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Analysis of Large Eddy
Simulations and 1D Hot-Wire
Data to Determine Actively
Generated Main Flow Turbulence
in @ Film Cooling Test Rig

Active turbulence generators were incorporated into a wind tunnel to investigate more
realistic inflow conditions for a film cooling test rig. The flow field signals are sampled
numerically by probes in large eddy simulations (LES) and experimentally using 1D hot-
wire measurements to determine turbulence quantities. The LES shows that the turbulence
is anisotropic which cannot be detected by the 1D hot-wire. Furthermore, the integral
length scale which shall provide insight into the sizes of the turbulent eddies is determined
using two approaches. The first uses the one probe at two times correlation method and
could be evaluated from the numerical and experimental probes. The second correlation
method exploits the spatial resolution in the LES domain using the two probes at one
time approach. Both methods show combustor-like turbulence length scales downstream
of the active turbulence generators if the triple decomposition is applied onto the velocity

signal. [DOI: 10.1115/1.4054778]
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1 Introduction

The performance of jet-engines highly depends on the turbine
inlet temperature. Typically, temperatures exceed the allowable
material temperature of the components in the combustion
chamber and turbine. Thus, film cooling methods are applied to
reduce the heat load of these components. Reynolds-averaged
Navier-Stokes (RANS) simulations have been applied but results
indicated that the steady-state approach is not feasible to properly
predict the mean flow field and film cooling effectiveness near the
wall [1,2]. However, many optimizations processes use this
approach to develop superb film cooling geometries. Sperling
et al. [3] showed that the prediction of film cooling effectiveness
can be significantly improved using unsteady RANS simulations
by considering the dominant frequency from the broadband spec-
trum of the velocity signal at the inlet upstream of the film
cooling injection. This finding emphasizes that the unsteadiness
of the inlet boundary conditions are of high importance to predict
the correct film cooling effectiveness.

Recent numerical film cooling studies applying large eddy simu-
lations (LES) showed good agreement with experimental data at
low turbulence conditions [4-6]. However, in gas turbines, the
jets emanating from effusion cooling holes in the combustor or in
the turbine are affected by a highly turbulent flow field. How is
this field characterized?

Lubbock and Oldfield [7] give an overview of hot rich burn com-
bustor studies from the 1970s to the 1990s and conclude that the tur-
bulence at the combustor exit depends on the geometry, swirl and
the mixing process (due to main flow and secondary (dilution)
flows) as opposed to the combustion process itself. The turbulence
intensity is usually between 10% and 20% for low and high swir-
lers. For rich burn combustors, measured turbulence length scales
are only available from experiments with low swirl combustors
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and are of the order 10-20 mm (0.4-0.8 in.). The studies focused
on the turbulence boundary conditions at the combustor—turbine
interface. Only one study gives information of the turbulence quan-
tities in the primary zone [8]. Moreover, it was concluded that rich
burn combustors show isotropic turbulence [9]. Note, in the men-
tioned studies of rich burn combustors, around half of the mass
flow enters the main gas path through the combustor liners.

However, in modern lean burn combustors, most of the air enters
the main gas path through the fuel injector. There are no mixing jets
like in a conventional rich burn combustor. Thus, the fuel injector
dominates the combustor exit conditions. Measured turbulence
intensity and length scales at the interface were similar to that of
rich burn combustors. However, the turbulence length scales in a
modern lean burn single-sector combustor were shown to be aniso-
tropic [10,11]. A jet engine representative swirling main flow was
created experimentally and numerically [12,13]. The influence of
the swirling main flow on a liner with effusion cooling indicated
that the generated cooling film is periodically destroyed which
reduces the film cooling effectiveness. This further underlines the
need of experiments with realistic inflow conditions and unsteady
computational fluid dynamics (CFD) simulations because the heat
transfer depends on both the turbulence intensity and length scale
(see, e.g., Refs. [14,15]). Table 1 summaries the studies which are
measured in rich and lean burn combustors and combustor
simulators.

In the past, the film cooling experiments at our institute have been
conducted at low turbulence levels as well, e.g., Refs. [22,23].
Hence, two turbulence grids were built and tested to increase the
mainstream turbulence intensity in the film cooling test section.
One of the grids was used for effusion film cooling experiments
with higher turbulence intensities in the film cooling test section
[24,25]. The quantities of interest which are the turbulence intensity
Tu and length scale A; were determined using 1D hot-wire probes
[26].

The aim of this paper is to characterize the created flow fields
with respect to gas turbine combustor turbulence by applying 3D
large eddy simulations. This way it is possible to sample the
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Table1 Previous studies in rich and lean burn combustors with
the turbulence intensity Tu and length scale A,

Rich burn references Tu (%) Ay (mm)
Driscoll and Pelaccio [8] 15-40 18
Moss [16] 9 7
Barringer et al. [17] 15-18 60-120
Cha et al. [18] 20-35 8-17
Lubbock and Oldfield [7] 11-26 7-20
Lean burn references Tu (%) Ay (mm)
Bacci et al. [19] 15-35

Koupper et al. [20] 20-22 4.5-9
Schroll et al. [21] 10-20

Willert et al. [11] 3.75-30
Lenzi et al. [13] 10-75 2-20

created turbulent velocity field upstream of the film cooling test
section as well. There is no optical access in the wind tunnel to
apply particle image velocimetry (PIV) in a plane perpendicular
to the main flow direction upstream of the test section to get these
data. Furthermore, the velocity field near the wall using PIV
methods may be inaccurate. The sampled velocity boundary condi-
tions enable one to run more realistic film cooling CFD simulations
which can be compared to experimental data as well. This paper is
organized as follows. The experimental setup is described as well as
the hot-wire measurement technique. Subsequently, the numerical
approach is given followed by the post-processing of the unsteady
velocity field for the CFD and experiment. Then, the LES is vali-
dated by the experimental data and the results are discussed.

