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ABSTRACT
Many laboratory-scale combustors are equipped with viewing windows to allow for characterization of the reactive flow.
Additionally, pressure housing is used in this configuration to
study confined pressurized flames. Since the flame characteristics are influenced by heat losses, the prediction of wall temperature fields becomes increasingly necessary to account for conjugate heat transfer in simulations of reactive flows. For configurations similar to this one, the pressure housing makes the use
of such computations difficult in the whole system. It is therefore more appropriate to model the external heat transfer beyond the first set of quartz windows. The present study deals
with the derivation of such a model which accounts for convective heat transfer from quartz windows external face cooling system, free convection on the quartz windows 2, quartz windows
radiative properties, radiative transfer inside the pressure housing and heat conduction through the quartz window. The presence of semi-transparent viewing windows demands additional
care in describing its effects in combustor heat transfers. Because this presence is not an issue in industrial-scale combustors with opaque enclosures, it remains hitherto unaddressed in
laboratory-scale combustors. After validating the model for the
selected setup, the sensitivity of several modeling choices is computed. This enables a simpler expression of the external heat
transfer model that can be easily implemented in coupled simu-
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lations.
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External absorptance [-]
View factor [-]
Grashof number [-]
Radiative intensity [W/m2 /sr]
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External transmittance [-]
Parametrized view factor
Dimensionless length [-]
Distance separating quartz windows [m]
Heat capacity per unit mass [J/kg/K]
Jet exit diameter [m]
Quartz slab thickness [m]
Equivalent thickness of wall jet [m]
Acceleration due to gravity [m/s2 ]
Heat transfer coefficient [W/m2 /K]
Thermal conductivity [W/m/K]
Absorptive index [-]
Length of quartz widows [m]
Thermal length [m]
Refractive index [-]
Pressure [Pa]
Velocity [m/s]
Longitudinal coordinate [m]
Transverse coordinate [m]
Axial coordinate [m]
Sensitivity parameters [-]
Thermal expansion coefficient [K−1 ]
Internal emittance [-]
Dimensionless transverse distance [-]
Absorption coefficient [m−1 ]
Dynamic viscosity [kg/m/s]
Kinematic viscosity [m2 /s]
Wavelength [nm]
Solid angle [sr]
Equivalence ratio [-]
Thermal flux [W/m2 ]
Conductive thermal flux [W/m2 ]
Convective thermal flux [W/m2 ]
Radiative thermal flux [W/m2 ]
Internal reflectance [-]
Stefan-Boltzmann constant [W/m2 /K4 ]
Internal transmittance [-]
Relative to air
Incident quantity
Leaving quantity
Equilibrium quantity
Relative to a quartz slab
Relative to a modeled quartz slab
Hemispherical slab averaged quantity
Equivalent quantity over length L
Value at T0 = 293 K
Relative to inner surface of the first quartz window
Relative to air jets
Relative to outer surface of the first quartz window
Threshold value
Relative to equivalent wall air jet
Relative to the first quartz window
2

2a
2b
2
3

Relative to inner surface of the second quartz window
Relative to outer surface of the second quartz window
Relative to the second quartz windows
Relative to stainless steel pressure housing
Averaged quantity

