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a b s t r a c t

A low-order model is proposed to predict the temperature of a multi-perforated plate from an unresolved
adiabatic computation. Its development relies on the analysis of both an adiabatic and a conjugate heat
transfer wall resolved large eddy simulation of an academic multi-perforated liner representative of the
cooling systems used in combustion chambers of actual aero-engines. These two simulations show that
the time averaged velocity field is marginally modified by the coupling with the heat diffusion in the per-
forated plate when compared to the adiabatic case. This gives rise to a methodology to assess the wall
temperature from an unresolved adiabatic computation. It relies on heat transfer coefficients from refer-
enced correlations as well as a mixing temperature relevant to the flow in the injection region where the
cold micro-jets mix with the hot outer flow. In this approach, a coarse mesh simulation using an homo-
geneous adiabatic model for the aerodynamics of the flow with effusion is post-processed to provide a
low cost alternative to conjugate heat transfer computations based on hole resolved meshes. The model
is validated on an academic test case and successfully applied to a real industrial combustion chamber.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

To improve gas turbines efficiency, aeronautical engines manu-
facturers increase both the compressor pressure ratio and the tur-
bine inlet temperature. A direct consequence is the increase of the
thermal constraints imposed to the walls of the combustion cham-
ber. Since the typical materials used in combustors cannot sustain
more than 1100–1200 K before melting, controlling the tempera-
ture of the solid boundaries without compromising the overall effi-
ciency of the engine is a critical issue. In modern combustors,
effusion cooling [41] is often used to control the temperature of
the walls surrounding the flame tube (see Fig. 1).

The casing being at a higher pressure than the flame tube, a
micro-jet is formed at each aperture of the multi-perforated plate.
The coalescence of these micro-jets induces a film region where
the hot gases from the combustion chamber side mix with the
fresh air from the casing. A sketch which displays the principle of
effusion and important parameters is given in Fig. 2.
The general problem in cooling systems is to predict, for a given
geometry and operating point, the coolant mass flow rate neces-
sary to maintain the temperature of the plate below a critical
value. The efficiency of this system is driven by many parameters
(jet-to-jet distance, perforation arrangement, hole shape, size and
inclination). In order to quantify the effect of these parameters,
many arrangements have been studied in the literature. It has been
shown that staggered inclined perforations offer a better protec-
tion than in line inclined perforations [51,40,18,31]. Also the opti-
mal lateral (Dx) and spanwise (Dz) hole distances have been found
[46,65,59] in the range 4d� 8d, where d is the hole diameter. From
the distances between holes (Dx;Dz) and the diameter of the aper-
ture (d) reported in Fig. 3, the plate porosity r can be computed. It
represents the ratio between the perforated surface and the total
surface of the plate:

r ¼ pd2

4sinðaÞ
1

DxDz
; ð1Þ

where a shown in Figs. 2 and 3, is the angle between the stream-
wise and the perforation directions.
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Fig. 1. Sector of an annular helicopter combustion chamber taking into account the
swirler, the flame tube and the chamber casing. Extracted from [28].

Fig. 2. Schematic view of a multi-perforated plate which separates the combustion
chamber (hot gases) from the casing (cold gases) presented on Fig. 1.

Fig. 3. (a) Detailed side view of the perforation, (b) top view of the plate with the
periodic domain calculated (dotted).

Nomenclature

Dx streamwise pitch [m]
Dz spanwise pitch [m]
CP specific heat capacity of the plate [J/K/kg]
d diameter of the aperture [m]
DR density ratio [–]
J momentum ratio [–]
L perforation length [m]
M blowing ratio [–]
Nu Nusselt number [–]
Pr Prandlt number [–]
q heat flux [Wm�2]
Re Reynolds number [–]
St Stanton number [–]
T temperature [K]

Greeks
a injection angle [�]
g effectiveness [–]

gad adiabatic effectiveness [–]
k thermal conductivity [Wm�1 K�1]
U global heat flux [Wm�2]
q density [kg m�3]
r porosity [–]
H non dimensional temperature divided by the adiabatic

temperature [–]
h non dimensional temperature [–]

Acronyms
CFD Computational Fluid Dynamics
CHT Conjugate Heat Transfer
CPU Central Processor Unit
LES Large Eddy Simulation
RANS Reynolds Averaged Navier Stokes
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As for the classical jet-in-cross flow configurations [61], the
flow regime around a multi-perforated plate is piloted by the
blowing (M) and the momentum (J) ratios defined as:

M ¼ qjetV jet

qhotUhot
; ð2Þ
J ¼ qjetV
2
jet

qhotU
2
hot

; ð3Þ

where qjet and Vjet denote the jet density and the jet velocity respec-
tively while qhot is the density of the hot gases in the combustion
chamber and Uhot is the streamwise velocity of the hot gases (see
Fig. 2).

Ammari et al. [1] underlined that M and J also impact the heat
fluxes through the density ratio DR defined as:

DR ¼ M2=J ¼ qjet

qhot
: ð4Þ

Gustafsson [30] showed that the Mach number does not play a
significant role on the cooling effectiveness at least in the flow
regimes characteristic of typical industrial applications. Eriksen
and Goldstein [22] and Champion [13] drew the same conclusion
for the Reynolds number of the injection flow. Therefore, when
comparing the efficiency of multi-perforated cooling systems, the
operating point is suitably defined once M and J have been
selected.

The cooling effectiveness g is a non-dimensional quantity usu-
ally introduced to characterize the thermal efficiency of effusion
[45]; it is defined as:

g ¼ Thot � Twallhot

Thot � Tcold
; ð5Þ
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where Thot , Tcold and Twallhot stand for the temperature of the fluid at
the injection side (combustion chamber), at the suction side
(casing) and of the plate on the hot side, respectively (see Fig. 2).
To better characterize the mixing phenomenon in the fluid
domain without the effect of conjugate heat transfer which
modifies Twallhot , the adiabatic cooling effectiveness gad is also often
introduced:

gad ¼
Thot � Tadhot

Thot � Tcold
; ð6Þ

where Tadhot is the wall temperature on the injection side for a non-
conducting plate. From a practical point of view, gad can be assessed
numerically by using adiabatic thermal condition on the solid
boundary and experimentally by using either a low conductivity
plate (in order to minimize the heat exchange between the fluid
and solid domains) or by measuring the concentration of a passive
scalar introduced from the casing side [32].

