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EXTENDED ABSTRACT

Film cooling flows and the proper prediction of their cooligifect play an important role in today’s
gas turbine designs. Empirical correlations for lateralhgraged film cooling effectiveness are com-
monly used to predict the cooling effect of the film. Thesee&ations are applied along streamlines
computed from CFD solutions of uncooled flow. However, ttppraach has some inherent flaws,
such as neglecting the interaction between the emanatmgctibling flows and the main flow in
the 3D-CFD model or limited confidence in the applicabilifycorrelations developed under exper-
imental conditions to real engine flow situations with sg@econdary flows. Baldauf [2001] has
shown that film cooling effectiveness is influenced by a langeber of parameters, not all of which
are well-known when designing gas turbine components. Aigeity study by auf dem Kampe and
Volker [2009] shows that even the least significant paransgtlay an important role predicting film
cooling effectiveness.

On the other hand, detailed modeling of film cooling holes3DaCFD calculation with a sufficiently
fine mesh to resolve the flow within the hole itself is not feéesin the design process of a gas turbine
airfoil, as computational resources are limited and theireqd modeling effort is extremely high.

Despite the difficulties of developing correlations for fiknoling effectiveness, auf dem Kampe
and Volker [2009] argue that the near-hole flow structurehef exiting film-jet can very well be
correlated based on the knowledge of only a few key flow patarse Therefore, an approach to
prescribe the flow structure in the region around the film lealewithin the 3D-CFD model promises

to deliver improved results compared to the use of film eiffecess correlations, while at the same
time not requiring abundant computational resources. |8irapproaches have been proposed e.g. by
Heidmann and Hunter [2001] and Burdet et al. [2005].

Table 1
Variation Intervals of Input Parameters

Parameter Symbol| Definition | Variation Interval
blowing rate M Pelie] Poolioo 0.3...2.0
density ratio DR Pe/ Poo 0.8...2.0
inlet Mach number Ma Uso/ Qoo 0.1...0.5
acceleration parameter K L 0u 0...5.0x 1077
turbulence intensity Tu u/u 0.01...0.1
inlet turbulent length scale [, — 10mm. ..30mm
compound angle 1G] — 0°...30°

In this paper, correlations describing the complete thliegensional flow field in the exit region of
an inclined cylindrical film cooling hole are proposed. Basm a validated high-resolution CFD
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model for a single cylindrical film cooling hole, numericajperiments have been conducted. Flow
parameters summed up in Table 1 have been varied in the raahexiperiments. The results from
these numerical experiments serve as a data basis for tlegatimm development.

Jet-body envelope To describe a complex three-dimensional flow field in spaceutih a set
of mathematical formulae requires strong abstraction efaibserved flow field. A step-by-step ab-
straction of the flow field based on mathematical and physioakiderations is conducted. Free
coefficients in the mathematical formulation allow for figjithese to results obtained from the nu-
merical experiments. The fitted sets of coefficients are tioerelated with the parameters in Table 1,
thus providing a flow-parameter based capability for priaiicthe flow field of the exiting film-jet.

Due to the physics-based mathematical formulations, lativa-based estimates of the flow field
are both robust and physically reasonable. Figures 2 andiBdisplay data from the three steps
of this process: CFD result, best fit of designed mathemdemulation to the CFD result, and

correlation-based estimates.

The flow field is described in terms of the volume occupied leyfilm-jet exiting into the cross-flow
boundary layer and the distribution of the momentum comptswithin that volume.

The volume occupied by the exiting film-jet is described imte of the envelope spanned by planes
orthogonal to the film trajectory as indicated in Figure 1.r e film-jet trajectory a generalized
solution is developed from a force-balance on an infinitediyjvsmall section of the jet based on an
approach presented by Abramovich [1963], see EquationgdR2awith ¢ = y, z andy = 3, «
respectively. In these equatiods, B, ¢y, andi,., are free coefficients and thus flow-parameter-
dependent functions, other unknowns are model constants.
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It is assumed that the shape of the cross-sections may betaekly an asymmetric ellipsis centered
about the origin of a coordinate system moving with the tiajey. The ellipsis is asymmetric in the
sense that the length of the half axisiiftdirection may differ in positive and negatiyé-direction
(see Figurel).

The lengths of the half axes of the asymmetric ellipsis vamymstream after the film exits from the
film hole and penetrates the cross-flow boundary layer. Thermvkd behavior of the half axes plotted
in Figures 2(c) and 2(d) can be described by a piecewisedliagproach given in Equation 3 where
M1, Mo, T1,p, aNdz, , are flow-parameter-dependent free coefficiebits, andb, ,, follow from
continuity constraints. As the film emanates from the hdlegegins to interact with the cross-flow
boundary layer. Having an average momentum at an angle fothelirection of the cross-flow, the
film is bent and flattened by the cross-flow. The flattening e$othe jet-shape to the asymmetric
elliptical shape. The extent of the jet-bodyfrdirection decreases while the extentjiandirection
increases. At the same time, the film-jet is bent in the diveabf the cross-flow. The bending and
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Figure 1: Trajectory and cross-sections of exiting jetybod

flattening of the jet is a phenomenon governed by the hydraxiyn interaction of jet and cross-
flow. As film- and cross-flow-direction become approximatedyallel, turbulent diffusion becomes
the dominant mechanism, which gradually widens the jet bodll directions. These findings are
summed up in Figure 2 which shows representative results &o arbitrarily chosen CFD run. The
agreement between CFD result and correlation-based pimdis excellent.
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Figure 2: Correlations for abstracted volume formulations

Momentum distributions within jet-body Distributions of the momentum components are de-
scribed in terms of two-dimensional distributions in crkgsstions along the film-jet trajectory. The
distributions are based on the well-researched countatimng vortex pair (CVP) emanating from in-
clined cylindrical film cooling holes observed by Leylek aberkle [1994]. As this is the dominant
vortex structure of the jet, weaker vortex structures asrnilesd in detail by Vogel [1997] are not
considered in the developed correlations.
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Figure 3 shows a characteristic distribution of the velocibmponent iny*-direction in a cross-
section orthogonal to the hole axis, just before the filmseixito the cross-flow boundary layer for an
arbitrarily chosen CFD run. Velocity vectors indicate thientation of the CVP. Again, the agreement
between the CFD results, the best fit of the mathematicariggisns developed for these structures,
and the correlation-based predictions is very good. Eqnat#, 5, and 6 are the mathematical for-
mulations used to describe the, v*, andw® velocity components in local coordinates, wherand

n denote normalized length parameterginand:z*-direction respectively.

u® = f(&, n) (placeholder, elliptical transformation not yet comptte (4)
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(b) best fit (placeholder) (c) correlation (placeholder)

Figure 3: Velocity component® in trajectory-orthogonal cross-section
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