of the flow field in order to better interpret the complexity of the
jet/crossflow interaction under experimental conditions. However due to equipment failures, it has been

impossible to validate quantitatively our simulated flow field. Only a quialtatomparison has been

performed.
BR 0.150 0.300 0.400 0.750 1 1.2
Re 417 834 1091 2087 2782 3338

Table 5-1: Reynolds number associated to each steady state case.

5.1.1. Velocity Profiles and vortical stuctures inside the jet tube

5.1.1.1. VelocityProfiles

Figure 51 (left) displays the mean velocity profile parallel to the flow direction along the S/Dj axis
at a distance 4Dj upstream from the center of the jet exit. The S/Dj axis is perpendicutajetoattis

(figure 51 right). The mean variable has been computed from a set of 150 uncorrelated data files.

5.1.1.2. Vortical Structures I nside theJet

The jet tube is the location where small voitisauctures develop. The presence of small vortical
structures inside the jet is directly related to the BR value. As the BR increases, the turbulence (or
instability) inside the jet tube intensifies, which promotes the formation of vortical structutagh/BR,

these structures are abundantly present and lookelikegated vorticesvhich are closely interlinked

38



together (Figure ). Theseslongated vorticeextend chaotically in the flow direction and have a strong
vortex core considering the thresthaised for the Laplacian pressure. The transition from the square to
the cylindrical section is favorable to the formation of these coherent struclimedransition is a

backward step which creates a flow separatidrerefore, as the jet boundary layfeom the square

section discharges into the cylindrical section, the shearing effect at the interface between the jet

boundary layer and the low velocity region increases.

Figure 5-1: Left: Mean velocity profile inside the jet tube for BR=1.2 (purple), BR=1 (yellow),
BR=0.750 (cyan), BR=0.400 (blue), BR=0.300 (green) and BR=0.150 (red). Right: schema
describing the localization where the velocity priles have been taken.

pP=30 000Pa.

Figure 5-2: Vortical structures inside the jettube:isecs ur f ace of

5.1.2. Attached Jet
Steadystate cases for the 35 degrees inclined jet are characterized by two regimes, attached jets at

low BR and detached jets at high BR, with the pneseof a transitional zone between these two regimes.

Experimentally, the attached jet regime has been identified for BR lower than 0.400. Numerically, it has

been impossible to simulate a refined range of WR.have observed the jet is attached until BR80.
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Low BR producs attached jet downstream of the jet exit. The dominant vortical structures related to
the jet/crossflow interaction are hairpin vortices resulting from theuplbf the downstream jet shear
layer. The walls of the jet are high vaity regions. Negative spanwise vorticity is associated to the jet
wall facing the crossflow and positive spanwise vorticity to the oppositgFiglire 53). As the jet fluid
exits the jet tube, it is deflected by the crossflow which has a higher mamenie negative spanwise
vorticity from the upstream jet shear layer interacts with the positive spanwise vorticity from the
crossflow boundary layer. At these given BR, the negative spanwise vorticity of the upstream jet shear
layer is either oveame or weakemd by the opposite vorticity of the crossflow boundary layer as
illustrated in Figure 8 which depicts the contour of the mean vorticity field at the leaglifuge of the jet
for BR=0.150, 0.300 and 0.400. The mean velocity vector field highligatsha shearing effect between
the upper jet shear layer and the crossflow decreases as the jas fadvecteddownstream. This
observation, as well as the absence of fluctuation in the spanwise vorticity along the upper shear layer at
BR=0.400 (figures-4) supports the fact that no vortical structure forms along the upper shear layer. The

merging between the upper and lower shear layers entrains a strengthening of the hairpin vortex.

BR=0.150| BR=0.300|

-

X/Dj

Figure 5-3: Contour of the mean spanwise vorticity superimposed with the mean velocity field at
the leadingi edge of the jet exit (center plane) at BR=0.150, 0.306c0.400
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02  4yp;j6 8 10

Figure 5-4: Contour of the fluctuation of the spanwise vorticity at the center plane at BR=0.400