Table 1 gathers dynamic and geometrical parameters from the
most relevant experimental and numerical studies of effusion;
the type of variable investigated are also reported. Most of the pre-
vious studies have been performed either at low or at moderate
blowing and momentum ratios. It should be noted, however, that
multi-perforated plates in real combustion chambers operate at
larger injection rate, with M and J of order 5–20 and 30–90, respec-
tively. One reason for this mismatch is that many studies rely on
upscaled geometries to ease measurements. Operating at lower
injection rate obviously modifies the characteristics of the effusion
flow, especially in the injection region. It may also have conse-
quences regarding the thermal equilibrium of the plate by modify-
ing the mixing between cold and hot gas as well as the relative
strengths of the conduction (exchange through the solid plate)
and the convection (fluid going through the holes) heat transfers.
According to Cottin [17], the heat flux transmitted by conduction
within the hole is as large as 37% of the total heat flux (convection
and conduction) in the case of the LARA experiment of Miron [53]
where M = 3.6 and J = 13; on the contrary, Florenciano [25] found
that it was only 8% of the total heat flux in a flow regime corre-
sponding to M = 8.4 and J = 31.
Table 1
Review of the experimental and numerical multi-perforated plate setup. The quantities rep
injection side or the whole fluid domain as depicted in column ‘‘Regions”. The subscript ‘‘

Reference M/J Rows

Experimenta
Leger et al. [42] 1–3/ 7–12 9–35
Andreini et al. [6] 7.2/ 16 21

Miron et al. [53] 3.6/ 13 12

Michel et al. [52] 8.8/ 77.4 9

Scrittore et al. [64] 3.2–5/ 12–27 30

Zhong and Brown [69] 0.4/ 0.1 12

Andreini et al. [9] 0.5–5/ 0.2–25 14–22
Jonhson et al. [35] 0.4–1.7/ 0.17–0.94 3
Kakade et al. [36] 0.47–2/0.15–4.12 6
Martiny et al. [43] 0.5–3/0.14–5.3 8
Andreini et al. [4] 0.8–4.5/ 0.6–20 23
Andreini et al. [5] 1.5–7/ 1.3–49 29

Numerical
Most [54] 1.3–2.3/ 1.8–4.6 12

Harrington et al. [33] 0.4/ 0.8 10

Errera and Chemin [23] 1.2/ 0.5 12
Mendez and Nicoud [50] 1.5/ 2.25 1
Zhong and Brown [70] 0.4/ 0.1 12
Cottin [17] 3.2–8.5/ 3.1–21.7 15
Florenciano [25] 8.4/ 31 12
Florenciano and Bruel [24] 8.0/ 29 12
Andrei et al. [3] 1–3/ 0.6–9 18
When numerically computing an entire combustion chamber,
these cooling systems have to be considered. On the one hand,
the size of an engine is about one meter, on the other hand, multi-
perforated holes have a diameter of half a millimeter. Thus, regard-
ing the actual computational resources, it is impossible to resolve
the flow scales involved and orifices have to be modeled. In order
to understand the physics of the flow, Mendez and Nicoud [50]
performed a wall resolved Large Eddy Simulation (LES) of a bi-
periodic plate with effusion. This database allowed to show that
the viscous terms, including the classical wall shear stress sw, are
small compared to the inviscid flux of longitudinal momentum,
qUV , through the holes. This result disqualifies any attempt to rep-
resent effusion flow with a (modified) logarithmic law based on
classical wall units where the friction velocity

ffiffiffiffiffiffiffiffiffiffiffi
sw=q

p
would be

the characteristic velocity. Instead, further analyzing the numerical
database [50], Mendez and Nicoud [49] proposed an homogeneous
adiabatic model able to represent the effect of effusion on the
boundary layer structure. In this view, the multi-perforated plate
is modeled as a uniform boundary so that meshes far too coarse
to represent the holes can still be used. The homogeneous model
[49] is now commonly used in full scale computations of combus-
tors with perforated liners as mentioned in the review of Savary
et al. [63]. However, since this boundary condition is adiabatic, it
gives no insight on the wall heat flux. To handle it, an analytical
1D models have been first proposed in the literature to assess wall
film cooling for flat walls [44,29]. Making use of increasing compu-
tational power, Andreini et al. [6] proposed a method to study heat
transfer on complex geometries, which relies on porous boundary
condition to model the fluid behaviors. To assess the heat transfer
coefficient and the convective temperature, two computations are
needed. A first one with adiabatic boundary conditions allows to
assess the convective temperature thanks to a flux balance. A sec-
ond flux balance from a computation with isothermal boundary
conditions gives the heat transfer coefficient. To better account
for the heat transfer between fluid and solid, Voigt et al. [68]
proposed a point mass source model which allows to perform a
conjugate heat transfer (CHT) simulation without dealing with
the effusion pipe. Since the pipe is modeled by a mass source
orted in the last column ‘‘Data” have been either measured or computed in either the
ad” refers to adiabatic values.

a Regions Data

l setup
60 Injection T, g
60 Injection ~V , T, g
30 Injection ~V
60 Injection ~V
60 Injection ~V ; gad

90 All ~V , T, g; gad

30,90 Injection gad; g
30 Injection gad; g
20 Injection U; gad ; g
17 Injection gad; g

20, 30, 90 Injection gad

30 Injection gad; g

setup
60 Injection ~V
90 Injection Tad;

~V ; gad

45 All T
30 All ~V
90 All T, g; gad

30 All T, g
28 All T
30 All T, g; gad

30, 90 Injection gad
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Fig. 4. Computational domain.
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and a mass sink it drastically reduces the computational cost.
Andreini et al. [7] proposed an improvement of this model thanks
to a local pressure drop formulation allowing the automatic calcu-
lation of the mass flow. This method was implemented in a RANS
solver (ANSYS CFX) and gives satisfactory results as demonstrated
in Andreini et al. [8]. In recent studies, effects of radiation have also
been introduced. Mazzei et al. [48] used a 3 solvers coupling
approach to account for the interplay between fluid mechanics;
solid heat diffusion and radiative transfers. Berger et al. [10] used
the same methodology but solved the fluid dynamics with a LES
solver. In this case, effusion holes was modeled with the homoge-
neous model fromMendez and Nicoud [49] and the first node tem-
perature was taken as a surrogate of the adiabatic reference
temperature in order to compute the exchanged heat flux.

Florenciano and Bruel [24] have compared the output of several
correlations for heat transfer coefficients (h [Wm�2 K�1]) with
respect to a fully coupled, holes resolved simulation where both
the fluid and solid domains were accounted for. Heat transfer coef-
ficients are often used to represent the wall heat flux U thanks to
the Newton relation U ¼ hðTref � TwallÞ and are expressed through
correlations based on non-dimensional numbers. Regarding effu-
sion flows, Cottin [17] proposed for the injection side:

hhot ¼ qhotCp;hotUhotSt; ð7Þ
with the Stanton number approximated by:

St ¼ 0:00675
Vjet

Uhot

� �0:67 qjet

qhot

� �1:22

; ð8Þ

with Cp;hot the specific heat capacity of the air in the hot side and St
the Stanton number. Florenciano and Bruel [24] proposed another
expression to evaluate the Stanton number which better fits the
results when dealing with high momentum and blowing ratios
flows (M � 8 and J � 30):

St ¼ 0:00241
Vjet

Uhot

� �0:67 qjet

qhot

� �1:22

: ð9Þ

Cottin [17] also proposed correlations to assess the Nusselt number
for the suction side (Eq. (10)) and the hole’s inner surface (Eq. (11)):