2 Experimental Setup

Measurements were carried out in a closed-loop wind tunnel
facility (“Gottinger” design). The flow in the wind tunnel is
driven by a radial fan with a diameter of 1 m (39.4in.) and a
motor power of 69.5kW. Before reaching the open path test
section, a 4:1 contraction nozzle reduces the cross section to
1060 mm x 706 mm (41.7 in. x 28.8 in.). Since the turbulence gen-
erators were designed for a thermal wind tunnel facility, the test
section of the atmospheric wind tunnel had to be modified to
meet the constraints of the thermal wind tunnel. A wooden
channel, depicted in Fig. 1, was installed inside the open path test
section such that the contraction nozzle of this additional geometry
attaches to the inlet. It further reduces the size of the channel to a
final flow cross section of 400x 150 mm (15.8 in. x5 in.). The
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Fig. 1 Test section geometry inside the atmospheric wind
tunnel
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turbulence intensity in the test section without a turbulence genera-
tor is around 0.5%. The turbulence generators, called vortex gener-
ator (VG) and active turbulence grid (ATG), are mounted between
two channel segments with constant cross section. The upstream
segment has a length of 400mm (15.8in.) and the down-
stream segment has a length of 1000 mm (39.4in.). The down-
stream segment can be accessed through hatches in the upper
wall and hot-wire probes can be placed inside this segment using
optical rails that are mounted at the side walls of the channel.
Figure 1 further indicates the location of the origin of the coordinate
system in the center of the turbulence generator.

2.1 Vortex Generator. The vortex generator consists of a
single horizontal axis (diameter of 7mm (0.28 in)) equipped with
a flat plate (400 mmx95 mmx1.5mm, 15.8in.x3.7 in.x
0.06 in., width x height x thickness) that is mounted through the
centerline of the axis (see Fig. 2). The axis is driven by a brushless
DC motor (Nanotec, DB42S03). The motor is equipped with a high-
torque planetary gear (Nanotec, GP42-S2-15-SR, reduction ratio of
15) to resist the torque which is generated by the rotating plate. The
position of the axis can be vertically adjusted to modify the distance
of the generated vortices from the surface. The axis was positioned
in the center (Z=0). The motor control system (Sigmatek, S-DIAS
processor module CP102 and S-DIAS DRIVE-Module DC062
including break resistor) allows three operating conditions: constant
plate orientation, constant rotation rate, or alternation between two
plate orientations. The orientation of the plate was monitored with a
forked photoelectric sensor. Experimentally, rotation rates of 40 and
160 rpm were tested (constant within +3%) as well as the two oper-
ation conditions (rotation and alternation). The constant rotation
mode with a rate of 160rpm was chosen out of simplicity. The
higher rotation rate helps to reduce computational costs because
the duration of one period is shorter.

2.2 Active Turbulence Grid. The active turbulence grid
(Fig. 3) is based on the work of Makita [27] and Makita and
Sassa [28] and was redesigned to fit the geometrical constraints of
the thermal wind tunnel test section. Three horizontal and eight ver-
tical axes are placed inside the flow cross section forming an evenly
spaced grid. Diamond-shaped winglets are mounted onto the axes
filling the room around the grid. All axes are driven by brushless
DC motors (DB42S03, Nanotec) and individually controlled
using optical encoders (WEDL5541-B14, Nanotec), forked photo-
electric sensors, and a S-DIAS system (hardware modules CP112
and DCO062) of Sigmatek. By rotating the axes, the winglets period-
ically open and close the remaining flow cross section through the
grid which produces additional turbulence. The individual control
of the 11 motors allows various operating modes which result in
numerous possible flow conditions. In this work, an individual
phase shift was applied on each axis to create a nearly constant
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Fig. 2 Vortex generator (looking upstream)

Transactions of the ASME

€20z 1sNBNy g0 UO Jasn usyoun|y Jyamsapung Ja JeNsIanun Aq Jpd-e00L L1 LL ¥ L 0QINYG 269689/€00 1 L L/L L/vY LAPA-OjoilE/AIsuIyOBWOGINYBI0"BLUSE" UOOB]|00[ENBIPOWSE//dRY WOl papeojumoq



@ motor

frame

N
Ol o PEREKIHIEA, ©
@@@'..: A A A o.

L]
/ i n
flow cross Q:%' H rotation
i @ @/ direction
section

Fig. 3 Active turbulence grid (looking upstream)

®

i\
O
O

0.0

blockage of the remaining cross section over time. Rotation rates
between 60 and 3600 rpms were tested and 60 rpm was chosen
because it creates turbulence quantities similar to the ones in gas tur-
bines. For more details on the investigated parameters, we refer to
Ref. [26].

2.3 Measurement Technique. A 1D hot-wire system (Dantec,
StreamLine, 90N10 with CTA modules 90C10) was used to
measure instantaneous flow velocities. A single wire probe
(Dantec, 55P11) was positioned at various locations downstream
of the vortex generator using a custom made probe holder and
optical rails which are mounted to the side walls inside the
test section. A second probe (Dantec, 55P14) was placed upstream
(X=-150 mm (5.91n.), Y=Z=0) of the vortex generator to simul-
taneously measure the unaffected inflow. The probes were cali-
brated between 0.5 m/s and 50 m/s using an automatic calibration
system (Dantec, 90HO1 calibration module and 90HO2 flow unit).
A 2.5s or 10s recording period at 20kHz were chosen for the
VG and ATG cases. A sampling frequency of 10 kHz was sufficient
to determine converged turbulence time and length scales in a com-
bustor simulator [20].

2.4 Ambient Conditions and Uncertainty. Measurements
were carried out at atmospheric conditions. The flow temperature
was 20 °C and the static pressure was 960hPa, both quantities
with an uncertainty well below 1%.