Downstream of the jet exit, there is the recirculation redkigure 55) formed of jet fluid and
crossflow fluid which have been deflected from the lateral edges of the jet exit.ofhthe, leeward edge
of the jet exit, the lower jet shear layer diadaies in the recirculation region where the velocity is low.
Figure 55 shows the direction and magnitude of the mean velocity field at the trailing edge of the jet at
BR=0.400 superimposed with the contour of the mean velocity magnitude. Since therliofdie
streamwise velocity component between the jet fluid and the recirculation region is opposed, a high shear
exists between these two zones. The intense shearing effect creates high spanwise vorticity, and therefore
the rollup of the lower shear yar. As the lower rofup is convected downstream, it forms a hairpin
vortex. Once a hairpin vortex is shed, another one starts to form, resulting in a hairpin vortekrsireet.
Figure 56 and 57, it can be seen the legs of the hairpin vortices arddoked between each other. The
high pressure gradient upstream of the jet exit causes an important part of the jet fluid to leave from the
lateral edges of the jet exit where the horizontal legs of the hairpin vortices start t@ erpresence of
hairpn vortices has also been identified in previous numerical works. Tyagi et al (2003) have performed
LES on a 35° inclined jet at BR=0.5 and 1 corresponding to Reynolds number of 11000 and 22000. As in

our work, they have stated the hairpin vortices rdsutt the roltup of the lower jet shear layer.

1

0.6 Vel Mag mean: 0 08 16

]llll]llllllllllllllllll]]lzl

EE

Figure 5-5: mean velocity vectors superimposed with the naa velocity field at BR=0.400 on the
trailing edge of the jet exit
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The formation of the hairpin vortices is quasiriodic and BRlependent. The increase in BR leads
to an increase of the shedding frequency. FigeBeépresents the dominant vortical sttues at three
different low BR. Five, six and seven welkfined hairpin vortices are respectively visible at BR=0.150,
0.300 and 0.400. Figure®highlights a higher BR leads to the formation of a well defined hairpin vortex
earlier in the flow fieldAs BR increases, the shearing effect along the lower shear layer intensifies; then
the lower vortex forms earlier in the flow field. The first hairpin vortex is observed at Xj=5.5 at
BR=0.150, Xj=2.8 at BR=0.300 and Xj=2.5 at BR=0.400. At such low BRhdir@in vortex is
convected far downstreanntil Xj=11, it does not break up into smaller vortices (figurésand 57 at
BR=0.400). As it can be seen from the top visualization, the hairpin voidgegheir symmetry
compared with the center plaae BR increases. As the hairpin vortiaesvein the streamwise direction,
they get stronger and are lifted upwadde to their mutual inductioffrigure 57). The vortical structures
stretch horizontally since the head is entrained by the crossflow, themetotregher velocity than its
legs. Their horizontal legs move closer to each other and upwards due to the mutual induction and
interaction with their image vortices. The head of the hairpin vortex tilts as it propagates downstream and
becomes normal tine crossflow directiodue to its interaction with its image vort®ncea hairpin

vortex is shed; it can be decomposed in three parts: its head, its vertical and horizo(Faleg$8).

BR=0.150 ‘
|_\_ —

Figure 5-6 cont
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Figure 5-6: Top View: Iso-surface of Laplacian pressure of the instantaneous flow field at BR=0.150
(pP=52PPaBmR=0. 300 ) pPaa80BRaOmM4Io0 ( pPP=2500Pa
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Figure 5-7: Side View: Isosurface of Laplacian pressure of the instantaneous flow field: at
BR=0.150 ( QP,=5RP=+P0..300 * pPaa80BRa0OmM400 (P=2500
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In the attached jet regiméhe horizontal legs of the hairpin vortices have opposite streamwise
vorticity. They form a pair of counter rotating veds. However this CRVP is different from what it is
called CRVP in the literature; they result from a different mechanism which evdisgrussed in section
5-1-3. Figure 58 (left) presents a single hairpin vortex at BR=0.400. The hairpin vortex is visualized with
iso-surface of Laplacian of the pressure, superimposed with the instantaneous velocity field on the left
and the contour ofhe streamwise vorticity at the plane Xj=3.6 on the right. The contour of the
streamwise vorticity at Xj=3.6 clearly shows that the horizontal legs of the hairpin Vavexopposite

streamwise vorticity and form pair of CRV whose their cores are cem@ralong the horizontal legs.
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Figure 5-8: Detailed of the flow field in the vicinity of the horizontal legs of a hairpin vortex
(BR=0.400).1ses ur f ace of 2pP=1500Pa. m

