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ABSTRACT

The jet in a crossflow (JICF) problem is investigated usingydaeddy simulations (LES). The governing
equations comprise the Navier-Stokes equations plus iaddit transport equations for different species
to simulate the non-reacting gas mixture of an air-like sftmv and a CQ cooling jet. The parameters
governing the flow field have been chosen to mimic the conditio a gas turbine, i.e., the freestream
Reynolds number is Re= 400, 000, the streamwise inclination angle of the cooling jet inj@atis o = 30°,
the velocity ratio ranges froffr R = 0.1 —0.48, and the ratio of boundary layer thickness to jet hole dianet
is §/D = 2. An efficient method of solution for low subsonic flows is i@gpbased on an implicit dual
time-stepping scheme combined with low Mach number prétmmidg. The comparison with experimental
data shows an excellent agreement with respect to velomfilgs and film cooling efficiency. Moreover, the
investigations evidence volume effects to dominate thefiggvin the vicinity of the jet hole.

INTRODUCTION provided an excellent summary of the influence
of the inclination angle, blowing ratio, and hole
geometry on the cooling efficiency.

Most numerical investigations of the JICF prob-

Film cooling techniques are applied in modem have been based on Reynolds-averaged

ern gas turbines to reduce the thermal loads Qpvier-Stokes equations, e.g., Hoda and Acharya

turbine components that result from the higfp] or Walters and Leylek [3]. Since the JICF
inlet temperatures needed for a high thermgloblem is influenced by the effects of wall-
efficiency. Since the technical design proceggunded as well as free turbulence, most turbu-
of film cooling systems depends on the exagnce models cannot be applied without proper
kn0W|edge of the generated flow f|e|d, a deta|le§ta||ng of the coefficients. This’ however' re-
understanding of the flow physics is a must tguires a-priori knowledge of the flow field. For
improve existing cooling techniques. this reason, it is necessary to apply a more gen-

In the present study the cooling film is generategta| numerical ansatz such as LES to investigate

by injecting a cooling fluid through a row ofj|CF problems. Such an analysis was performed,

staggered holes drilled into the wall surface. Thgy instance, by Guet al. [4] who investigated
flow field reSU":ing from the interaction of thEamong other issues the effects of inclination an-
inclined cooling jet and the turbulent boundaryle and blowing ratio on the flow field.

layer is governed by complex vortex dynamm the present paper the impact of the density

ics. The outer field is dominated by a countefatio between coolant and crossflow is analyzed

rotating vortex pair (CVP), which is the leadinghy | ES and compared with experimental data.

mechanism in the mixing process between thgowever, experimental investigations of turbine
hot gas and the coolant. Plesniak and Cusano [1]



blade flows at real temperature levels require dris auxiliary simulation generates its own tur-
extremely complex and expensive wind tunndlulent inflow data using the compressible rescal-
equipment. Therefore, the effect of density difing method proposed by El-Askamt al. [7].
ferences between the coolant and the crossfldWe rescaling method is a means of approximat-
are simulated by &'O, injection to mimic a ing the properties at the inlet via a similarity
density ratio ofl.6. approach applied to the downstream solution.
The resulting turbulent boundary layer simu-
lation matches very well the flow physics as
NUMERICAL METHOD demonstrated in Fig. 2. The comparison of the
turbulent intensities at a momentum thickness
based Reynolds number dte, = 1850 with
The three-dimensional Navier-Stokes equatiodata from Lund and Wu [8] evidences the good
plus separate transport equations for individuagreement.
species of an ideal gas mixture are solved us-
ing an LES method. The discretization of th
governing equations is based on a mixed centri ;|
upwind AUSM (advective upstream splitting L
method) scheme with low numerical dissipatior .. 2
see Meinkeet al. [5].
The temporal approximation is based on an in
plicit dual time-stepping scheme. A convergenc ~ o
acceleration of the low Mach number probler
is achieved using multigrid and preconditionin:

<
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uv’
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-

methods [6]. The matrix of the preconditionel o oa ‘;’,-g‘ T 1z 1e
scheme has been modified to account for the ad-
ditional mass-fraction equations. Fig. 2. Turbulent intensities scaled in inner wall units

The simulation of the flat plate boundary layegompared with data from Lund and Wu [8]
requires instantaneous turbulent flow data that

can be prescribed at the inflow boundary. There-

fore, a combined rescaling and slicing method ﬁESULTs

applied. That s, the flow variables at the entrance

of the domain are obtained by an independent

spatially developing boundary layer simulatiofrhe discussion of the results consists of a com-
(Fig. 1). parison of numerical and experimental data to
show the quality of the computational method.