The measurement uncertainty of the single wire probes depends
on the turbulence intensity and is given by Bruun [29]. At
Tu = 10%, the uncertainty of the average velocity is 0.6% and the
uncertainty of the average fluctuation is 0.5%. At Tu = 30%, the
uncertainties are increased to 5.0% and 5.7%, respectively.
However, actually testing the calibrated hot-wires at several veloc-
ities with the automatic calibration flow unit at a turbulence inten-
sity of Tu =~ 0.0% occasional resulted in an error of the average
velocity greater than 3%. Furthermore, the probe location uncer-
tainty was up to 5mm (0.21in.) in each direction.

3 Numerical Method

The flow field downstream of the active turbulence generators is
expected to be highly turbulent and to have recirculation regions in
which the 1D probe may not determine the correct velocity. Hence,
3D LES studies are applied which are conducted with oPENFOAM
v1912 using the pressure-based solver “pimpleFoam”. This solver
has been chosen because of a low Mach number (<0.03) and cons-
tant temperature in the simulated part of the wind tunnel section. It
has the capability to accommodate moving embedded meshes and
compute the correct fluxes accordingly at the mesh interface. The
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filtered incompressible Navier—Stokes equations are solved. The
governing equations are the continuity equation (formulated as a
pressure-correction equation)

oit;
—=0 1
o, ey
and the momentum equations
o | diyiy _ 0p oSy org™
ot 0x; T ox 0x; 0x;
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Filtered variables are denoted by tilde, S',j is the resolved
rate-of-strain tensor, and the subgrid stress term rZ“’d accounts for
effects from unresolved scales. The chosen subgrid model for the
unresolved scales is the wall-adapting local eddy-viscosity model.
Due to the size of the domain and the moving mesh, the Spalding
wall function implemented in opENFoaM is used. The equation
system is solved with the iterative PISO-SIMPLE (PIMPLE) algo-
rithm with two SIMPLE iterations, two pressure corrections, and
one non-orthogonal corrector loop. The initial residuals of the fun-
damental equations can be reduced by several orders of magnitude
using more than one SIMPLE iteration with no under-relaxation.
The Green-Gauss-based method and second-order linear interpola-
tion are used for all gradient calculations on the cell faces. The
advective term for the velocity field is discretized with a
second-order upwind biased scheme to prevent the introduction of
velocity oscillations at the interpolation planes between the
moving and stationary meshes. Second-order Gaussian quadrature
for element face integration, linear interpolation of the diffusion
coefficient, and the corrected scheme for the surface normal gradi-
ents are used to describe diffusive terms. All cases are run with a
second-order implicit discretization in time (Euler backward).
Due to the relatively long duration of one rotation period, the phys-
ical time-step of the simulations is chosen to allow for a maximum
Courant number of 0.9 (df~ 5 x 107% s). Downstream of the gener-
ators where the probes are evaluated, the average Courant number is
of order 0.01.

3.1 Computational Domain and Grid. The computational
domain consists of a section from the wind tunnel experiments
rejecting the upstream nozzle and is depicted in Fig. 4 containing
the vortex generator. The coordinates are non-dimensionalized by

the rounded plate length Z,, ~ 100mm (3.94in.) of the vortex
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Fig. 4 Sketch of the 3D computational domain including the
vortex generator, boundary conditions, and probe locations
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generator. The origin of the Cartesian coordinate system is located
in the center of the turbulence generator module.

The inlet is located three plate dimensions upstream and the other
sizes correspond to the actual wind tunnel (Fig. 1). The width of the
CFD domain does not account for the optical rails that are mounted
at the side walls of the channel. Hence, the CFD does not account
for 3D effects resulting from these geometry features. The geometry
of the vortex generator is very simple and a block structured
meshing approach of the stationary wind tunnel domain and rotating
plate domain was chosen. The geometry of the active turbulence
generator is more complex and an unstructured meshing approach
of the turbulence generator is chosen. The 59 rotating wing
domains are placed into a stationary domain to create the mesh
for the turbulence generator. Adjacent to this domain, block struc-
tured meshes are used to create the mesh for the upstream and
downstream sections of the wind tunnel. The unstructured
domains are only discretized by tetrahedral cells because the
usage of prism layers resulted in low quality elements. However,
cell faces perpendicular to the wall are important for the correct
usage of wall functions [30] which is not given by the tetrahedral
elements. Nevertheless, using only tetrahedral cells is a common
approach for complex geometries like, for example, in swirl
burners [20,31]. The meshes are created with ANSYS ICEM
CFD. Afterwards, the single meshes are converted to the unstruc-
tured mesh format of opENFoaM and merged. Figure 5 shows the
grids of both generators near the mesh interfaces.

3.2 Boundary and Initial Conditions. The boundary condi-
tions are visualized in the side view of Fig. 4. The outlet backflow

is prevented by setting the reverse velocity to 0 at the patch. The
no-slip condition is applied on the walls of the rectangular
channel. The velocity distribution along the rotating walls follows
the distribution vy, =27-r-w, in which r is the distance from
the origin of rotation to the corresponding point on the rotating
wall and w is the rotational speed of the shaft(s) (160 rpm for the
vortex generator and 60 rpm for the active turbulence grid). The
cyclic arbitrary mesh interface handles non-conformal interfaces
in the domain.

Fig. 5 Computational grid and the interfaces marked by the
dashed lines (- - -). Top: vortex generator. Bottom: active turbu-
lence grid.
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The velocity inflow condition between the ATG and VG differs
and both simulations are started from quiescent air. The plate of the
vortex generator is positioned horizontally (lowest blockage of the
wind tunnels cross section). The fan of the wind tunnel is operating
at constant speed. Thus, the rotating of the plate throttles the fan
periodically. A sine function

u(t) = sin (Zﬂf(t — 10)Uscale + U 3)

describes this behavior of the axial velocity u(¢) at the inlet of the
domain. The frequency f is twice the rotational speed of the plate
(because of the plate’s symmetry), in which ¢ is the local time-step,
to is the temporal offset, ug ... =4.167 m/s is the velocity to scale the
mean axial velocity u = 12.751 m/s.