The RVP structure is better seen on the average flow field. Fig@&d€right) represents the mean
streamwise vorticity on various streamwise planes at BR=0.400. The contthe ofean streamwise
vorticity shows a pair of symmetric CRV with opposite streamwise vorticity; positive for the right vortex
and negative for the left vortex. As they are convected in the streamwise direction, the CRVP moves
away from the walland closerto eachothe® s d u e mutual induct®n andnteraction with their
image vorticesThe vortical structuréoses its strengthas it moves downstreariihe contour of the mean
streamwise vorticity at the plane Xj=8 reveals the CRY/Rot the dominanstructure of the far field. In
the attached jet regime, the jet does not penetrate deeply into the crossflow anddiezgetains close

to the wall. As being convected downstream, the CRVP lose their strength and dissipate in the wall
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boundary layer. his is in contrast with the detached jet where the CR&/Ehe dominant vortical

structures in the fafield on average.

Xj=0.5 X5 SRS

1 - LL—' | “ L !H_ "1I1-,: Gy |
- i 1

J"_ Wx mean: =385 0 35

Figure 5-9: Streamwise planes colored by the mean streamwise vorticity at BR=0.400

Experimentally, the attached jet regime extenoiil BR=0.400 and is characterized by the
formation of hairpin vortices. These vortical structures may maigi from two distinct mechi&éms. At
very | ow BR ( BRG6ursia the Yppei sheart laydr ifrom theyjet/crossflow interaction,
while the lower shear layer is stable. As the instabigigws, it may roHup to lead to the formation of a
hairpin vortex once the upper almver shear layers have merged. A visualization in Figet8 bf the
flow field along the center plane at BR=0.200 illustrates the instability growing in the upper shear layer
while the lower shear layer remains stable. The purple arrow points outifbi@ artex shed after the
merging of both shear layers. As the BR is increasing, the lower shear layer becomes unstable (figure 5
11) until it rollsup and a hairpin vortex is shed. This configuration is well observed at BR=0.400 on
figure 512. The gree arrow points out the lower vortex and the instability growing in the lower shear
layer. At such BR, the instability in the upper shear layer intensifies which may lead to the formation of a
hairpin vortex (red arrow) before the merging between the landrthe upper shear layers. However,
once both shear layers have mergddrgerhairpin vortex is formed.

As BR increases, the hairpin vortices form earlier in the flow field and their shedding frequency
increases too as it has been observed in the aionl The field of view covered by the experimental
images taken in the-X plane is 1.5Dj and 5.75Dj respectively upstream and downstream the center of
the jet exit. With such a field of view, no conclusion can be drawn concerning the behavior of the
structures as they propagate downstream.
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Figure 5-10: Fully reactive Mie scattering visualization at thecenter plane at BR=0.200 showing the
formation of a hairpin vortex resulting from an instability in the upper shear layer

Figure 5-11: Fully reactive Mie scattering visualization at the plane Yj=0 at BR=0.300 showing the
instability in the lower shear layer and the formation of hairpin vortex

Figure 5-12: Fully reactive Mie scattering visualization at the plane Yj=0 at BR=0.400 showing the
hairpin vortices formed in the upper (red arrow), lower (green arrows)shear layers, after the
merging of the shear layers (purple arrows)

The formation mechanism whidbadsto the hairpin vortices differs between the experiments and
the simulations. This is explained by the fact that experiments provideex pagturbed environment for
the flow field to developBesides the absence of iasility along the upper shear layer in the simulation
may originate from the algorithm used to model the turbulent viscosity in Fluent.

On the top views, shadows representing the head of the hairpin vortices are observable. These
shadows are located in fibof the legs of the hairpin vortices since they are convected at a higher speed.
The top view visualizations have been taken at a plane located 0.125Dj above the wind tunnel wall. This

given plane cuts horizontally the legs of the hairpin vortices. Eneesof rotation of the legs of the
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hairpin (purple arrow) is visible on figure18 and is consistent with the sense of rotation of the CRVP
The CRVP are better seen on figurd% at BR=0.150. It representsZ planes inclined at 30° with
respect to thetreamwise direction. The first plane is taken at the center of the jet exit and the last one at
Xj=4. There is a step of 1Dj in the streamwise direction between each plane. Fijutgidghlights the

slight upwards motion of the CRVP and their growthhey are convected downstream.