Nu;cold ¼ 0:023Re0:8Dh Pr
0:33 1þ 0:5

Vjet

Ucold

� �0:77

; ð10Þ

Nu;hole ¼ 0:02775Re0:8d Re0:17d
L
d

� ��0:8
 !0:275

: ð11Þ

The Reynolds number (ReDh) used to compute the Nusselt number
on the cold side is based on the hydraulic diameter (twice the chan-
nel height) and the bulk velocity [14,24]. Pr denotes the Prandlt
number. The Nusselt number into the holes takes into account the
aspect ratio L=d (i.e. the perforation length-to-hole diameter ratio)
and the Reynolds number based on the hole diameter [24]. Using
these Nusselt numbers, heat transfer coefficients can then be recov-
ered using the relation h ¼ Nukf =Lref , with kf the thermal conductiv-
ity of the fluid and Lref a characteristic length. Florenciano and Bruel
[24] proposed to take as characteristic length the average of the
minor and major axis of the ellipse in the middle section of the hole.
Assuming that appropriate expressions for the heat transfer coeffi-
cients are available for the suction (hcold), the injection sides (hhot)
and the inner hole of the plate (hhole), the corresponding heat fluxes
can then be computed from Ucold ¼ hcoldðTrefcold � TwallcoldÞ,
Uhot ¼ hhotðTrefhot � TwallhotÞ and Uhole ¼ hholeðTrefhole � TwallholeÞ respec-

tively. As the Biot number of the plate is very small (Bi < 10�2 in
[24]), the temperature variations across the plate thickness can be
neglected. Then, balancing the three heat fluxes at steady state
allows computing the wall temperature Twall (see Section 6 for
details). However the values of Tref have to be determined on both
sides and into the holes. Note that the same conclusion was drawn
by Grenard and Scherrer [29]. Such quantity is not trivial to assess
since the temperature on the hot side results from the mixing
between the cold jets and the cross flow of hot gases.

Using an unresolved adiabatic LES computation with homoge-
neous model for the aerodynamics [49] combined with an estima-
tor to get the reference temperature would be a significant step
towards the assessment of liners temperature in realistic combus-
tion chambers and would open new perspectives in terms of
design and optimization of aero engines. Indeed, this method
would not require a coupled computation which is an important
saving in terms of CPU cost.

The aim of this study is to derive a methodology to assess the
reference temperature in LES of a combustion chamber where
multiperforated wall are treated with an homogeneous adiabatic
model. To achieve this objective, the numerical database of Floren-
ciano and Bruel [24] is first extended in Section 3 after the initial
set up has been recalled in Section 2. In Section 4, coupled and
adiabatic simulations are analyzed before an energy balance is pro-
posed in Section 5 to support the new modeling assumptions.
Three estimators of the reference wall temperature Trefhot are pro-
posed and tested a priori in Section 6. The same estimators are used
together with the Mendez and Nicoud [49] homogeneous model
and correlations in order to demonstrate how the wall temperature
can be assessed at low CPU cost compared to a wall resolved sim-
ulation. The efficiency of the estimator is demonstrated in Section 7
on a test case extracted from Andrei et al. [3]. Finally, in order to
illustrate the capacity of the approach to deal with complex flows,
it is applied to an industrial configuration in Section 8 and
compared to experimental results from thermocolor tests.

2. Flow configuration

The geometry of the present study, denoted MAVERIC-H, is
inspired from the MAVERIC set up built and studied by Petre
et al. [58], Miron [53] and Florenciano [25]. It consists of two
parallel channels communicating through 144 converging holes
disposed in 12 staggered rows as shown in Fig. 4 and described
in [38,11].

The flow solver used in this paper (see Section 3.1) was chosen
to compute the MAVERIC test rig by Motheau et al. [55] and a sat-
isfactory comparison with the experimental data was obtained.
Due to experimental constraints, the holes in the MAVERIC setup
were upscaled (12.5:1) compared to typical apertures of perforated
liners used in combustors. The numerical MAVERIC-H setup recov-
ers the actual hole diameter of 0.4 mm and aims at reproducing
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Table 2
Main characteristics of the MAVERIC-H configuration. All the geometrical parameters
are the same as for the set up considered in Florenciano and Bruel [12] except that
d = 0.4 mm instead of d = 5 mm in [12]. The flow regime (M and J values) is
representative of an actual aero-engine.

Diameters (mm) Porosity r Angle a Thickness e Dx Dz

d ¼ 0:4; d0 ¼ 1:33d 4:09� 10�2 27:5� 2d 5:84d 6.74d

M J Re Mach

8.4 31 2700 0.26

Table 3
Thermo physical properties of the plate.

Density q 7900 kg m�3

Conductivity ksðTÞ 5:96þ 0:017� T Wm�1 K�1

Heat capacity CP 586 J kg�1 K�1
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geometrical and operating conditions more representative of real
combustor liners than other database available in the literature.
All the geometric parameters of the plate are given in Table 2.

The hot and cold channels are 114.25d long, H ¼ 24d high and
6.74d wide. The perforation length is about 4.3d, a typical value
for liners in combustion chambers. Note also that the apertures
are slightly conical (convergent) with d0 ¼ 1:33d (see Fig. 3). The
pressure of the hot flow is about 0.445 MPa and the temperature
equals 1580 K, while it is 667 K on the cold side. The mean hot flow
velocity at the inlet, Uhot is 25 m s�1 whereas it is Ucold ¼ 50 m s�1

for the cold side. The mass flow rate across the plate is controlled
by the pressure difference between the two channels, which is
Fig. 5. Fluid (top) and solid (bottom) computational domains and b
about 3% of the injection side pressure (DP ¼ 13;327 Pa). The
working fluid is air. These conditions lead to blowing and momen-
tum ratios equals to M ¼ 8:4 and J ¼ 31 respectively. The resulting
Reynolds (based on the aperture diameter and bulk velocity) and
Mach numbers within the perforations (averaged over the twelve
rows) are 2700 and 0.26, respectively. The main physical proper-
ties of the material used (KCN22W) for the plate itself are given
in Table 3.

The computational domains used in this study are depicted in
Fig. 5. To ease the reproduction of the calculation and because tur-
bulent fluctuations in the main flow play a minor role for the inves-
tigated flow regime [22,13], no turbulent fluctuations were
prescribed at the inlet boundaries. Still, the velocity profiles were
set with a power law based on the Reynolds number as appropriate
for turbulent flows. For the hot side, the inlet velocity is defined as:

Uhot ¼ 30 1� jych � yj
0:5H

� �5
 !

; ð12Þ

where ych is the y coordinate of the hot channel center and H his
height.

The inlet velocity on the cold side is defined as:

Ucold ¼ 57:8 1� jycc � yj
0:5H

� �6:4
 !

: ð13Þ

where ycc is the y coordinate of the cold channel center and H his
height.