The active turbulence grid is operated in a constant blockage
mode and Fig. 6 shows the front view of the ATG (for CFD and
experiment) and the position of the shafts at one instantaneous
moment. The velocity signal of an upstream located hot-wire
probe shows a visible rotating frequency of 60 rpm in the frequency
spectrum but this only leads to an inflow turbulence intensity of
around 2.3%. This indicates that the throttling effect due to the
wing rotation may be negligible during constant blockage mode.
Thus, a constant inflow velocity upstream of the active turbulence
grid of u,,=7.5m/s is set which is determined from the time
average probe velocity signal from the upstream hot-wire. All in
all, the inlet boundary conditions are in good agreement with the
experimental setup.

3.3 Numerical Point Probes. There are numerical point
probes in the domain to sample the three velocity components at
the same locations of the hot-wire measurements. Additional
numerical probes have been placed in the domain to improve the
spatial resolution. The data are sampled at 20 kHz equally to the
experimental data. Each LES of the VG cases are run for 10 rotation
periods (=~ 1.95s). The first two periods (approximately three
through flows of the domain) of the probe signals are skipped to
prevent the signal to be corrupted by the initial solution. Hence,
eight periods can be used for the signal analyses (x~1.5s). The
cases of the ATG followed a similar routine but only seven
periods are kept for signal analyses. To allow for a comparison of
the numerical and hot-wire data, the numerical probe signal has
to be converted to the effective velocity measured by the 1D
hot-wire probe. One has to consider that 1D hot-wire probes do
not measure one velocity component exclusively. Since the
cooling of the probe wire is driven by all three velocity components,
the effective velocity veg follows the equation:

Vet = VU + k2v? + h2w? 4)

in which k and & are pitch factors. Those factors weight the influ-
ence of the non-main flow velocity components v and w relative
to the main flow component u. While v is aligned parallel with
the wire and therefore considered to have a low effect on the
cooling of the hot-wire (k=0.1), the third component w is aligned
perpendicular to the wire and thus has an equal effect (h=1) as

Fig. 6 Instantaneous view of the active turbulence grid operat-
ing in constant blockage mode looking upstream. Left: CFD.
Right: experiment.
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the main flow component [29,32]. Since 1D hot-wire data do not
allow to derive single velocity components, the numerical data
have to be transformed into a hot-wire equivalent signal using
Eq. (4) for validation purposes.

4 Post-Processing of Unsteady Velocity Field

The velocity signals V(#) of the probes are post-processed to
determine the turbulence quantities of interest. A cross-correlation
function was used to determine the time lag between the experimen-
tal and CFD signals. Subsequently, both signals are in phase with
the same signal length. Usually, the Reynolds decomposition

V=V +V (®)

is applied to extract the stochastic fluctuation V'(¢) of the velocity
signal. However, velocity fluctuations investigated in this
study contain both the turbulent V'(¢) and the coherent (periodic)
V,(¢(1)) part induced periodically by one of the turbulence genera-
tors. Hence, only the triple decomposition [33] is applied

V() = V() + Vy(¢1) +V (©)

The periodic part depends on the phase angle ¢(¢) which is known
(rotation speed of the shafts). This allows to determine the periodic
fluctuation at a certain phase

1 N-1 o
Vo(@(t) = lim ; Vito +nT) =V @)

in which T denotes the duration of one (rotation) period and N
equals to the number of periods in the signal V(z). The triple decom-
position requires averaging over as many periods as possible to cal-
culate a well averaged phase depending fluctuation V,,(¢(¢)) which
is numerically not always feasible. Other methods to triple decom-
pose a fluctuating field are described in Ref. [34]. The triple decom-
position may also be applied if the fluctuation of the velocity is
forced which as well occurs downstream of a rotor in a compressor
or turbine.

In the following, the definitions of the turbulence intensity and
integral length scale for the one- and two-point approaches are
given. The definitions are then applied to the triple decomposed
fluctuation V; which is referred to as V' in the following.

4.1 Turbulence Intensity. The isotropic turbulence intensity
Tu is defined as

Sz
Tu=———eo— ®)
VI + 9+ W
in which v/ V2 = V,, is the mean velocity fluctuation. The velocity
component V indicates one of the following components, e.g., u, v,
w or the effective velocity veg.

4.2 Integral Length Scale: One-Point Approach. The inte-
gral length scale can be determined [35-37] by one probe at a
fixed location (xy) from the correlation coefficient Ry of the auto-
correlation function with time lag z:

V'(xg, HV' (g, t + 1)

D7 20 ©9)
V(. 1)

Ry (%, 7) =

The overline denotes a time-averaged value. Hence, the time
average for each temporal offset 7 is computed. One can integrate
the coefficient Ry up to a certain temporal offset 7* to determine
the integral time scale A,
-
A, =j Ry (xg, 7)dr (10)
0
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It quantifies the time interval over which significant correlation per-
sists and returns a measure of the largest turbulent eddies passing
this point. The references mentioned in Table 2 used this one-point
approach to determine turbulence time scales. Moreover, the inte-
gration limit z* differs between the whole temporal range lim
oo OF at which the value of 7* corresponds to 7 at the first
zero-crossing of the correlation coefficient Ry (xg, 7%) =0 or
where Ry (xXg, 7%) has a value of 0.5. Which integration limit is
a good choice? Koupper et al. [20] varied the integration threshold
7* between Ryy (xg, 7%) =0 — 0.95 showing that the integral time
scale increases with increasing z*. However, this depends on the
case-specific trend of the correlation coefficient. Figure 7 shows
two exemplary correlation coefficients from the vortex generator
investigation. If there is no zero-crossing in the considered time
frame, integrating over the whole time range would result in very
large integral time scales. However, the integral time scale is sup-
posed to characterize the duration of persistently high correlation
and choosing lim,«_, would determine an integral time scale
which is more likely to be characterized by low correlation
values. Furthermore, other correlation functions tend to have an
oscillating “tail” (see, e.g., also Ref. [38]) resulting in a delayed
zero-crossing which in turn increases the integral value.