Figure 5-13: Top View Visualization at BR=0.150 (left), BR=0.200 (midd) and BR=0.300 (right).
The purple arrows point out the horizontal legs of the hairpin vortices.
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Figure 5-14: Reactive Mie scattering visualization at a ¥Z plane inclined at 30° with respect to the
spanwise direction. The first plane is at Xj=0 and the last one at Xj=4 with a step of 1 between
each. BR=0.150.

Along the jet body extend vortical structurigure 513) which are intermittently trapped into the
jet core. These vortical structures have also been noticed in the simulation and are referredsasénorse
vortices in the literature. The horshoe vortex comes from the roip of the crossflow handary layer as
it is blocked by the jet fluid. Usually this vortical structure forms at the leading edge of the jet exit. At
such low BR, the formation of the horse shoe vortex is pushed downstream, above the jet exit since the jet
is highly bent by therossflow. At BR=0.300, the hors#hoe vortex is at Xj0.47 (figure 515). As BR
increases, the horse shoe vortex forms more upstream due to the higher bkdtageedby the
crossflow and due to the high pressure zone wiicmoved upstream. The legs the horseshoe vortex
extend downstream around the jet exit and are irregularly caught up by the jetdvaastream (Figure
5-13). The streamwise vorticity carried by the structure opposes to the vorticity of the CRVP. As the
reader looks at the flofield in the downstream direction, the left leg has a positive streamwise vorticity,
while the right leg possesses a negative streamwise vorticity. The-dmarsevortex contains both
crossflow and jet fluid, since the legs transport seeded particlegmsnsthe top visualizations. In the

attached jet regime, the horskoe vortices are stable.
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5.1.3. Detached Jet

Numerically, the detached jet regime has been observed for a BR of 1 and 1.2, while the limit has
been found at BR=0.800 parimentally. The main difference between the attached and detached jet
regimes comes from the formation of both lower and upper vortices in the detached jet.

Horseshoes vortices have been identified in the detached jet remmheresult from thesame
mecdanism as in the attached.j&@ompared to the regina low BR the formation of this structure is
promoting by two factors: a higher adverse pressure gradient upstream the jet exit, and an increase in the
vertical momentum of the jet fluid which interieg the blockage of the crossflow. The hesbee
vortices form upstream the jetexit (Xf=. 94) and are stabl e :-l6fepfgresgntsdonot
streamtraces at the upstream of the jet exit. The red line refers to the jet exit. On-fi§utheshorse
shoe vortices contain crossflow fluid and jet fluid from the upstream of the jet. The legs of thehuarse
vortices extend around the jet and are convected downstream. Cases at BR=1 and BR=1.2 illustrate two
different behaviors of the horstoe vortices. At BR=1, only one horshoe vortex forms upstream of
the jet exit. As the legs of the horskoe vortex extend around the jet and propagate in the streamwise
direction, they are caught up by the jet body. Figul& Sllustrates the interacih between the jet body
and the legs of the horsehoe vortex with the typical 6806 shape

Once the legs are trapped, they stay connected with the jet body as they are convected downstream. At
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this given BR, no evidenceas been found they are lifted upwards; they remain close to the wall at a

distance Zj=0.1 above.

Z

€,

Figure 5-16. Streamtraces at the upstream side of the jet exit at BR=1 which show horsboe
vortex contains both jet and crossflow fluid

X Vorticity: -25 0 25

Figure5-17isos ur f ace of the Lap!l ac?j mloedpy teesteeamwise ( P =200
vorticity and superimposed with streamtraces at BR=1

At BR=1.2, the interaction between the jet/crossflow intensifies, two {shieevortices are shed
(figure 518 left). The main horse shoe vortex forms just upstream of the jet exiO(345, while the
second one is shed upstream of the first one-({Xj3. The main horse shoe vortex is bigger vertically in
size and has stronger spasev or t i ci ty ( -@2A$)=0t. D&l ,t Wy =secon-d one (
180s"). Both horss hoes vortices are stabl e; they -dhoend6t 0S5
vortex is regular while the formation of the second structure is random. Asrdeshoes vortices are
convected downstream, their legs extend around the jet exit and interact with the jet body. The
instantaneous streamlines plotted in figur&85(right) show one leg of the horsboe which extends
downstream and remains close to wedl while the second one is entrained into the recirculation region,

lifted upwards and mixes with the jet body (figurd®. The upwards entrainment of the legs of the
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horseshoe vortex at BR=1.2 is possible because the jet core carries higher velticay than at BR=1.
Concerning the second horskoe vortex, as it extends downstream, it is dissipated since it carries lower

vorticity.

