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An adiabatic homogeneous model to account for multi-perforated lin-
ers in combustion chamber flow simulations is described. It is based on a
suction and an injection model to reproduce the average effect of effusion
cooling on both sides of the plate. The coupled suction/injection model has
been specifically designed to be used in industrial full-scale computations of
gas turbine combustion chambers, where effusion cooling is commonly used
for controlling the temperature of the liners. Notably, it can be used with
a coarse grid, the real perforated plate being replaced by a homogeneous
boundary condition where the model is applied. The new modeled bound-
ary condition conserves the inviscid part of the wall fluxes, which are shown
to be the main contribution, as evidenced by the analysis of former wall-
resolved simulations. Conserving the wall fluxes allows reproduction of the
global structure of the flow and leads to reasonable comparisons with ex-
perimental data. The proposed new model hence provides a practical way
to account for multi-perforated plates with inclined perforations without

resolving the flow in the perforations.

Nomenclature

Cp Discharge coefficient through the plate, Cp = \/ij?/QAP

d Aperture diameter, m

€ Unit vector in the streamwise direction
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Unit vector in the vertical direction

Channel height, m

Outward normal vector

Pressure, Pa

Mass flow rate through one hole, kg/s
Reynolds number

Wall surface

Temperature, K

Streamwise velocity at the center of channel 1
Streamwise velocity at the center of channel 2
Streamwise velocity, i.e. V)

ith component of the velocity vector

Bulk velocity in the hole, m/s

Vertical velocity, i.e. V5

Spanwise velocity, i.e. V3

ith coordinate

Streamwise coordinate, i.e. xq

Vertical coordinate, i.e. xo

Spanwise coordinate, i.e. x3

hole angle with respect to the wall

Kronecker symbol 1 if i =k, 0 else

AP Pressure drop across the plate, Pa

®(X) Wall flux per unit surface of quantity X

¢ Mass flow rate per total surface unit, kg/s/m?
p Mass density, kg/m?

o Porosity (o = S,/Sw)

T;  Viscous stress tensor '“(S:Zi + ‘g—g’;) — %ug—gg&k
Subscript

1 Relative to channel 1 (injection channel)

2 Relative to channel 2 (suction channel)

h Relative to the hole

jet  Relative to the jet

out Relative to the first off-wall grid point

s Relative to the solid part of the perforated plate
W Relative to the total perforated plate

wall Relative to a grid point located at the wall

Superscript
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inj Relative to the injection side

suc Relative to the suction side

I. Introduction and objectives

In gas turbines, the turbine blades and the liner of the combustion chamber are submitted
to large thermal constraints. As the materials used for these solid parts cannot stand such
high temperature and temperature gradients, they need to be cooled. One possibility often
chosen for combustion chamber liners is to use multi-perforated walls to produce the neces-
sary cooling.! In this approach (see Fig. 1), fresh air coming from the casing goes through
thousands of small angled perforations and enters the combustion chamber. The cooling
film that protects the liner from the hot gases results from the coalescence of the discrete
micro-jets emanating from the perforations. This technique is usually called full-coverage
film cooling (FCFC)?™ to distinguish it from the film cooling (FC) systems used for turbine

blades,’® where only a few cooling holes are required.

COMBUSTION CHAMBER: injection side

—— Hot products Cooling film

= (Cooling air

CASING: suction side

Figure 1. Principle of full-coverage film cooling: fresh air flowing in the casing is injected into
the combustion chamber through the liner perforations and forms an isolating film protecting
the internal face of the liner from the combustion gases.