Applying the Taylor’s hypothesis (Taylor’s frozen turbulence)
allows to determine the integral length scale A,

A=A -V L)

by multiplying the mean convection velocity V with the integral
time scale. Hence, a length scale only in the mainstream direction
can be determined. This definition is actually only valid for

Table 2 Integration limit of the correlation coefficient Ry (X, 7)
for the one-point approach of previous studies in rich and lean
burn combustors

References Integration limit

Driscoll and Pelaccio [8] limg_, o

Moss [16] Ry (x5, 7) =0
Barringer et al. [17] n/a

Cha et al. [18] Ry (X, %) =0
Koupper et al. [20] Ryry (xg, 7%) = 0.5
Lubbock and Oldfield [7] Ry (X5, ) =0
Willert et al. [11] limg_, o

Lenzi et al. [13] n/a

No zero-crossing —— Oscillating tail

1.00
- 0.75
— Integral time scale A,
=
NE 0.50 -
3
S
X 0.25 1
=
0.00 -
0 10 20 30 40 50
7 [ms]

Fig.7 Overview of two different correlation functions as well as
the choice for the integration limit z* and the resulting integral
time scale A,, adapted from Ref. [20]
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conditions V' < V which is not satisfied downstream of our turbu-
lence generators (and in gas turbine combustors). Moreover, these
equations show that it is necessary to use as many signal periods
as possible to determine well averaged values for V and A,. If
only two signal periods are evaluated, the determined length scale
can vary up to 40% depending on which time interval was
chosen. Hence, seven (ATG) and eight (VG) periods are evaluated
of the experimental and numerical signal leading to a variation of
the determined length scale below 5%. A more thorough investiga-
tion was necessary for Ref. [20] because the signal length of the
numerical data was much shorter than the experimental data
which lead to an uncertainty of +20%. Figure 8 shows the value
of the determined turbulence length scale A; as a function of the
integration limit for the correlation coefficient Ry . Here, the
trend upstream of the film cooling test section is shown using gen-
erated turbulence from the vortex generator and active turbulence
grid. The value of the length scale shows linear trends between inte-
gration limits of 0.95-0.7 and 0.65-0.25. The estimated sizes of the
length scales vary between 2 and 32 mm for the VG and between 2
and 45 for the ATG. In this investigation, an integration limit for z*
is chosen so that Ry (xg, %) = 0.5 (visualized in Fig. 7). This
choice is less sensible to oscillating tails of the correlation function
which occurs for low integration limits smaller than 0.25. All in all,
the size of length scale generated fits into the gas turbine context as
shown in Table 1. In addition, one should determine the ratio of the
integral length scale to the used film cooling diameter (A /D) which
is done in the final section of this work.

4.3 Integral Length Scale: Two-Point Approach. For higher
accuracy, the integral length scale can be directly determined using
several probes spaced evenly apart by AX'in, for example, the axial,
lateral, or vertical direction [36]. This is referred to as the two-point
one time approach. In the numerical domain, the spatial resolution
of the probes is much higher than in the experiment. This way it is
possible to calculate the correlation coefficient Ry as a function of
the probe distances (e.g., in axial direction) Ax:

. V'(x, )V (X' + Ax, 1)
RV/V/()C(), A)C) = jz (12)
VI(E 1)

The (longitudinal) correlation coefficient is evaluated such that the
vector of the probe spacing (e.g., Az) and the velocity component
(e.g., V=w) are parallel. The integral length scale A, can be deter-
mined by integrating this coefficient in the direction of the probe

—— VGR —— ATGR
45
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15 1
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T I 1 T I 1 1 I 1
1 09 08 07 0.6 05 04 03 0.2 0.1 O
Integration limit for Ry v/ [—]

Fig. 8 Influence of the integration limit for Ry, on the integral
length scale A, upstream of the film cooling test section,
adapted from Ref. [20]
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locations:

Ax*
Ao =J Ryry/ (x5, Ax)dX 13)
0

This way length scales in the X, Y, and Z direction are calculated.
The integration limit Ax* is the distance at which the correlation
coefficient Ry (xg, Ax)= 0.5. The maximum spatial probe offset
value is chosen to be Axpax /ip =1, Aymax /ﬂp =0.1, and
AZmax /Z,, =0.07 and is schematically depicted for the y direction
in Fig. 4. The integration limit Ax* to reach a value of 0.5 for the
correlation coefficient is smaller than Ax,,,.

5 Mesh Study

For the mesh study of the vortex generator, three meshes are
tested comprising of 2 million (coarse), 3 million (medium), and
4.3 million (fine) hexahedral elements. Meshes with more elements
are not investigated because the speedup of the parallelization is
strongly limited using the moving mesh approach. The fine mesh
is based on the medium mesh but is refined in a centered region
downstream of the vortex generator by halving the cells in each
direction. Numerical probes are placed in cells in which the cubic
root of the cell volume is around 2 and 3mm (0.08 and 0.121in.)
for the fine and medium case. The ratio of the turbulent kinetic
energy ke to the total turbulent kinetic energy kies +Esgs, with
ksgs being the time-averaged subgrid turbulent kinetic energy
higher than 85% throughout the domain (medium mesh). Pope
[36] estimates that 80% are needed for an LES simulation with near-
wall resolution. Reducing the time-step by half (maximum Courant
number of 0.45) on the finest mesh did not lead to a different solu-
tion. Additionally, a simple mesh was created which only consists
of the part downstream of the moving mesh. The velocity field
downstream of the turbulence generator is sampled (medium
case) and can be recycled as the inlet boundary condition for the
simple mesh. The reconstruction of a sampled velocity field was
successfully applied in Ref. [31], as well. This allows for a mesh
with a higher resolution and a computational speedup because the
parallelization is not as limited as by using a moving mesh. This
mesh is based on the part downstream of the moving mesh contain-
ing 4 x more cells. Afterwards, it was refined in a centered region
leading to 32 x more cells in the region of interest with respect to
the medium mesh. The numerical settings were adjusted to this
fully orthogonal mesh and central differencing schemes for the
divergence terms were applied. In the following, this solution is
referred to the recycled CFD (CFD R) solution.