(right)

Figure5-1%Iso-sur f ace of Lap!l aci an)atBR=.2cverlmicwitli @P=4000P
streamtraces which shows the entrainment of the legs of the horshoe vortex upwards

Experimentally, in the detached jet regiritehas been observed the hostwme vortex forms
upstream the jet exit. Its legs extend around the jet exit and are lifted upwards by the entrainment of the
jet body motion. Figure-20 depicts a top visualization of the flow field at BR=0.800. The greemwsa
point to the legs of the horshoe vortex which extend downstream. The upwards entrainment of the
structure is illustrated by figureZ4 at BR=1.1. Behind the trailingdge of the jet, vertical structures
containing seeded particles appeared aro(jr8. These vertical structures represent the upwards lifting
of the legs of the horsghoe by the jet core in one hand, and the wake vortices in the other hand. This
second point will be discussed later. At BR=1, the simulations have revealed the tleghofseshoe
vortex remain close to the wall. This change of behavior between the simulations and the experiments

explains by the difference of environment surrounding the jet body during the experiments and the
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simulations. The motion of the legs andliienced by both the jet body and the perturbations present in
the surrounding. The experiments provide a high disrupted environment which intensifies the upwards
motion of the legs, while the simulations present a quiet environment for the developthenstadicture.

This absence of high perturbation around the jet body justifies the legs remain close to the wall in the

N

numercal simulations.

ﬂ

Figure 5-20: Top visualization at BR=0.800 illustrating the position of the legs of the horsghoe
vortices in the farfield

The detached jet is characterized by the formation of lower and upper vortices. Thess harte a
random behavior as they are convected downstream; they may interact with each other once the upper and
lower shear layer have merged to form a vortex ring, or they may evolve independently from each other
as they move downstreaifihe upper andower vortices have opposite streamwise vortidiigure 521
shows the shedding of a vortex ring from a lower and upper vortices once the upper and lower jet shear
layers have merged. To make easier the localization of the vortices, the fluctuationsphitivase
vorticity along the center plane is also displayed at the same time instant. The black arrows in the bottom
of figure 521 (A) point out two upper vortices. The shedding of upper vortices at high BR is observable
due to two reasons. The BR incsedeads firstly to an increase of the vorticity carried by the upper shear
layer, and secondly the shearing effect along the jet/crossflow interface intensifies. These two

mechanisms promote the rolp of the upper shear layer, and consequently the fanmaf an upper
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vortex. The presence of hairpin vortices resulting from theumlbf the lower jet shear layer is also
observed. However, these structures are located below the upper shear layer. Then, they are not clearly
observable on the issurfaceof the Laplacian pressure, and are better well seen on the contour of the
fluctuation of the spanwise vorticity. The lower vortices are seen on fig2ite(B) and are designated by

the three black arrows on the top. As the upper vortices are convectestigiam, they exhibit the shape

of an inverse hairpin vortex (figureZL B side view); the head is located upstream of its side arms which
extend along the jet column. As the lower vortex is convected downstream, it lifts upwards and becomes
spatially clser to the upper vortices. The shedding of the vortex ring is seen on figlrd@. The

vortex ring forms once the upper and lower shear layers have merged. It results from the interaction of an

upper and lower vortex which has been shed independently éach other in the neheld. As the

vortex ring is convected downstream, this latter starts to break into smaller eddies (24uie E).

Figure 5-21cont.
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Figure 5-21: Formation of a vortex ring issuing from the interaction ofan upper and lower vortex
atBR=1.2.Top:lsesur f ace of tublered Bylspabwisa voricity. Bottom: contour of
the fluctuation of the spanwise vorticity at the center plane.

At BR=1, the shedding frequency of the upper vortices is lower thaRal B, since the shearing
effect along the jet/crossflow interface is less pronounced. The upper vortices are not as well formed as at
higher BR, and the inverse hairpin shape is seen more occasionally. They dissipate earlier in the flow
field than their ounterparts at BR=1.2, therefore the formation of a vortex ring is more sporadic.

However the shedding of a vortex ring still occurs once the upper and lower shear layers have merged.
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