To save computational time and because side effects have no
influence on the flow at the center, only one hole per rows have
oundary conditions used in the MAVERIC-H numerical setup.
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been computed (instead of 12 in the experiment) making a total of
12 holes in the simulation out of 144 in the experiment. Periodic
conditions have been used in the spanwise direction to properly
reproduce the staggered arrangement and jets interactions. The
upper and lower walls of the hot and cold channels are both con-
sidered adiabatic (Fig. 5). For the boundary interfaces between
the flow domain and the multi-perforated plate, a no slip condition
is applied on the cold and hot sides of the plate as well as within
the apertures. The thermal condition is either adiabatic for fluid
standalone simulation or temperature imposed when both the
fluid and solid domains are coupled. In the latter case, the heat flux
computed from the fluid side is used as a boundary condition for
the solid domain where the unsteady heat equation is solved. In
both cases, adiabatic wall conditions are prescribed at the down-
stream and upstream solid faces (Fig. 5).
3. Numerical methods

Three simulations whose main characteristics are given in
Table 4 have been performed:

� a coupled simulation denoted ‘‘resolved coupled” where the
holes are explicitly represented together with both the suction
and injection sides; both the flow equations (in the fluid
domain) and the heat equation (in the solid domain) are solved;

� another hole resolved computation for the fluid domain where
only adiabatic conditions are used at the multi-perforated plate
surfaces and denoted ‘‘resolved adiabatic”;

� an unresolved simulation, denoted ‘‘unresolved”, where the
multi-perforated plate is represented thanks to the adiabatic
homogeneous model of Mendez and Nicoud [49]. In this case,
only the injection side is computed, the holes and the casing
being represented by the boundary condition provided by the
homogeneous model.

Accordingly, two meshes have been used for the fluid domain, a
resolved one (approximatively 5� 107 tetrahedral cells) to per-
form holes resolved simulations, and a coarse one (approxima-
tively 3� 106 tetrahedral cells) which is well adapted to
computations where the multi-perforated plate is represented by
an homogeneous model. The mesh used for holes resolved compu-
tations is such that the number of cells per aperture diameter is at
least 25 in the injection side (more in the suction side due to the
conical shape of the holes, see Fig. 3). In wall units (yþ), the first
off wall point distance is less than 12 in the aperture and of the
order of 5–6 elsewhere. In the solid domain (used only for the
resolved coupled simulation), the mesh contains 5� 106 tetrahe-
dral cells which are slightly smaller than the fluid cells near the
interface for coupling interpolation purposes.

3.1. Numerical tools

The two solvers used in this study are described in the present
section.
Table 4
Summary of the simulations performed. In the resolved coupled case, two meshes
were used, one for the fluid and one for the solid. For the unresolved simulation,
multi-perforations are modeled with homogeneous model [49].

Fluid cells mesh Solid cells mesh Modeling

Resolved coupled 5� 107 5� 106 N/A

Resolved adiabatic 5� 107 N/A N/A

Unresolved 3� 106 N/A Homogeneous
3.1.1. The fluid solver AVBP
The LES solver AVBP developed by CERFACS and IFPEN solves

the compressible Navier-Stokes equations on unstructured
meshes in a conservative form. The numerical convective scheme
is the TTGC scheme developed by Colin and Rudgyard [16], third
order accurate in space and time while a second order Galerkin
scheme is used for diffusion. In the present work, the WALE sub-
grid scale model proposed by Nicoud and Ducros [56] was
selected to ensure a proper scaling of the turbulent viscosity at
walls. To evaluate the impact of the subgrid scale model on the
results, computations discussed in this paper were also done with
the r-model of Nicoud et al. [57] (not shown). No significant dif-
ferences were found. Inlets and outlets are represented by the
Navier-Stokes Characteristic Boundary Conditions proposed by
Poinsot and Lele [60] to ensure a physical representation of
acoustic waves propagation at boundaries. AVBP has been used
and validated in effusion jets by Mendez and Nicoud [50] and jets
in cross flow cases by Baya Toda et al. [67] and Prière et al. [61]
among many other flow configurations.
3.1.2. The thermal solver AVTP
The conduction solver used for the solid domain is named AVTP

and is developed at CERFACS. This cell-vertex/finite element code
solves the heat equation on unstructured meshes. It takes into
account local changes of heat capacity and conductivity with tem-
perature. AVTP is dedicated to be coupled to LES calculations and
has been used and validated in the past years notably for turbine
blade and liner problems by Duchaine et al. [19,21], Florenciano
[25], and Jauré et al. [34]. A second order Galerkin scheme is used
for the diffusion term while time integration is done using an
implicit first order forward Euler scheme. The resolution of the
implicit system is performed thanks to a parallel matrix free con-
jugate gradient method [27].
3.2. Coupling parameters

The Parallel Coupling Strategy (PCS) is the same as the one
used by Florienciano and Bruel [24]. This approach relies on
two different solvers, each solving a medium (the flow or the
plate), which exchange data at a common boundary interface.
Coupling libraries, embedded within the solvers, ensure the infor-
mation exchange between the two entities. The coupling of the
LES and conduction solvers is achieved following the methodol-
ogy of Jauré et al. [34] both in terms of data exchanged and
frequency. The convective heat flux qconv is provided by the fluid
domain to the solid one which gives back a wall temperature
Twall to the fluid domain. To ensure the performance of the cou-
pling, the parallel coupler OpenPALM developed by CERFACS
and ONERA is used [20]. The coupling strategy has been validated
and used in previous works of Duchaine et al. [21] and Berger
et al. [10].

The CPU cost, for each simulation is reported in Table 5, taking
the unresolved simulation as reference. The CPU cost of the cou-
pled simulation is twice the adiabatic one due to the convergence
of the solid temperature. Wall resolved simulations require two
orders of magnitude more CPU time than the simulation based
on the homogeneous model for the perforated plate.
Table 5
Comparison of the scaled CPU costs.

Simulation Scaled CPU

Resolved coupled 192
Resolved adiabatic 97

Unresolved 1
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4. Comparison between the resolved coupled and the resolved
adiabatic simulations

The resolved coupled computation is a spatially evolving LES of
a multi perforated plate representative of an aero engine at realis-
tic operating conditions. Figure 6 presents an instantaneous iso-
contour of the cold air mass fraction (Ycoolant = 0.7) as well as the
temperature field over the mid plane (see Fig. 5). The jets present
distinct behaviors depending on their position on the plate. The
first rows penetrate deeper in the hot flow but do not prevent
the hot gas from reaching the solid surface. In contrast, the jets
located after the 5th row interact to form a protecting film. This
is very similar to the film cooling visualization of Rouvreau [62].

To assess the difference between the resolved coupled and the
adiabatic computations, temperature and axial mass flow rate pro-
files are presented on Fig. 7. 3D data are time and spatially aver-
aged in the spanwise direction. Results are presented as a
function of Y�, the distance from the plate normalized by the
inter-row distance D defined on Fig. 7 (D ¼ 11:68d). Figure 7 shows
such profiles at four axial positions along the multi-perforated
plate, in the injection side. The first two positions correspond to
the third and tenth rows. The last two positions correspond to 3
and 25 diameters downstream of the last perforation where the
film is no more fed by coolant injection.