Figure 9 depicts the trend of the turbulence intensity T« and of the
integral length scale A along the centerline of the wind tunnel. The
velocity vector of the numerical probes was converted to the mea-
sured hot-wire velocity veg using Eq. (4). All meshes show that
the turbulence intensity decreases downstream of the vortex gener-
ator and the integral length scale increases downstream of the vortex
generator. The difference of turbulence intensity 7u between the
medium and fine mesh is small at low and high X/L. The recycled
CFD solution shows increased turbulence intensity which may be
due to the usage of pure central differencing schemes in contrast
to the second-order ypwind biased schemes. However, at the film
cooling location X/L = 7 the turbulence intensity differs by only
1%. The integral length scale using the one-point approach is
strongly affected by the mesh resolution. There is mesh indepen-
dence visible for the integral length scale between the fine and recy-
cled CFD solution. The medium mesh overestimates the length
scale by around 5 mm (0.2 in.). Based on the shown mesh indepen-
dence, a medium mesh was created for the ATG as well as a high
resolved simple mesh for recycling purposes to reduce the compu-
tational effort.
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Fig. 9 VG: mesh study for turbulence intensity Tu (black lines)
and Taylor macro-scale A, (gray lines) along the centerline
using the hot-wire converted velocity signal ves

6 Validation of Large Eddy Simulations Data

The 1D hot-wire data are employed to validate against the con-
verted signals of the LES probes (ver). The frequency spectra at
X /Z,, =1 of the experimental and numerical probe signals are
shown in Fig. 10. The LES simulation on the fine mesh is able to
resolve turbulence fluctuations without noticeable damping for fre-
quencies of up to 800 Hz. The medium mesh resolves frequencies
up to 400Hz (not shown). The hot-wire experiment can resolve
fluctuations with frequencies up to 10kHz (Nyquist criterion).
The higher energy content (due to more resolved frequencies) of
the experimental data leads to more activity in the velocity signal
as depicted in Fig. 11. Nevertheless, a good quantitative agreement
between the signals can be seen. Applying a low-pass filter at 800
Hz on the numerical and hot-wire probes matches the amplitudes
of the velocity signals. Nevertheless, filtering the signals have a
negligible effect on the agreement of the turbulence intensity and
length scale of the numerical and experimental data (not shown).
Thus, the signals are not additionally low-pass filtered in the follow-
ing. The evaluated turbulence intensity and integral length scale
along the centerline for the fine case, recycled case, and two exper-
imental measurements (EXP) are depicted in Figs. 12 and 13 for the
VG and ATG, respectively. Absolute values are not discussed here
because the results are shown derived from the effective velocity
Vegr fOr comparison purposes only.
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Fig. 10 VG: frequency spectrum of probe signals downstream
of the generator at x/L, = 1. CFD (fine) data converted to vs.
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Fig. 11 VG: unfiltered probe signals downstream of the genera-
tor at x/L, = 1. CFD (fine) data converted to ves.

---- CFD
o e EXP

—— CFDR
om EXP2

40
35 1
30 A

Tu [%)

5||||||
1 2 3 4 5 6 7 8 9
-]

X/Ly [

Fig. 12 VG: comparison of turbulence intensity Tu and integral
length scale A, at the centerline. CFD used the fine mesh and
CFD R corresponds to the recycled case.
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Fig. 13 ATG: comparison of turbulence intensity Tu and integral
length scale A, at the centerline. CFD used the medium mesh and
CFD R corresponds to the recycled case.
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Fig. 14 VG: instantaneous axial velocity downstream of the
vortex generator in the centerline. Probe locations are marked
with a cross.

First, the trend for the vortex generator is discussed. One can see
decaying turbulence intensity downstream of the vortex generator.
At X/L, =2, the turbulence intensity 7u shows a kink. It is a result
of applying Eq. (4) onto the LES velocity signal. There is no kink
when the directionally sensitive velocity components (¢, v, w) are
evaluated instead of the effective velocity component v (Figs. 16
and 17). This implies that the pitch factors to weight the influence
of the velocity components (Eq. (4)) may need to be adjusted just
downstream of the vortex generator to correctly determine veg. It
may also indicate that the experimental data are inaccurate at those
locations because of the proximity to a recirculation zone shown in
Fig. 14. With respect to the turbulence length scale, the two experi-
mental datasets differ by around 5 mm (0.2 in.) at most locations indi-
cating the difficulty of reproducing the length scale. The predicted
length scales match well with the experimental scales. Second, the
validation of the ATG results are discussed in Fig. 17. The turbulence
intensity matches well with the experiment. However, just down-
stream of the active turbulence grid, the results of the recycled
CFD predict a turbulence intensity which is around 10% higher
than the experimental data. As mentioned before, this discrepancy
may arise from the sensitivity of the used pitch factors to determine
the effective velocity veg in the proximity of a recirculation zone or
the uncertainty of the probe placing. Concerning the integral
length scale, the experimental data show difficulty of reproduction
once more. The CFD case (here medium mesh) has an offset of 5
mm (0.21in.) with respect to the higher resolved recycled case as
was also shown in the mesh study for the VG case (Fig. 9). There
is an almost exact agreement between the recycled trend of the

— EXP — CFD

Veps [m/s]

t/T -]

Fig. 15 VG: unfiltered probe signals downstream of the plate at
x/Lp = 1. CFD (fine) data show the axial velocity component u.
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integral length scale and one of the experimental results. All in all,
the simulations clearly show the correct trend suggesting that the
numerical approach works using complex meshes with moving sec-
tions or the recycling approach.