INTRODUCTION
In aircraft engines as in many applications, the reactive flow
in the combustion chamber is both turbulent and high in pressure.
Optical access to the flame is necessary to thoroughly study such
configurations at a laboratory scale, while maintaining representative pressures of real applications. To do so, a pressure housing
can be used in order to impose pressure within the combustion
chamber [1–3], as experimentally investigated in the considered
sooting turbulent ethylene/air flame at DLR [4]. This swirled
turbulent non-premixed flame is stabilized at several pressures
(1, 3 and 5 bars) for several operating points inside a high pressure combustion chamber. Optical access into the combustion
chamber is provided through four separate quartz windows, collectively labeled as quartz windows 1. Cooling of the quartz windows 1 is established through multiple transverse laminar air jets
on the outer face, i.e. outside of the combustion chamber. This
allows for a better definition of boundary conditions inside the
combustor, specifically for modeling purposes. The combustion
chamber is surrounded by the stainless steel pressure housing
equipped with four quartz windows (denoted quartz windows 2)
for optical access to the combustion chamber. Quartz windows 1
and 2 present semi-transparent radiative properties: transparent
for visible wavelengths, but opaque for infrared ones [5]. Several numerical studies have investigated this setup [6–11] without much attention to the combustor heat transfer mechanisms.
However, heat losses due to wall heat transfer and radiation impact flame stabilization [12–15], gas temperature, and consequently gaseous pollutant emissions [16, 17] and soot production. Numerical simulations of combustors must therefore account for these heat losses either through experimental or computed boundary conditions e.g. wall temperatures on the inner
windows surface. The present study aims at providing an efficient model for the corresponding combustor walls’ external
boundary conditions.
Using a detailed approach such as large-eddy simulation
(LES) in a multiphysics framework is a promising candidate to
accurately predict the wall temperature field. Such a combination of LES and conjugate heat transfer (CHT) has already been
applied to several combustion applications [18–20]. When radiative energy transfer must be accounted for, the LES code is
coupled to a solver of the radiative transfer equation [21–23].
The LES-CHT combination can then be enriched with a radiation solver to yield a comprehensive multiphysics approach to
determine radiative, convective and conductive heat transfers at
the wall as in Refs. [24,25]. Such multiphysics simulations of the

aforementioned DLR test rig are the long-term objective of this
study. In practice, the simulation of the full test rig with all components participating to the combustor heat transfer mechanisms
is cumbersome. Indeed, with a pressure housing, the elements to
consider would be :

mechanisms are then detailed: convective heat transfer from the
quartz windows 1 cooling system and free convection on the
quartz windows 2, the quartz windows radiative properties, the
radiative transfer inside the pressure housing and the heat conduction through the quartz window. The derived model is validated against experimental measurements of the quartz windows
1 temperature on both inner and outer sides. A sensitivity analysis of the model finally allows for studying the impact of the
different model components on the combustion chamber window
temperatures in order to retain a simplified version which can be
easily implemented as an external boundary condition.

◦ the participating reactive flow inside the combustor,
◦ the heat conduction (and radiative transfer through the
quartz windows 1) in the combustor walls,
◦ the cooling system inside the combustor walls and at the
outer side of the quartz windows 1,
◦ the flow and radiative transfer in the casing,
◦ the heat conduction (and radiative transfer through the
quartz windows 2) in the casing walls,
◦ the external free convection and thermal radiation exchange
between the casing outer walls and its surrounding experimental room.

PRESENTATION OF THE COMBUSTION CHAMBER
THERMAL ENVIRONMENT
Figure 1 presents the design of the overall burner (combustion chamber and pressure housing) and the optical module composed of different quartz windows (for the combustion chamber
and the pressure housing).

Instead, only the first two items can be resolved in the coupled
simulation, provided that adequate external boundary conditions
are prescribed through models. An assessment of the modeling methodology of external heat transfer of the considered DLR
test rig is therefore needed, which is the objective of the present
study. Carrying out a sensitivity study of the model parameters
with RANS simulations would be too costly or even unaffordable
with LES. Assuming uniform window temperature on each faces
enables instead a quick model assessment to select a final and
simplified version of the external heat transfer boundary condition to be used later in CFD computations.
In particular, one must take care of the semi-transparent nature of the viewing windows. While absent in industrial systems, these windows, often present in laboratory-scale models,
can strongly modify the internal and external radiative heat transfer. Surprisingly, this effect on the combustor heat transfer has
not been thoroughly investigated. In fact, the validation of coupled CFD simulation with thermal radiation has mainly been involved with unconfined flames [26] mostly because of the usually
unknown wall temperature in confined configurations. Applications to confined combustor with opaque boundaries as in [27]
require providing the wall emissivity which can be quite uncertain depending on the type and state of the material. To the best
of our knowledge, only a couple of studies from French research
groups have investigated combustors enclosed with viewing windows [22,23,25,28]. The windows properties were either not detailed or a fixed averaged emissivity was specified [25,28]. Given
the number of laboratory-scale combustor equipped with viewing windows, the number of such studies is expecting to grow
significantly along with the need to assess the impact of semitransparent windows.
The study is organized as follows. The combustor configuration is first presented along with the notations of the different physical phenomena that are considered. The models for
the different parts of the system and associated heat transfer