Overall, the results show a marginal effect of the thermal
coupling on the flow quantities. The only significant effect on the
Fig. 6. Instantaneous isocontour of cold air (Ycoolant = 0.7) and temperature field at the

Fig. 7. Comparison of the time and spatially averaged in the spanwise direction profi
calculation. The ordinate axis is the non-dimensional height Y*, the ratio between the w
temperature profiles lie on Y� < 0:05 where the isothermal condi-
tion induces strong temperature gradients. Assuming adiabaticity
for liners is therefore acceptable when focusing on engine perfor-
mances. On the contrary, adiabatic calculations underestimate
the temperature drop close to the wall, which is critical when
focusing on the wall temperature.

The expression of the Biot number is given in Eq. (14), where h,
e and ks denote the heat transfer coefficient at the interface
between the fluid and the solid, the thickness of the plate and
the thermal conductivity of the plate.

Bi ¼ he
ks

: ð14Þ

According to Florenciano and Bruel [24], the Biot number of
MAVERIC-H is very small (� 0:013). To first order, it means that
the temperature variation across the wall thickness can be
neglected on both sides of the multi-perforated plate
(Twallhot ¼ Twallcold ¼ Twall). In addition, in all this study, the wall tem-
perature is averaged in the spanwise direction. Thus, the wall tem-
perature depends only on the streamwise location, Twall ¼ TwallðxÞ.
As shown in Fig. 8, this approximation is indeed well supported
by the resolved coupled simulation. The mean difference between
Twallhot and Twallcold is about 6:9 K, which is less than 1% of the differ-
ence between Thot and Tcold. In contrast, the resolved adiabatic sim-
ulation leads to adiabatic temperature distributions which are
significantly different between the suction and injection sides of
mid plane (see Fig. 5 for localization) from the fully coupled resolved simulation.

les for the different cases. �: resolved coupled calculation, �: resolved adiabatic
all distance y and the inter-row distance D.
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the plate. The adiabatic temperature on the suction side remains
close to the cold temperature Tadcold � Tcold (see Fig. 8).

5. Global energy balance of the resolved coupled case

A proper methodology to assess the temperature of the plate
under realistic conditions must account for the main contributors
in the energy balance. To identify these big players, a quantitative
analysis of the heat transfers within the plate is achieved by con-
sidering the energy budget over two control volumes encompass-
ing the fluid inside the apertures and the perforated liner solid
part respectively, as shown in Figs. 9 and 10. The control volume
for the solid medium starts at Dx=2 upstream of the first row and
finishes at Dx=2 downstream of the last row of holes. The sub-
scripts 1 and 2 refer to the injection and suction sides respectively.
Denoting by s1 and s2 the hole outlet and inlet surfaces, s1 and s2
Fig. 9. Representation of the different fluxes and t

Fig. 10. Representation of the different fluxes and t
correspond to the liner surfaces in contact with the hot and cold
crossflows respectively while su and sd represent the upstream
and downstream surfaces of the plate. The solid and fluid volumes
of control can exchange heat through their common interface,
which is the inner surface sh of each aperture. Flux exchanged by
the two media are recalled in Figs. 9 and 10 where the inward nor-
mal relative to the fluid and solid domains are denoted by nf

! and ns
!

respectively.
The diffusive flux in the fluid is noted as qdiff

��!, the convective flux

on each side of the plate as qconv
��! (see Fig. 9). The fluid-solid flux

within the aperture is noted as qhole
��! while the same flux through

the liner’s surface is call q�
diff
��!

. The conductive flux within the solid

is denoted by qcond
��!. They are all reported in Table 6. The fluid veloc-

ity vector is referred as V
!
, its components will be denoted U, V , W

for the streamwise, normal, and spanwise directions respectively.
The total energy equation integrated over the control volumes
and over time yields Eqs. (15) and (16), for the fluid and solid
media respectively:Z

s1 ;s2

qEt V
!� nf

!dSþ
Z
s1 ;s2

PV
!� nf

!dSþ
Z
s1 ;s2

qdiff
��! � nf

!dS

þ
Z
Sh

qhole
��! � nf

!dS�
Z
s1 ;s2

ð��s � V!Þ � nf
!dS ¼ 0 ð15ÞZ

su ;sd

qcond
��! � ns

!dSþ
Z
s1 ;s2

q�
diff
��! � ns

!dSþ
Z
sh

qhole
��! � ns

!dS ¼ 0 ð16Þ

The viscous tensor is defined as s ¼ 2lS� 2
3ltrðSÞI where

S ¼ 1
2 ðrV

!þrV
!TÞ is the strain rate tensor and I the 3 � 3 identity

matrix. The diffusive fluxes, qdiff
��! and the conductive flux, qcond

��!, are

modeled thanks to the Fourier’s law ( q!¼ �k5!T) where k is the
thermal conductivity of the appropriate medium. Splitting Eq.
(15) into three parts in order to underline the contribution of each
surface yields:Z

s2

qHt V
!� kf5!Tf � ��sV

!� �
� nf
!ds

þ
Z
s1

qHt V
!� kf5!Tf � ��sV

!� �
� nf
!dsþ

Z
sh

qhole
��! � nf

!dS ¼ 0: ð17Þ
he inward normal of the fluid control volume.

he inward normal of the solid control volume.
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Table 6
Definition of the fluxes involved in the thermal balances. qHt V

!
corresponds to the

enthalpy exchange within the orifice. The diffusive fluxes at the fluid-solid interface
(q�

diff
��!

and qhole
��!) are modeled thanks to a heat transfer coefficient h and a reference

temperature Tref , see Section 6.

Flux Applicable surface Expression Modeling expression

qconv
���! s1; s2 qHt V

!¼ qEt V
!þ PV

! N/A

qdiff
��! s1; s2 �kf 5!Tf N/A

q�diff
��! s1; s2 �ks5!Ts ¼ �kf 5!Tf hðT � Tref Þ
qhole
��! sh �ks5!Ts ¼ �kf 5!Tf hðT � Tref Þ
qcond
���! su; sd �ks5!Ts N/A
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Since nf
!¼ ey

! on S2 and nf
!¼ �ey

! on s1, Eq. (17) leads to:Z
s2

qHtV � kf
@Tf

@y
� ðs � V!Þy

� �
ds

�
Z
s1

qHtV � kf
@Tf

@y
� ðs � V!Þy

� �
dsþ

Z
sh

qhole
��! � nf

!dS ¼ 0; ð18Þ

where ðs � V!Þy ¼ sxyU þ syyV þ szyW is the normal component of

ðs � V!Þ.
Note that the viscous contributions in the integral over s1 and

s2, kf
@Tf
@y and ðs � V!Þy, can be neglected in front of the inviscid con-

tribution qHtV (they represent less than 0:1%, not shown). Thus,
Eq. (18) becomes:Z

s2

qHtVds�
Z
s1

qHtVdsþ
Z
sh

qhole
��! � nf

!dS ¼ 0: ð19Þ

Table 7 displays the values of the three terms in Eq. (19) and
shows that the energy budget over the aperture is reasonably well
balanced. The absolute error is 0:8 W corresponding to 0:3% of the
energy flux penetrating the hot flow (10% when compared to the
thermal power exchanged within the aperture). The figures in
Table 7 also show that the fluid flowing through the apertures is
slightly heated by the plate, the gain (the sh integral term) being
� 4% of the total heat flux flowing through the plate. This con-
tributes to the cooling of the plate, on top of the shielding effect
often put forward.