7 Results

In the previous section, the numerical data were converted to the
effective velocity v which was measured by the 1D hot-wire
probe. This way the numerical probe signal is insensitive to the
flow direction. In the following, the computed velocity components
u, v, and w are used directly to obtain the turbulence intensity and
integral length scales. The turbulence parameters are evaluated
once more along the centerline. The integral length scale is
derived from the two-point and one-point approaches and the differ-
ences are discussed. Finally, the turbulence parameters can be dis-
cussed just upstream of the film cooling test section in a 2D plane
ranging from the wall from which the film cooling is injected to
the center of the channel.

8 Turbulence Intensity Along Centerline

Figure 14 shows the contour of the instantaneous axial velocity u
downstream of the vortex generator’s plate in the axial (X) and ver-
tical (Z) planes. The numerical probe points are marked with a
cross. It is visible that the axial velocity component in the vicinity
of a probe has a negative sign indicating that directional sensitivity
is of importance. Figures 16 and 17 show the isotropic turbulence
intensities Tu (Eq. (8)) for both active turbulence generators. In
the vicinity of the vortex generator X /Zp < 4, there is a high devia-
tion between directionally sensitive and insensitive (using vegr from
Eq. (4)) turbulence intensities as shown in Fig. 16. The directionally
sensitive turbulence intensities are up to 300% just downstream of
the plate. This is due to the fact that a directionally sensitive mean
velocity signal fluctuates around zero and the effective velocity
(vegr) does not (see Fig. 15). Further downstream of the plate
X/L, > 4, there are no more zero crossings of the velocity signal
and near the film cooling test section at X/L, ~ 7, the turbulence
intensity of the pure u-component and veg matches well. This indi-
cates isotropic turbulence (at the centerline) and that the hot-wire is
able to measure the correct values of Tu, = Tu,, =17.5% at the
location of the film cooling test section. With respect to the ATG
(Fig. 17), the turbulence intensity in the mainstream direction u is
lower just downstream of the generator compared to the VG. The
velocity signal only occasionally has zero crossings at X /ip =1
(not shown) so that Tu,, = Tu,, at X/L, > 1. The turbulence inten-
sity decays from around Tu, =40% to around 15% at the film
cooling test section. The turbulence created by the ATG is aniso-
tropic in the centerline because the turbulence intensities in the Y
and Z directions are around Tu,,, = 12% showing a constant
offset in the centerline of 3% to Tu,.

8.1 Turbulence Length Scale Along Centerline. So far the
integral length scale was determined at one axial location using
one probe (A;) and applying the Taylor’s hypothesis which may
not be valid at the high turbulence intensity conditions. Hence,
the two-point approach (A,) was presented (Eq. (13)) in the post-
processing sections as well. In the CFD domain, probes are spaced
one cell apart in each direction. This allows to determine the inte-
gral length scale in each direction (X, Y, Z). First, the trend of the
integral length scale along the centerline is discussed for the VG
(Fig. 18). The one-point approach for the determination of A,
can only be applied in the axial direction (X) because it is in
line with the main flow direction which is needed for the applica-
tion of Taylor’s hypothesis. One can see that for X /Zp >4, the
one- and two-point methods lead to the same result and a length
scale of A,=15 mm (0.6 in.) at the test section. There is a
small deviation at X /Z,, =7 which may arise from the resolution
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Fig. 16 VG: turbulence intensity Tu along the centerline
depending on the velocity vector component
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Fig. 17 ATG: turbulence intensity Tu along the centerline
depending on the velocity vector component
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Fig. 18 VG: integral length scale A; (one-point approach) and
spatial determined integral length scales A, along the centerline
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Fig. 20 Contour of the turbulence intensity Tu upstream of the
film cooling section at X/L, = 7. Probe locations are marked by
black dots.

of the spatial probe points which influence the integral of the cor-
relation function Ry (xg, Ax). Hence, the Taylor’s hypothesis
works in this case even for high turbulence regions up to 35%
(compare Fig. 16). Just downstream of the rotating plate, the
time average velocity of the axial component u has a negative
sign (compared with Fig. 15). Hence, the integral length scale
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(A1) which is the product of the integral time scale and # evaluates
below zero (Eq. (11)). In the downstream region X /Zp <4, the
velocity component u continues to have sign changes (not
shown) which influences the time average velocity u so that the
value of A; remains inaccurate. The length scales in the Y and Z
directions are equally smaller than the scales in the main flow
direction with a size of around 7.5mm (0.3in.). This indicates
anisotropic turbulence scales. Next, the trend is discussed for the
ATG in Fig. 19. As mentioned before, the flow field differs
between the ATG and VG. There is no strong recirculation zone
downstream of the turbulence generator so that A;=A,, for all
points along the centerline. The sizes of the length scales are of
a similar order than for the VG and the scales are also anisotropic
along the centerline. There is an anisotropy of a factor 2 between
the lateral and the axial length scales. In a lean burn single-section
combustors, a factor of 4 was found between axial and circumfer-
ential integral time scales [11].

8.2 Turbulence Parameters at the Film Cooling Test
Section. Additionally, data of 270 probes are used to visualize
the turbulence quantities upstream of the film cooling test section
at X /Z,p =7. Figure 20 depicts the isotropic turbulence intensity
Tu, for the VG and the ATG. The data are shown in a plane
which is non-dimensionalized by the film cooling hole diameter
D= 6mm (0.24 in.). The plane ranges from the wall Z/D =0 to

VG

ATG

Z/D [-]

2 0505 2 2 -0505 2
Y/D [-] Y/D []
Ay/D [-]
0 05 1 15 2 25 3 35 4 45 5 55

s

0 3 6 9 12 15 18 21 24 27 30 33
Ay [mm]
Fig. 21 Contour of the integral length scale A, upstream of the

film cooling section at X/L, = 7. Probe locations are marked by
black dots.
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the center of the test section Z/D = 12.5 (equals Z /Zp =0). More-
over, the plane resolves the lateral range between ¥ /D + 2.33. For
reference, the film cooling jet would enter the test section between
Y/D + 0.5. The turbulence intensity in both planes is more or less
homogeneous and varies only by around 3% from the center of
the channel to the near-wall region at around Z/D=1. Below
Z/D=0.5, the turbulence intensity Tu, is increasing up to 48%
due to actually higher average velocity fluctuations (u,,) near the
wall and due to decreasing average velocity (not shown). Increased
turbulence intensities near the wall were also visible in an experi-
mental combustor simulator [17]. The turbulence intensity for Tu,
and Tu,, in the plane is of the same order of magnitude but has dif-
ferent structures and hence indicates anisotropy (not shown). All in
all, the vortex generator produces an anisotropic turbulence inten-
sity of around 17.5% which is around 2.5% higher than the active
turbulence generator as was also predicted in Figs. 16 and 17.

