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ABSTRACT. This work is dedicated to the improvemeri effusion cooling efficiency on
combustion liners, by using an innovative multipeation made of shaped holes of elliptical cross-
section. Low-temperature experiments provided aapeharacterization of cooling efficiency in a
suction-type wind tunnel, whereas discrete measemésnwere performed in the engine-like
conditions of THALIE facility. A RANS computationatudy was also performed to give a detailed
insight on the aerothermodynamics of the complew ftreated by effusion holes. Experimental
and numerical data confirm the enhancement of effusooling by shaped holes, thanks to a better
coverage of the first rows of the plate, and advetidividual efficiency of each hole.
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INTRODUCTION

Due to the increasing need to reduce the emissibasro-engines, it is necessary to optimize the
design and integration of engine components. Antbag, the combustion chamber focuses many
of the challenges encountered. Indeed, it is they ydace at which combustion and thermal
phenomena pilot the emissions and efficiency ofahgine. Therefore, the combustion liner faces
important mechanical and thermal stresses. Moretivemeed for higher engine efficiency leads to
increasing combustion temperature and pressurethahasize stresses on the liner.

This statement points out the importance of an @dapooling of combustion liners. For this, the
use of multiperforation is a common way to createlbacoverage cooling of the liner, which is
referred to as effusion cooling. However, this teghe requires a significant mass flow of fresh air
taken from the compressor. Thus, an adapted desigequired so that the air passing through
effusion holes does not affect locally the comlarstiate and globally the engine efficiency.

In terms of multiperforation design, many aspedtsale geometry can be varied. The spacing, the
angle, or the length to diameter ratio can be aggohby simple variation, whereas the shape of the
hole itself is much harder to study due to prattaifficulties in machining and controlling the
shape, for instance. Former studies have pointe@xqerimentally the influence of the transverse
dimension of the holes on cooling efficiency, eitivth converging slot holes called “consoles” [1]
or laterally diffused holes [2]. The common featofeéhese design solutions is a greater extension
of the hole perpendicularly to the flow, inducingetter coverage of the multiperforated wall.

This work focuses on an innovative design of meltipration, using holes of elliptical cross-
section that can be processed through laser dyillxperiments were carried out on cooled plates
to compare the efficiency of shaped to conventibioéds. A RANS simulation was also carried out
to give a detailed insight on the aerothermodynarafdhe complex flow of the jets in crossflow.
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EXPERIMENTAL SETUP AND MEASUREMENTS

Experiments were carried out to compare the codadifigiency of conventional and shaped holes,
using two experimental devices. The first one afloavfine spatial characterization of cooling
efficiency at low temperature, whereas the secams alows a discrete measurement of cooling
efficiency in engine-like conditions. Such expertgeaim at quantifying the thermal behaviour of
each hole geometry in terms of cooling efficieneyactically, each hole geometry is studied using
flat plates drilled with arrays of holes.

Suction-type wind tunnel
The first experiments consist of low-temperatur@asueements in a suction type wind tunnel.

Experimental facility. The test rig is an open-loop suction-type windhnel allowing the
measurement of heat transfer, cooling efficiencg pressure loss on multiperforated plates, by
controlling completely the mainstream flow and tioelant flow.

The mainstream air flow, at atmospheric pressuctkamnbient temperature, passes first through a
24 kW controlled electric heater, where desiredperature is reached and kept constant, before
entering the PolyMethyl-MethAcrylate test secti@pitted in Figure 1, through a setting valve.

The coolant flow temperature is controlled by mgiheated air and cool air. Four rotary vane
vacuum pumps (total power installed 59 kW) prowuige suction for a maximum mass flow rate of
0.50 kg/s. Both flow rates are set up by guiding tfotor speeds between 300 and 1200 rpm, and
throttling the remote controlled motorized valvéfie air temperature exiting from the heater is
controlled by means of a four wire resistance tawtpee detector (RTD Pt-100).

The rig allows performing measurements on test sesnmade of adiabatic (stereolithography
resin, STL) and conductive material (stainlesslstd&| 321), see Table 1.