FIGURE 1. Design of burner, combustion chamber and optical module of pressure housing.

The burner injector consists of three concentric swirled nozzles. Air is injected through a central and an annular nozzle,
while fuel is injected between these two nozzles. For some operating points, additional cold air is supplied 80 mm downstream
of this primary injector through four secondary air ports in the
combustion chamber posts. Details on the three considered configurations are given in Table 1.
The walls of the combustion chamber are composed of four
3

quartz windows of thickness e1 = 3 mm, and four copper posts
at each corner cooled to about 333 K. The bottom of the combustion chamber is composed of a stainless steel plate whose temperature is estimated around 650 K. For each operating point,
the temperature at the inner and outer window surfaces has been
measured using laser induced phosphorescence (LIP) along the
window vertical centerline. The corresponding temperature profile for case 1 along the vertical axis of the quartz windows is
given in Fig. 2. The measurement error was derived to be about
0.5% for low and intermediate temperature and about 3% for the
peak temperatures [29].

Temperature [K]

1600

pressure housing windows. While the window temperature profiles are in fact inhomogeneous (see Fig. 2), the space-averaged
conductive flux computed from the inhomogeneous profiles on
the inner and outer sides of the window is very similar to the one
estimated from space-averaged temperatures. However, the T 4
non-linear dependency of wall radiative flux with temperature
certainly strongly enhances the window profile inhomogeneity
and is expected to limit the accuracy of the simplified model.
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FIGURE 3. Representation of the heat exchanges outside the combustion chamber. The defined sizes are L = 120 mm, l = 60 mm, b = 108
mm, e1 = 3 mm and e2 = 40 mm. Brown faces correspond to stainless
steel surrounding air inside the pressure housing.
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FIGURE 2. Measured temperatures of the inner and outer surface of
the combustion chamber windows along the vertical axis for Case 1 [29].
Lines correspond to fits of the experimental data.

The energy balance at each interface is given by
 cond
ϕ1 = ϕ1rad + ϕ1conv




 ϕ rad + ϕ conv = ϕ cond
2
2a
2a
cond
rad
conv

ϕ2 = ϕ2b + ϕ2b




rad
Eqs. (17) and (18) linking ϕ2a
and ϕ1rad

The pressure housing is composed of stainless steel, whose
mean temperature is noted T3 = 313 K, and four quartz windows,
parallel to the ones of the combustion chamber and with a thickness e2 = 40 mm. The air in the pressure housing is injected as a
film cooling on the quartz windows 1 and exhausts to the top.
The notations to describe heat transfer mechanisms through
one window of the combustor are presented in Fig. 3. The model
accounts for conduction in both quartz windows 1 and 2, radiation between the two sets of windows and the pressure housing in
between and boundary layers at the interfaces between the both
quartz windows and air. The model is assessed by considering
uniform temperature fields in the vertical and spanwise directions. This allows for deriving a simple yet coarse model to
discriminate between effects of different phenomena on the predicted window heat flux and temperature. The considered quantities are then the space-averaged window temperatures and fluxes.
The temperature at the inner and outer surfaces of the combustion chamber quartz windows are denoted as Tin and Tout , respectively. T2a and T2b denote the inner and outer temperatures of the

(1)