Then the cooling efficiency is analyzed, before
) the impact of the density ratio and the mixing

 outfiow  process are investigated.

rescaling sponge zone

slicing outflow

- Comparisons with Measurements
at plate
boundary layer simulation
plenum
JICF simulati . . .
smaen The large-eddy simulation technique of the
Fig. 1. Schematic of the computational domain angresent study is validated by comparing the

the boundary conditions time-averaged flow field with the particle-image



velocimetry (PIV) measurements of Jessenn
al. [9]. To obtain the time-averaged statistics th
flow field has been sampled over 8 time period
Here, one period is the time that the crossflo
fluid needs to pass over the length of the plate o |
In Fig. 3 profiles of the streamwise velocity art :
compared for the case of a G¢2t injection into 05}
the boundary layer of an air stream at two dif
ferent velocity ratiod’ R = 0.1 andV R = 0.28. ot
The profiles are located in the spanwise syn:-
metry plane £/D = 0) at different streamwise 2
locations X/D = —1, 0, 1, 1.5, and2). The
locationX /D = —1 corresponds to the upstrean 15}
edge of the jet hole. The boundary layer flow i A ;
nearly undisturbed at this location and the velor = 1
ity profile matches the fully developed turbulen
profile at the corresponding Reynolds numbe
At X/D = 0 and X/D = 1 the boundary layer ol
is lifted by the jet. In the case of the higher ve
locity ratio the jetis separated &t/ D = 1.5and g 3. velocity profiles in the symmetry plane at
reattached af{/D = 2. At both velocity ratios gitferent streamwise locations, top*R = 0.1, bot-
the predicted flow field is in excellent agreemenném: v R = 0.28, experimental dat& : z/D = —1,
with the PIV measurements. AN :xz/D =0V :z/D=10:xz/D =15,
o:x/D =2, solid lines: LES data.

curves shows the mixture fraction distribution
along the plate to correctly predict the film cool-
ing efficiency of such flow configurations.

Prediction of Cooling Efficiency

The penetration of the CQOjet into an air-like

crossflow mimics the density ratio between thgffect of Velocity and Mass Flux Ratio

cooling fluid and the hot gas stream in a gas tur-

bine. Hence, the distribution of the G@ixture

fraction f along the flat plate downstream of thé.arge-eddy simulations have been performed at
jet hole resembles the film-cooling effectivenesdifferent velocity ratiosVR = 0.1, 0.28, and
The contours of the mixture fractiohalong the 0.48. A variation of the velocity ratio has a large
plate at a velocity ratio o/ R = 0.28 and a impact on the depth of the jet penetration into
mass flux ratio ofM R = 0.45, respectively, are the crossflow and the size of the recirculation
shown in Fig. 4. The graph shows the mean mixegion. However, a variation of the mass flux at
ture fraction in the spanwise symmetry plane assaconstant velocity ratio has only little effect on
function of the streamwise coordinate. The dathe dynamics of the flow field in the vicinity of

is compared with the findings of Sinleaal.[10]. the jet hole, as shown in Fig. 5. Mach number
The symbols represent the measured film coaentours and streamlines are extracted in the JICF
ing effectivenesg, which is a temperature basegdymmetry plane of an air-to-air and a ¢@-
variable, at a slightly different mass flux ratio o#ir injection at an equal velocity ratio 6f R =
MR = 0.5. The good agreement between both28. The size of the recirculation region and the
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Fig. 4. Top: contours of the mean mixture fraction o
along the flat plate, bottom: mean mixture fractiofrig. 5. Mach number contours in the JICF sym-
in the spanwise symmetry plane compared with filmmetry plane with streamlines at a velocity ratio of
cooling efficiencyn measured by Sinhat al. [10] VR = 0.28, top: air injection atM R = 0.28, bot-

. . _ tom: CQO, injection atM R = 0.45
penetration depth are almost identical.

Coherent Structures and Mixing Process served in Fig. 7. The mixture fraction field in the
Z/D = 0 plane and the corresponding coherent
vortical structures are shown at the same instan-

The coupling of the flow dynamics to the turtaneous time level.

bulent mixing process of the different species is

closely connected to the formation of the counter-

rotating vortex pair (CVP) downstream of the

jet hole. The CVP dominates the mixing proCONCLUSION

cess of the mixture fraction scalar in the bound-

ary layer. The development of the CVP is visual-

ized in Fig. 6 showing two cross sections withil\n LES is applied to simulate the penetration

the recirculation region at the same instantaneoaisa cooling jet into a turbulent boundary layer.

time level. The vorticity, which originates fromThe time-averaged LES predictions are in excel-
the spanwise edges of the jet hole, causes tkat agreement with experimental data. The flow
counter-rotating eddies governing the initial mixphysics is discussed by identifying the dominant
ing between cooling fluid and crossflow. Thusjortical structures. The simulations of different
high density jet fluid is lifted off the plate at thevelocity and mass flux ratios show volume ef-
trailing edge and boundary layer fluid is entrainef@cts to dominate the flow field in the vicinity of

between the plate and the jet. the jet hole. A detailed study of the mixture frac-

The separation and reattachment of the jet &isn scalar distribution proves the significance of

well as the turbulent diffusion and convectiothe coherent structures in the dynamic flow field

process downstream of the injection can be obn the mixing process.
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Fig. 6. Instantaneous mixture fraction contours arfeig. 7. Top: mixture fraction contours in the symme-

velocity vectors atX/D = 1 (top) andX/D = 1.5
(bottom)
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