Table 1
Geometric features of the multiperforated plates

Multiperforated plate with circular holes  with slegiholes
Plate thickness (mm) 12.7 12.7
Number of holes 38 28
Number of rows 8 5
Streamwise to spanwise pitch ratio 2.3 2.0
Porosity 0.036 0.0375
Angle of the holes (°) 17.0 17.0
Hydraulic diameter of the holes (mm) 2.65 3.385
Length to diameter ratio L/D 16.39 12.8

Figure 1. Suction-type wind tunnel
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Diagnostics. Tests are run once flow rates, pressures andetatypes have reached steady
conditions. Adiabatic and overall cooling efficiees; denoted resp. agy andno, (See equations
(1) and (2)), are evaluated resp. on adiabatic @dluctive plate using thermochromic liquid
crystals that provide surface temperatuge Hfficiencies are computed starting from the meagu
wall temperature values by means of different poetessing procedures accurately described by
[3]. The final result of such procedures is thei@eement of,, values once the plate heat loss due
to holes heat sink effect is evaluated.

Town - T
— _ main aw (1)
”aW Tmain - Tc
— Tmajn B TW (2)
,70\/ Tmajn - Tc

Conditions investigated. All tests have been carried out setting approtgtgathe coolant
temperature at 306 K and the mainstream temperat3&é7 K and 322 K, resp. for adiabatic and
conductive tests. Experimental survey has beeropeed setting jet Reynolds number at 12500,
and imposing three values of blowing ratio closeshgine operating conditions (BR = 5-7-9).
Blowing ratio is commonly defined from flow momentun the holes and in the mainstream.

BR = (Io\/)h0|.e (3)

High-temperaturewind tunnel THALIE
In the second set of experiments, conductive pkategxposed to realistic engine conditions.

Experimental facility. Experiments are carried out using THALIE, thaaikigh-temperature wind
tunnel designed to study THermal and Aerodynamatuies of Experimental Liners, see Figure 2.
THALIE generates experimental conditions closehtmse encountered in the vicinity of combustor
liners, in terms of gas velocity, temperature, pues, and pressure drop across the liner. The test
section is equipped with apertures, allowing opticeasurements (PIV, LDV, visualization,
fluorescence, thermography), as well as intrusieasarements (gas sampling, thermocouples).

Figure 2. High-temperature wind tunnel THALIE



7th World Conference on Experimental Heat Transfer, Fluid Mechanics and Thermodynamics 28 June — 03 July 2009, Krakow, Poland

During an experiment, a multiperforated plate ismsiited to a hot gas flow and a coolant flow. The
hot flow, Q, is made of combustion products supplied by a larbusombustor fuelled with
kerosene. The cooling air flow,,(an be heated electrically. The temperatureotf the hot and
cooling flows are P.1.D. controlled, ensuring thabdity and reliability of experiments. The flow
passing through the multiperforated platg, @ only a fraction of the cooling flow. It is @gn by
controlling the pressure drop across the plat, Q, is evaluated as the difference between the
incoming (Q) and outgoing (&) coolant flows. The controlled mass flow rates,(@ and Q) are
measured using vortex-type flowmeters.ahnd T, are measured by K-type thermocouples.
Experiments are carried out twice, i.e. once usipdate with conventional holes, and once using a
plate with shaped holes. The multiperforated platesmanufactured by AVIO S.p.A. with thermal
coating and laser drilling technology (see Table@)erall, both plates have similar properties, and
similitude rules have been applied to scale thetiparforation. The experimental conditions
summarized in Table 3 provide a wide range of bhgwitio, BR = 1-10.

Table 2
Geometric features of the multiperforated plates
Multiperforated plate with circular holes  with slegholes
Plate thickness (mm) 2.5 2.5
Number of holes 569 234
Number of rows 17 12
Streamwise to spanwise pitch ratio 2.1 2.0
Total cross-section of the holes (mmg2) 149 149
Angle of the holes (°) 18.5 17.3
Hydraulic diameter of the holes (mm) 0.58 0.76
Length to diameter ratio 13.6 11.1
Table 3
Operating conditions of the experiments
Hot flow Cooling flow Hole flow
Subscript 1 2 h
Reynolds number 60,000 — 80,000 10,000 — 100,000 — 2@O000
Cross-section (mm) 126x72 10020
Mass flow rate (kg/s) 0.4 0-0.2
Temperature (K) 1000 288
Pressure (bar) 3.0 3.0-35

Diagnogtics. The cooling efficiency of the multiperforated fglas evaluated by means of adiabatic
and overall efficiency. Overall efficiency,, takes into account convection as well as condacti
and radiation. Evaluating,, requires the measurement of wall temperatugg,s€e equation (4).
Thus, the multiperforated zone is instrumented Withype thermocouples of diameter 0.5 mm,
sheathed with stainless steel. They provide tHeteraperature on the cold side of the plate.