Then, fixing the inner surface temperature Tin of the first quartz
window, all the other fluxes and temperatures of the system can
be determined. The fixed homogeneous temperature Tin is set
according to the experimental temperature data averaged along
the centreline.
In the following the thermodynamical properties of air
(kair (T ), µ air (T ), cair
p (T )) are computed from polynomial fits
[30]. The air temperatures are taken equal to Tinair = 333 K inair = 300 K outside the pressure
side the pressure housing and Tout
housing (ambient air). The air density ρ air (T, p) is computed
through the ideal gas law. The pressure inside the housing is 3
bar.
4

TABLE 1. Considered operating points: Pressure, p, volume flow rates for air through burner (central and ring), Qair,c and Qair,r , fuel, Qfuel , oxidation
air through secondary air inlet, Qoxi , primary and global equivalence ratios, Φ and Φglobal , primary and global thermal powers, P and Pglobal , and
fractions Qair,c /Qair and Qoxi /Qair with Qair = Qair,c + Qair,r . Flow rates are referenced to 1.013 bar and 273 K.

p

Φ

Pprimary

Qair,c

Qair,r

Qfuel

Qoxi

Qair,c
Qair

Qoxi
Qair

Φglobal

Pglobal

[bar]

[-]

[kW]

[slm]

[slm]

[slm]

[slm]

[-]

[-]

[-]

[kW]

Case 1

3

0.9

32.2

156.0

365.1

32.7

208.2

0.3

0.4

0.64

32.2

Case 2

3

1.2

32.2

140.8

328.5

39.3

0

0.3

0

1.2

32.2

Case 3

3

1.2

32.2

140.8

328.5

39.3

187.4

0.3

0.4

0.86

38.6

CONVECTIVE TRANSFER MODELING
Quartz windows 1 cooling system
The cooling system of the combustion chamber windows is
illustrated in Fig. 4. Each left and right side of the quartz windows 1 is cooled on the outer face through Njet = 14 small orifices with a total flow rate of 150 slm, which corresponds to an
exit velocity ujet of approximatively 15 m/s. The generated cooling flow is modeled as a bidimensional wall jet whose equivalent
thickness eeq and exit velocity uwjet are defined to conserve the
total mass and momentum fluxes. These two conditions result in
2 )/(4L), where d and L are the
uwjet = ujet and eeq = (Njet πdjet
jet
diameter of each cooling jet and the window height, respectively.

tigated numerically [34]. Later, Issa [35] has proposed a general
relationship of the evolution of Nusselt number as a function of
the distance from the leading edge, the local Prandtl number and
the bulk Reynolds number in the case of isothermal and constant
heat flux, which is retained here:
Nu1 (x, z) =

h1 (x, z)(x + lth )
= 0.345 Pr0.34 Re0.75
eeq
kair



x + lth
eeq

1/4

(2)
with h1 (x, z) the local convective heat transfer coefficient on the
outer surface of the quartz windows 1. This equation is considered for each half window separated by the vertical centerline
given that cooling air is injected at each lateral side. All physical properties in the fluid are computed at the film temperature
approximated as Tfilm (x, z) = (Tout (x, z) + Tinair )/2. The thermal
length lth , setting the fictive origin of the formula, is given by
lth /eeq = 0.047 · Reeeq − 0.28.
In a 3-D simulation, the non-homogeneous profile of the
heat transfer coefficient h1 (x, z) is used directly. In the considered study based on surface averaged temperature, a global heat
transfer coefficient h1 should be considered instead to compute
the heat flux at the outer surface of the quartz windows 1 as:

Quartz
cooling system
(symmetric on
the other side)

ϕ1conv = h1 (Tout − Tinair ).

(3)

Combining the evaluation h1 from the average of h1 (x) with the
average temperature provided by the experimental data on the
centerline (x = l/2) yield incorrect results. This is attributed
to the variations of the experimental field of temperature in the
transverse directions. This is corrected by considering h1 =
h1 (x = l/2) instead.