The energy budget for the solid medium is also well balanced,
as illustrated by the values of the contributions to Eq. (16) reported
in Table 8. To first order the heat extracted within the apertures
(shintegral term) is compensated by the difference between the
diffusive fluxes on both plate faces, as it would be the case for an
infinitely long plate without side effect. The flux transferred to

the fluid within the perforations
R
sh
qhole
��! � nf

!ds
� �

represents about

44% of the flux entering the plate at the injection sideR
s1
q�
diff
��! � ns

!� �
. This is in good agreement with Cottin’s conclusion

[17]. The longitudinal diffusion qcond
��! is smaller than the normal
Table 7
Time averaged wall energy fluxes. Expression and values of the fluxes (in W) relevant
to the fluid domain.

Expression
R
s2
qHtVds

R
s1
qHtVds

R
sh
qhole
��! � nf

�!ds

Contribution (W) 221.0 230.0 8.2

Table 8
Flux contributions to the energy budget of heat equation in the solid medium. The first te

Expression R
sh
qhole
��! � ns

!ds
R
s1
q�diff
��! � ns

!ds

Value (W) �8.2 18.6
diffusion q�
diff
��!

although not negligible at the ends of the plate and
locally near the holes (not shown here). The perforated portion of
the plate is the coldest part of the plate, explaining why the con-
ductive heat flux at both ends of the plate qcond is positive (contri-
butions of sd and su in Table 8).

For the operating point considered, the convective fluxes play a
significant role. At the injection side, from the fluid point of view,
the solid only contributes to 8.1% of the fluid energy flux
(
R
s1

q!diff � ns
!ds in Table 8 compared to

R
s1
qHtVds in Table 7). Similar

conclusions were drawn by Mendez and Nicoud [49] regarding the
weak contribution of the viscous flux on the dynamics around the
plate. For this range of operating point, a first order thermal model
for effusion should focus on the inviscid part of the heat flux. The
fact that the heat transfer through the solid represent less than
10% of the total energy exchanged between the cold and hot
streams also justifies why the resolved adiabatic and coupled sim-
ulations lead to very similar results (see Section 4).
6. Low order modeling of the temperature of the plate

As showed in Sections 4 and 5, the heat transfer through the
solid is moderate compared to the convective flux through the
apertures. Thus, an adiabatic computation provides a fair descrip-
tion of the flow field relevant to the coupled case. This shows that
it might be possible to build a reasonable assessment of the wall
temperature by analyzing the outcome of an adiabatic computa-
tion. At steady state, the sum of the heat fluxes entering the
multi-perforated plate should balance. From Table 8, the three
main contributors to the heat budget are the diffusive heat fluxes
over the cold and the hot side of the plate and within the apertures.
Thus, the following global relation for the plate should hold to first
order without diffusion heat fluxes at extremities:

�
Z
s1

q�
diff
��! � ns

!ds �
Z
s2

q�
diff
��! � ns

!dsþ
Z
sh

qhole
��! � ns

!ds: ð20Þ

Introducing the heat transfer coefficients hhot , hcold and hhole to model
these fluxes and considering that Trefhot ¼ Tadhot; Trefcold ¼ Tcold and
Trefhole ¼ Tcold leads to:

hhotðTwall � TadhotÞs1 � ðTcold � TwallÞðhcolds2 þ hholeshÞ; ð21Þ

where Twall corresponds to the space averaged value of the wall
temperature. The assumption Trefhole ¼ Tcold is justified by the fact
that the boundary layer on the suction side is continuously sucked
along the plate. Thus the solid is always exposed to Tcold on this side.
This is well supported by the results of Fig. 8.

A simple model for assessing the temperature of the plate

(Tmodel
wall ) could thus have the form:

Tmodel
wall ¼ Tcold þ RTadhot

1þ R
; with R ¼ hhots1

hcolds2 þ hholesh
: ð22Þ

Using Eq. (22) to assess the wall temperature requires the
knowledge of R and Tadhot . R can be recovered from correlations
and from geometrical parameters as a function of the porosity.
The following values for the heat transfer coefficients can be deter-
mined from Cottin [17] and Florenciano and Bruel [24]: hhot ¼ 498
Wm�1 K�1, hcold ¼ 582 Wm�1 K�1, hhole ¼ 1680 Wm�1 K�1. Then,
rm is the opposite of the last column in Table 7.

R
s2
q�diff
��! � ns

!ds
R
su
qcond
���! � ns

!ds
R
sd
qcond
���! � ns

!ds

�11.7 0.9 0.4
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introducing the area of the geometrical surfaces of interest
(s1 ¼ 5:99 � 10�6 m2, s2 ¼ 5:74 � 10�6 m2, sh ¼ 2:51 � 10�6 m2), one
obtains a global value of R � 0:4.

The previous expression (Eq. (22)) gives the global mean
temperature (spatially averaged) of the wall but for more complex
configurations where the heterogeneity of plate temperature is
important for design, a local model for Twall is mandatory. To do
so, and considering an homogeneous solid medium, Eq. (20)
can be written at a given axial position. Then, using a 1D approxi-
mation in the context of an homogeneous multiperforated plate,
leads to:

TwallðxÞ ¼ Tcold þ RðxÞTrefhotðxÞ
1þ RðxÞ ð23Þ

Considering that TrefhotðxÞ ¼ TadhotðxÞ, the adiabatic temperature
from the adiabatic resolved computation, RðxÞ can be approximated
as follow:

RðxÞ ¼ TwallðxÞ � Tcold

TadhotðxÞ � TwallðxÞ : ð24Þ

Figure 11 compares the evolution of RðxÞ along x evaluated at
discrete positions (between two row of holes), with the global
value of R.

The mean value of RðxÞ is 0.36 which is close to R. Also this fig-
ure shows that whatever the position theses ratios are close, so
RðxÞ can be approximated by the global ratio, and thus Eq. (23)
becomes:

TwallðxÞ � Tcold þ RTrefhotðxÞ
1þ R

; ð25Þ

The key point to determine Twall is thus to define a reference tem-
perature on the hot side of the plate. The reference temperature
on the hot side of the plate (Trefhot) results from the turbulent mixing
between the hot cross flow (Thot) and the injected cold gas (Tcold).
Cottin [17] suggested to take the temperature at the first computa-
tional node above the wall (TFN) as a surrogate of Trefhot . This surro-
gate leads to wrong result when available computations are
unresolved and thus multi-perforated plate are modeled. Other pos-
sibilities to estimate Trefhot have to be considered. A crude guess
could be Trefhot � Thot , neglecting the near wall temperature decrease
due to the cold gas injection. In this paper, a more robust estimator
of Trefhot (denoted Tmix) is proposed based on a local average over a
Fig. 11. Ratio of heat transfer coefficients appearing in Eqs. (22) and (24) estimated
at each inter-row from the resolved coupled computation (N) and from the
correlations of Cottin [17] (�) recalled in Eqs. (7)–(11).
relevant distance d in the normal direction to the perforated liner.
Regarding the averaging procedure, three options were tested: spa-
tial averaging (Eq. (26)), velocity averaging (Eq. (27)) and momen-
tum averaging (Eq. (28)).