LSl (@)
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Adiabatic efficiencynag is the cooling efficiency of an equivalent adiabalate. It is evaluated by
assuming the analogy between heat and mass tramgieh consists of equal molecular and
thermal diffusivities, i.e. a unity Lewis number.elbkuring adiabatic efficiency requires the local
concentration of a reference gaseous species atalhsurface on the hot side,,Gas well as inside
the primary and secondary flows, respectivelya@d G, see equation (5).

Mg = 2= 5)
Cl - Cz

For this, a water-cooled sampling probe of diamétérmm is set inside the hot flow by the top
aperture and fixed to a displacement system dibyea computer. The sampling orifice of diameter
0.7 mm is located at the conical tip of the proble reference gaseous species selected for
sampling is C@, which concentration is constant in the hot flawd aull in the cool flow, i.e. &O0.

CQO, is probed by an inline gas analyser (COSMA) basethe absorption of infrared radiation.

NUMERICAL SIMULATION

This numerical study was performed using a solesetbped into the open-source environment for
continuum mechanics analysis named OpenFOAM® [#k Toolkit implements operator-based
implicit and explicit 2*order and %-order finite volume discretization in 3-dimensibapace.

These simulations were run using the steady-statgressible SIMPLE-like solver developed at
University of Florence and validated in [5]. Theegyy equation is solved in terms of total-enthalpy
in order to avoid energy losses in high accelenategions namely the coolant flow into the ducts.
The two-layer turbulence model by Rodi was usedntmlel turbulent behavior with Norris and
Reynolds closure formulas [6]. Even though the gampared to standard two-equation eddy
viscosity models is considerable in terms of welproducing near-wall behavior, this model,
further referred to as isotropic, suffers the vielbwn deficiency of the eddy viscosity models to
correctly predict the lateral spreading of the ifetcrossflow. The same model was thus tested
implementing an algebraic correction to increase lteral diffusion of momentum, energy and
turbulence as proposed by [7]. This corrected vers later referred to as the anisotropic model.
For conductive tests, the coupling between solid fund was achieved in an explicit manner: at
each iteration step a new value of total tempeeatur the boundary is calculated imposing the
continuity of the thermal flux across the interfageweighted average based on face overlapping
area allows the use of non-conformal interfaces/éen fluid and solid domain. More details on the
coupling procedure and the treatment of generitigterfaces can be found in [8].

The meshes used to perform such calculations fidisigretize boundary layer reachingwalues

up to 1 for all walls of interest, namely the twdes of the plate and the hole ducts. In ordeat@s
computational cost all other walls were treatethasscid wall (symmetry planes) thus avoiding the
clustering. Moreover two symmetry planes were iegskrat the center of holes, and only one
spanwise pitch was simulated in order to save coatipnal cost and to better impose stationary
behavior, see Figure 3. The total grid size is adoB million cells for both the conventional ané th
shaped geometries. Apart from the different dimamsi the numerical setup to reproduce the two
experimental rigs only differs in the boundary citiods for the abduction of coolant. For the
suction-type tunnel, constant pressure plenummslilsited imposing no cross-flow and a large low-
speed inlet area, see Figure 3. As for THALIE, faene conditions as for the mainstream are
applied to the coolant. The boundary conditionsewesttracted from the experimental ones. For the
low-speed wind tunnel, the blowing ratio could bgosed and the pressure drop between plenum
and mainstream taken as results. For the THALIEthHg procedure was inverse, thus it was not
possible to investigate numerically the two rig figurations exactly at the same blowing ratio.
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Adiabatic Inlet Coolant

B.C.

Figure 3. Overview of boundary conditions

RESULTSAND DISCUSSION

In this section, the results of experiments rembai®ng with the results of numerical simulatioa ar
expected to determine whether shaped holes aciogiipve the efficiency of effusion cooling.