Figure 21 shows the integral length scale A; in the plane
upstream of the film cooling test section. The one-point approach
leads to the same result as the two-point approach at the center-
plane, thus A; = A, is assumed in this plane. The length scale is
given in absolute values (mm) and also non-dimensionalized by
the film cooling hole diameter. The length scale for the VG in
this plane varies between 9 and 15 mm and starts to decrease near
the wall. The distribution of the length scale created by the ATG
differs from the VG distribution. In general, higher length scales
between 15 and 30 mm are visible. In contrast to the VG field,
there is an increase of the length scale up to 33 mm (A,/D = 5D)
in a near wall region from Z/D =1 — 5 which differs by factor 2
of the value from the center of the test section. Large-scale turbu-
lence A /D = 3 is believed to be characteristically for gas turbines
[39]. The high values result from high integral time scales (not
shown) and is no result of the time-averaged velocity field. The
flow field generated by the ATG shows a slight asymmetric distri-
bution of the length scale near the film cooling injection. This may
result from the sensitivity of the integration limit for the correlation
coefficient.

9 Conclusion

To investigate the future film cooling simulations under the influ-
ence of more realistic crossflow conditions, turbulence generators
were setup in a wind tunnel. The so-called vortex generator (VG)
consists of one shaft with a rotating plate. The ATG comprises
several shafts and wings. For both generators, CFD cases involving
moving meshes were created. Moreover, simple meshes with no
moving domains but higher mesh resolution were created. Here,
the sampled velocity field downstream of the turbulence generators
from CFD simulations with moving meshes were reused (recycled)
and led to excellent results. To determine the turbulence boundary
conditions for the film cooling test rig, numerical and experimental
probe signals were evaluated. The numerical point probe data were
converted to the hot-wire velocity signal veg. This way the LES
could be validated by the experimental data. The turbulence inten-
sity and integral length scale were determined from the probe
signals downstream of the vortex generator. The triple decomposi-
tion was applied on to the signals in order that the fluctuating veloc-
ity V' component incorporates only the stochastic component (and
not the periodic one as well). The determination of the turbulence
intensity 7u indicated isotropic and anisotropic turbulence intensi-
ties in the centerline for the VG and ATG, respectively. The inten-
sities were Tu = 17.5% and 15% at the inlet of the film cooling test
section (X /ip =7), respectively. Two methods were applied to
determine the turbulence length scales downstream of the genera-
tors. The one-point two times approach could be applied to both
the experimental and numerical data. The two-point one time
approach using spatial integration of the probe signals from the
LES simulation does not require the application of Taylor’s
hypothesis.

Transactions of the ASME

€20z 1sNBNy g0 UO Jasn usyoun|y Jyamsapung Ja JeNsIanun Aq Jpd-e00L L1 LL ¥ L 0QINYG 269689/€00 1 L L/L L/vY LAPA-OjoilE/AIsuIyOBWOGINYBI0"BLUSE" UOOB]|00[ENBIPOWSE//dRY WOl papeojumoq



Both generators created anisotropic length scales in which the
lateral components were approximately 2 x smaller than the axial
component. The one-point method leads to the exact same length
scales as the two-point method in regions of the flow field in
which the velocity signal has no zero-crossing. This is of interest
because in real combustor experiments, the application of the two-
point method is difficult. However, attention has to be paid with the
one-point method and directionally sensitive data near recirculation
zones. The turbulence parameters were evaluated in a 2D plane at
the film cooling test section to evaluate the near-wall region in
which the coolant injection occurs. The turbulence intensity
increases by 5-22.5% (VG) and 20% (ATG) near the wall and
below a height of Z/D = 0.5 to 45%. The turbulence length scale
for the VG remains nearly constant A;/D~2 from the center to
the near-wall region. This differs from the turbulence field gener-
ated by ATG in which the length scale increases in a near wall
region. The size of turbulence length scales is in the range of
A/D=0.5-5.5. All in all, both active turbulence generators
create a unique flow field which provide combustor-like turbulence
quantities at the inlet of the film cooling test section. This allows for
film cooling investigations with realistic inflow conditions.
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Nomenclature

= frequency (1/s)
plate coordinate (m)
time (s)
film cooling hole diameter (mm)
period length of the signal (s)
= any velocity component (m/s)
verr = effective hot-wire velocity (m/s)
vwan = velocity at the wall of a wing (m/s)
L, = plate length (mm)
L, = rounded plate length (mm)
Ry = correlation coefficient
Vims = average velocity fluctuation (m/s)
V' = velocity fluctuation (m/s)
V' = stochastic velocity fluctuation (m/s)
V', = periodic velocity fluctuation (m/s)
h, k = pitch factors to convert signal
u, v, w = velocity components (m/s)
Tu = turbulence intensity (%)
X, Y, Z = Cartesian coordinates (m)

<~NUa ~w
1]
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Greek Symbols

A, = integral time scale using one probe (s)

A, = integral length scale using one probe (mm)

A, = integral length scale using several probes (mm)
7 = time lag (s)
¢ = phase angle
w = rotational speed (1/s)
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