TS
mixðdÞ ¼

R
d TðyÞdy

d
; ð26Þ
TV
mixðdÞ ¼

R
d UðyÞTðyÞdyR

d UðyÞdy
; ð27Þ
TM
mixðdÞ ¼

R
d qðyÞUðyÞTðyÞdyR

d qðyÞUðyÞdy
: ð28Þ

The corresponding non dimensional mixing temperatures, hmix, may
be defined as follows:

hmix ¼ Tmix � Tcold

Thot � Tcold
: ð29Þ

By post-processing either the unresolved or the resolved adiabatic
computations, profiles of the evolution of the non-dimensional mix-
ing temperature with respect to the integration depth d are shown
in Fig. 12 at the 9–10 inter-row position. The thermal boundary
layer thickness, dth, is taken as 99% of the non dimensional temper-
ature. In the resolved case it is about 43% of the channel height and
leads to Y� ¼ 0:9 (horizontal line in Fig. 12(a)). In the unresolved
case, it corresponds to Y� ¼ 0:8. Note that a variation of 10% on
the integration length leads to a variation of 4% and 6% on resolved
and unresolved case, respectively. In view of these results, and to
simplify the model as much as possible, the integration length will
be imposed to Y� ¼ 0:9 for both resolved and unresolved case in all
this section.

On Fig. 13, results from the two simple reference temperature
estimators (hhot and hFN) and the three present estimators of the
reference temperature (hMmix, h

V
mix, h

S
mix) are compared for the two

adiabatic cases. The results are scaled as follows:
Hmix ¼ hmix=hadhot , where hadhot corresponds to hFN from the resolved
adiabatic simulation. At the beginning of the plate, all reference
temperature estimators predict the same adiabatic plate tempera-
ture because hrefhot ¼ hhot . However, reference temperature estima-
tors are needed for unresolved simulations where the plate is
modeled as a homogeneous boundary condition. In this case, hFN
does a poor job collapsing with the hcold value. The momentum
weighting hMmix gives the best values and trend for both cases. From

now Tmix will denote TM
mixðdthÞ which has been proved to be the best

estimator of the reference temperature.
Once R and Trefhot have been assessed, Eq. (25) can be used to

compute Tmodel
wall , an estimator of the plate temperature. For a more

practical comparison, a non dimensional estimation is computed
as follows:

hmodel
wall ¼ Tmodel

wall � Tcold

Thot � Tcold
: ð30Þ

Different combinations have been tested as reported in Table 9.
The performances of the different reference temperature estima-
tors are displayed in Fig. 14 where they are compared to hwall, the
wall temperature computed from the resolved coupled simulation.
hmodel1
wall to hmodel5

wall use RðxÞ, the heat transfer coefficient ratio calcu-
lated from the coupled computation which is variable in space
and are thus expected to be more accurate. However, since the goal
of the present study is to propose a low cost method for the indus-
trial modeling routine, reference temperature estimators hmodel6

wall to

hmodel10
wall , based on correlations for R with a global value are tested.
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Fig. 12. Evolution of the estimators defined in Eqs. (26)–(28) scaled as in Eq. (29) with respect to Y� corresponding to the integration length d scaled by the inter-row distance
D for resolved (left) and unresolved (right) adiabatic simulations. Variables are space averaged in the spanwise direction. The horizontal line corresponds to the edge of the
thermal boundary layer.

Fig. 13. Comparison of different reference temperature estimators of Hadhot applied on the resolved (left) and the unresolved (right) adiabatic simulations.

Table 9
Tested combinations.

Name Run type Trefhot from R from

hwall Coupled resolved / /

hmodel1
wall

Uncoupled resolved TFN RðxÞ local from
coupled simulationhmodel2

wall
Uncoupled resolved Tmix

hmodel3
wall

Unresolved TFN

hmodel4
wall

Unresolved Tmix

hmodel5
wall

No computation Thot

hmodel6
wall

Uncoupled resolved TFN R global from correlations

hmodel7
wall

Uncoupled resolved Tmix

hmodel8
wall

Unresolved TFN

hmodel9
wall

Unresolved Tmix

hmodel10
wall

No computation Thot
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hmodel1
wall computed with TFN as a reference temperature on the

resolved mesh and RðxÞ from the coupled simulation gives by con-
struction the reference wall temperature. Note that the same refer-
ence temperature estimator on the unresolved case, which
requires the use of the homogeneous model [49], is far off the mark
(see hmodel8
wall and hmodel3

wall ). When Thot is used to model Trefhot , the esti-

mated wall temperature (hmodel5
wall ) is correct in the 5 first rows but

difference with the reference value (hwall) increases downstream,
once the film is established. Moreover, this reference temperature
estimator combined with correlations (hmodel10

wall ) leads to an unac-
ceptable overestimation of the wall temperature. The estimated
wall temperature obtained when Tmix is used as a model for Trefhot

is in fair agreement with the reference wall temperature. hmodel2
wall ,

hmodel4
wall , hmodel7

wall , hmodel9
wall show that the present reference temperature

estimator, Tmix, is quite robust and can handle either resolved com-
putations where holes are present or unresolved computations
based on the homogeneous model of Mendez and Nicoud [49].
Among these reference temperature estimators, the most attrac-
tive one for CPU cost reasons is hmodel9

wall which comes from an unre-
solved computation combined with correlations and produces a
small error on the estimated wall temperature.

Since the proposed reference temperature estimator can be
used on various effusion plates, it has been validated on another
academical test case which has both different geometrical param-
eters and operating point. This is discussed in the following
section.

Franck Nicoud
Zone de texte 



Fig. 14. Wall temperature estimated from adiabatic simulations using heat transfer coefficient extracted from coupled simulation (right) or assessed from correlations (left).
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7. Validation of the reference temperature estimator

The reference temperature estimator is now applied to the KIAI
(Knowledge for Ignition, Acoustics and Instabilities) setup devel-
oped during a EU funded Research Project. This configuration has
been studied and detailed in [47,2,3,9]. For the present study, the
blowing and density ratios are M ¼ 3 and DR ¼ 1 respectively.
The geometry denoted G2 in [47,2,3,9] has been retained. It con-
sists in a multi-perforated plate similar to the one considered in
Section 6. The main geometrical characteristics are given in the
Table 10. The mesh considered is composed of about one million
of elements. The ratio between the hole diameter and the mesh
size, as introduced in Bizzari et al. [11], is equal to one; this corre-
sponds to the typical mesh size found in numerical simulation of
real combustors.
Table 10
Characteristics of the plate of interest.