When computing the 3-D turbulent reacting flow within the burner, the number of sub-
millimetric holes is far too large to allow a complete description of the generation and coales-
cence of the jets. This is particularly true for the Reynolds-Averaged Navier-Stokes (RANS)
computations used by manufacturers to design their combustion chambers. However, effusion
cooling cannot be neglected: it is known to have drastic effects on the whole flow structure,
notably by changing the flame position and subsequently modifying the temperature field.
An appropriate model is thus needed for numerical approaches to reproduce the effect of
effusion cooling on the main flow with a reasonable computational cost. Such a modeling
effort has already been done for transpired boundary layers and extended law-of-the-wall for

moderate uniform blowing or suction are available.®'® However, it is quite obvious that for
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a given injected mass flow rate, the injected momentum flux will differ if injection is done
through a porous material (uniform injection) or a perforated plate (discrete injection). As a
consequence, existing models accounting for moderate transpiration can hardly be adapted
to FCFC and new wall models for turbulent flows with effusion through multi-perforated
plates are required to perform predictive full-scale computations.

The design of such models needs to be supported by detailed data concerning FCFC.
Several academic configurations are related with FCFC. The suction of a boundary layer
through one or several perforations is not highly documented!! and the flow at the suction
side is rarely considered in details in the studies concerning injection through short holes.” !2
From the injection side, the cooling jets can be seen as an array of jets in crossflow (JCF).
JCF have been widely studied over the years because of their high engineering interest (see for

example the review by Margason'®) 1. 12,14-17

and continue to be a subject of active researc
However, the FCFC jets differ from the most common configurations of JCF in several
aspects: while single canonical JCF are usually designed to penetrate in the main flow and
enhance mixing, the purpose of effusion jets is to create a film in order to protect the wall
from hot gases: many jets are used to form this film, and they are oriented so that the cooling
air stays next to the wall. Jets in FCFC application are thus more inclined than canonical
JCF, which has an impact on their penetration and their interaction with the upstream main
flow.'® 19 Furthermore, in FCFC, the crossflow is not a simple boundary layer as for JCF
studies; it results from the interaction of all the jets located upstream. At last, owing to the
small length-to-diameter ratio of the holes in FCFC, the flow on the injection side is strongly
related to the flow in the aperture and on the suction side.% 220

In view of these differences, extrapolating the results from JCF studies to gain insight
into FCFC would not be justified and specific FCFC configurations must be considered.
However, generating this type of data experimentally is very challenging: the operating con-
ditions in the combustion chambers (high temperature and high pressure) are difficult to
reproduce in test rigs and experimental techniques are rarely adapted to such conditions.
Moreover, the characteristic size of the micro-jets being sub-millimetric, the main flow fea-
tures are out of reach of current measurements techniques. This explains the lack of detailed
measurements in realistic operating conditions: accurate information about the velocity field
in FCFC configurations is available only on large-scale isothermal plates.?®2! When experi-
ments are performed on real scale plates, only wall parameters,®®2%23 like the heat transfer
coefficient, the adiabatic cooling efficiency or integrated data like the discharge coefficient® 24
are provided and very often, only small temperature differences between the hot and the cold
streams are investigated.

An alternative is to rely on accurate direct simulations to generate the requested data.

However requirements in computational power are huge due to the configuration: in FCFC,
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the perforated plate contains hundreds or thousands of holes and resolving the flow in each of
these holes would be very expensive. To overcome this difficulty, Mendez et al.?>?% developed
a numerical methodology where only one aperture is resolved and periodic conditions are
prescribed in the directions parallel to the plate, thus representing the asymptotic case of
an infinite perforated plate. This approach proved suitable to provide insight regarding the
flow structure in the case of FCFC.2" In this paper, these simulations are referred to as the
‘reference small-scale simulations’.

The present paper details the methodology developed for post-processing the reference
isothermal data obtained by Large Eddy Simulations (LES)?” and proposes a homogeneous
model that accounts for the major flow characteristics near a perforated wall on each side of
the plate. In this model, the injection and the suction sides are coupled and a law for the
discharge coefficient in the holes relating the pressure drop to the mass flow rate through the
plate is used. The model inputs are the pressure drop across the plate and the geometrical
characteristics (porosity, aperture angle). A priori testing is first performed, the fluxes

provided by this homogeneous model being compared to the reference simulations. As an
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