Suction-type wind tunnel

On such rig, the fine resolution of temperature sneaments allows investigating the spatial
distribution of efficiency. Results are reportedi@énms of spanwise averaged efficiency. However,
efficiency is so uniform for conductive tests tbaty spanwise averaged profiles are reported.

Adiabatic efficiency maps. In conventional geometry, experimental resultBRt5—7 are reported
together with numerical simulations at BR=6, segufe@ 4a. Firstly, experimental maps (Exp)
exhibit a cold zone upstream of the holes due ¢oeffiect of the coolant ducts inside the plate,
meaning that the hypothesis of adiabatic behavieurot completely respected. Secondly, both
turbulence models fail in predicting the downstrefldm development. While the isotropic model
(TL) under-predicts the lateral diffusion of jeteg anisotropic correction (TLA) emphasizes this
effect too much. In shaped configuration, the shapeoolant wake is better simulated by the
anisotropic model, see Figure 4b. By comparing bgdometries, the spanwise profile of
conventional geometry is obviously more uniforma@éd geometry should therefore be studied
carefully as far as thermal stresses are concerned.

Spanwise averaged efficiency. The profiles of adiabatic and overall efficieretyBR=5 are shown

in Figure 5. The anisotropic model simulates wdie tefficiency of shaped geometry, but
overestimates that of conventional geometry. Tasult is confuting the findings on conventional
geometry for higher angles and lower blowing raffgs As for overall efficiency, the conventional
plate is better cooled due to a higher heat sifdcetonnected with a higher L/D. As can be seen
comparing experiments with computations, the d#férmodeling of solid plate far form the drilled
part modifies strongly the profile of overall efeacy. Although conventional geometry behaves
better in terms of cooling performance, this isyamlated to the specific test conditions. A deeper
survey points out that shaped configuration isdogterforming at higher blowing ratios [10].
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Figure 4. Adiabatic efficiency maps — a) Convemdiccase, b) Shaped case
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High temperaturewind tunnel THALIE

Measurements of adiabatic and overall cooling iefficy allow the comparison between the two
multiperforation geometries, i.e. with conventioaakhaped holes.

Adiabatic efficiency quantifies the ability of tiptate to perform effusion cooling through the holes
regardless of conduction and radiation phenomeha. streamwise profile of adiabatic efficiency
along the plate is presented for experimental amdemnical data (see Figure 6a). As usual, adiabatic
efficiency increases with increasing blowing ratixperimental data show a high uncertainty at low
BR, but converge quickly towards an asymptotic eunear BR=5. The experimental and numerical
profiles of adiabatic efficiency indicate that dagl is enhanced by shaped holes. The benefit in
efficiency decreases along the plate, from 0.08"abw to 0.02 at 10 row. Especially, this benefit
exceeds 0.15 at the first two rows due to a stiocrgase in efficiency in the wake of shaped holes.
The evolution of overall efficiency versus BR isngar to that of adiabatic efficiency, because
increasing BR improves effusion cooling (see Fighlsg Experimental curves confirm that shaped
holes enhance cooling in the first rows. Coolinficefncy is similar for both geometries between
3% and &' rows. Finally, conventional holes have better tmpperformance beyond"#ow. The
difference between simulation and experiments maydle to uncertainties in determining low
values of BR in 1-3, whereas overall efficiencyr@ases strongly with BR. Moreover, the higher
L/D of conventional holes enhances the heat sifdcefn conventional geometry due to a greater
inner surface of the conventional holes.
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CONCLUSIONS

Experiments and simulations have been carried outtveo geometries of effusion cooling,
involving conventional holes and holes of ellipticaoss-section. Two configurations have been
addressed, providing high blowing ratios in eitlogyv-temperature or realistic engine conditions.
This survey points out many features of effusiomliog by shaped holes. Experiments and
simulation show that they have a better individt@bling behaviour inducing higher efficiency in
the first rows (up to 15%), but conventional holead to a better film formation that provides
superior thermal protection after several rows @es. Additionally, this improvement in cooling
efficiency is proved to depend strongly on physmatditions, such as blowing ratio and length to
diameter ratio [10].

Finally, shaped holes of elliptical cross-sectionvde a promising way for improving effusion
cooling. Indeed, this design recalls not only tiape but also the high thermal efficiency of
“consoles” [1]. Further studies should check thathscooling improvement is obtained without
penalty to the mechanical strength requirementsded by thermal stresses of combustion liners.
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