Diameter (d) Number of rows L=d a Dx Dz r (%)

1.50 mm 18 6.25 30 � 9.15 7.37 2.32

Fig. 15. Adiabatic efficiency for one of the configuration described in [47].
Experimental and hole resolved CFD results are extracted from Mazzei et al. [47].
TFN and Tmix correspond to the results obtained using either the first node value or
the mixing temperature to estimate the adiabatic temperature, respectively.
A turbulent profile was imposed at the inlet, although no turbu-
lence fluctuations were added. The multi-perforated plate was
modeled using the homogeneous model [49] (note that the poros-
ity is calculated considering the effusion angle which leads to a
value of r ¼ 2:32%). The adiabatic efficiency is presented on
Fig. 15. The experimental values are presented together with the
numerical data of Mazzei et al. [47] as well as the present results
obtained for different estimators of the adiabatic temperature.
For the adiabatic estimator of the temperature, the integration
length was taken as 99% of the thermal thickness on each position,
and has been extracted from the simulation. The same conclusion
as in Section 6 can be drawn. The temperature directly extracted
using the first node method fails to assess the proper adiabatic effi-
ciency. On the contrary the reference temperature from the mixing
temperature predicts the correct trends even if the adiabatic effi-
ciency is overpredicted when the film cooling is not established.
8. Application of the low-order model to a helicopter combustor

In this section, a turboshaft reverse flow combustion chamber,
as in [10], is considered (see Fig. 16). A reactive simulation with
adiabatic walls, in which effusion cooling is accounted for thanks
to the homogeneous model [49], has been performed with the
LES solver AVBP. Such adiabatic simulation using modeled multi-
perforated plate is the standard in industry for predicting the com-
bustor exit temperature profile or pollutant emissions. The
objective of this section is to evaluate the low-order method,
described in Section 6, for extracting the combustor liner temper-
ature field from this computation. The hmodel9

wall estimator (see
Table 9) was selected for this purpose.

The periodicity of the configuration allows to consider only one
sector of the combustion chamber, comprising one injector and
several primary and dilution holes. The computation was per-
formed on a 40 million elements mesh, with the grid size being
of the order of the perforation diameter near the walls. The filtered
Navier-Stokes equations were integrated thanks to an explicit Lax-
Wendroff [39] numerical scheme, second order accurate in time
and space. Combustion was described by the Thickened Flame
Model [15] combined with the 2-step BFER kinetic scheme [26].
The Smagorinsky [66] model was also used to account for the
subgrid-scale turbulence viscosity.

The combustor simulation was averaged in time to obtain mean
velocity and temperature fields within the flame tube and in the
combustor casing (see Fig. 17). On the one hand, these fields were
post-processed to compute locally the heat-transfer coefficients
using the correlations from Cottin [17] on the cold side, within
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Fig. 16. Schematic view of the combustor. Zones 1,2 and 3 are used in Fig. 19 for
comparison purposes. Zones 1 and 2 correspond to the external envelope of the
flame tube at two azimuthal positions. Zone 3 corresponds to the external elbow.
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the holes and the one from Florenciano and Bruel [24] on the hot
side. This led to a global value of the R coefficient, still local to each
multiperforated patch since each patch is modeled by a homoge-
neous boundary condition. On the other hand, temperature and
velocity fields were post-processed to estimate the corresponding
adiabatic exchange temperature Tmix thanks to Eq. (28). The pro-
posed modeling method has been recalled in Fig. 18.

The steady-state wall temperature field was then obtained
thanks to Eq. (25). It should be noticed that transverse conduction
within the liner is neglected in this approach, consistently with the
Fig. 17. Non-dimensional mean fluid temperature field. Results from a

Fig. 18. Block diagram of the whole p
findings of Berger et al. [10]. Figure 19 presents comparisons
between the low-order temperature assessment and experimental
data from thermo-color tests. Such tests are based on the use of
thermo-sensitive paints, which color evolves depending on the
wall temperature. The hmodel9

wall estimator leads to a fair prediction
of the wall temperature levels. It also allows to localize the main
hot and cold spots even if on both Zones 1 and 2, the hot part is
not as wide as in experiments. Indeed, in Zone 1, the B color spot
on the left is well identified, like the very hot zone on the top of
the picture. In Zone 2, the D temperature zone is also well
retrieved. Finally, the homogeneous temperature field of Zone 3
is nicely reproduced.

The thermo-color technique gives access to the whole combus-
tor liner temperature field topology but is characterized by a large
range of uncertainties compared to thermocouples. Indeed, one
color corresponds to a range of temperature and not to a given
value. That is why more-detailed comparisons should take such
uncertainties into account and focus on specific temperature pro-
files. Figure 21 shows a comparison between numerical and exper-
imental data as a function of the axial position (x) for two lines
defined in Fig. 20. The agreement is quantitatively very good on
both lines when considering error bars from the tests. The temper-
ature levels are correctly predicted from the outer-elbow (OE) to
the combustor dome (Do).

The proposed low-order model based on the hmodel9
wall reference

temperature estimator is thus a promising approach to extract
combustor wall temperature fields from unresolved adiabatic com-
putations. Such estimations are useful in the first design iterations
n adiabatic unresolved simulation using the homogeneous model.

roposed computational strategy.
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Fig. 19. Comparison between temperature fields obtained from thermo-color tests and the low-order model with hmodel9
wall reference temperature estimator on three regions

characteristic of the combustor. Zones 1 and 2 correspond to the external envelope of the flame tube at two azimuthal positions. Zone 3 corresponds to the external elbow.
See Fig. 16 for the location of zones 1–3.

Fig. 20. Definition of the injector plane and inter-injector plane lines on a 2D map
extract from Fig. 17.

Fig. 21. Comparison between experimental and predicted (hmodel9
wall estimator)

temperatures on two lines along the engine axis (x) in the injector plane (top)
and inter injector plane (bottom). Data is scaled by T3 which corresponds to the
combustor inlet temperature.
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to identify possible hot spots to be removed. Note however that
radiation is not taken into account, and should smooth the temper-
ature gradients as observed on Berger et al. [10] and Koren et al.
[37].
9. Conclusion

Two resolved simulations of the flow around a multi-perforated
plate were compared; one thermally coupled to the solid plate, the
other one being adiabatic. From an aerodynamic point of view, the
two simulations lead to very similar solutions. A global energy bal-
ance was computed to check quantitatively the accuracy of the
numerical database as well as for identifying the main contribu-
tions to the phenomena controlling the temperature of the liner.
The analysis showed that when the heat flux though the solid is
marginal, which is the case for usual engine operating conditions.
It is thus possible to assess the wall temperature when using both
correlations for heat transfer coefficients and aerodynamic field
from adiabatic computation. A robust estimator of the reference
temperature Tref which gives fair result whatever the grid and
modeling strategy has been proposed. This estimator corresponds
to an integral over the thermal mixing layer. Thanks to the use of
a momentum averaging, independent of the grid and modeling
strategy, this reference temperature estimator can be used for sim-
ulations where the apertures of the perforated plate are not explic-
itly resolved but the liner is modeled as an homogeneous
boundary. This method is affordable for industrial applications,
unlike brute force resolved coupled simulations. In the present aca-
demical test case, the CPU cost was divided by about two hundred,
without considering the savings in terms of meshing time and
setup time.
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