FIGURE 4. Combustion chamber quartz cooling system (from ISF
communication [31] )

The Reynolds number based on the equivalent wall jet thickness
eeq is Reeeq = 169, which indicates that the flow is laminar. Selfsimilar solutions of such incompressible wall jets have been studied in fluid mechanics [32] and heat transfer [33]. Schwarz and
Caswell [33] have derived a formulation of the heat transfer coefficient for the isothermal wall case whose validity has been inves-

Free convection on the quartz windows 2
The convective heat transfer coefficient hconv
at the inner
2a
side of the quartz windows 2 is determined by a free convection boundary layer. The corresponding Nusselt number NuL2a =
5

hconv
2a L
kair

is calculated through the following correlation [36] for a
vertical plate:


L 1/6

2

0.387Ra


NuL2a = 0.825 + h
i8/27  ,
1 + 0.628Pr−9/16

(4)

where the Rayleigh number RaL is

RaL = GrL Pr,

with

GrL =

gβ (T3 − Tinair )L3
(ν air )2

FIGURE 5. Internal transmittance of a 1 cm Corning HPFS 7980
quartz slab (from [37]).

(5)

the Grashof number, the gravity acceleration g, the air thermal
expansion coefficient β (T ) = 1/T and the air kinematic viscosity ν air = µ air /ρ air . All properties are evaluated at the film temperature T2af = (Tinair + T2a )/2. The heat transfer coefficient hconv
2b
on the outer side of the quartz windows 2 is determined similarly,
air + T )/2. Finally,
while using the film temperature: T2bf = (Tout
2b
the convective heat fluxes at the inner and outer surfaces of the
second quartz windows are written as
conv
air
ϕ2a
= hconv
2a (Tin − T2a )

conv
air
ϕ2b
= hconv
2b (T2b − Tout )

where the evolution of n2,λ with wavelength is also been provided by the manufacturer [37]. The absorptance αλ and emittance ελ are given by ελ = αλ = 1 − τλ − ρλ .
The quartz windows properties are expressed in terms of a
slab
slab absorptance (Aslab
λ ), a slab transmittance (Tλ ) and a slab
slab
reflectance (Rλ ) which account for multiple normal reflections
inside the quartz slab and are defined as [38]:
(1 − ρλ )(1 − τλ )
1 − ρλ τλ
(1
−
ρλ )2 τλ
Tλslab =
1 − ρλ2 τλ2
#
"
(1 − ρλ )2 τλ2
slab
Rλ = ρλ 1 +
1 − ρλ2 τλ2
Aslab
λ =

(6)
(7)

RADIATIVE EXCHANGES MODELING
Quartz radiative properties
The internal transmittance τλ provided by the manufacturer
[37] for a 1-cm quartz slab as a function of the wavelength λ is
presented in Fig. 5. It can be expressed as


τλ = exp −4πk2,λ e/λ = exp −κ2,λ e

Figure 6 presents the computed evolution of these three
quantities with wavelength λ for a quartz slab of thickness e =
e1 = 3 mm which corresponds to the quartz windows 1. These
detailed properties of absorptance, transmittance and reflectance
are simplified in a spectral band model where only opaque (transmittance equal to zero) and transparent spectral bands are conslab
sidered. To do so, a threshold value Tthreshold
is defined. For
slab
slab
each wavelength λ , if Tλ > Tthreshold , the quartz is considered
as transparent, unless the quartz is considered as opaque. For the
opaque bands, the absorptance and emittance are identical. Computations of radiative transfer consider hemispherical properties
instead of the normal absorptance or emittance to account for the
effects of directional dependency of this coefficients. The hemispherical absorptance Aslab,hem
(or ελslab,hem = Aslab,hem
) is comλ
λ
puted explicitly as a function of n2,λ and k2,λ through a rather
long formula given in Eq. (3.20) in Ref. [39]. For the considered
quartz material, noting that k2,λ  n2,λ can simplify the calculation. The properties in the transparent and opaque spectral bands
are defined as:

(8)

where e is the slab thickness, n2,λ is the refractive index (real part
of the complex index of refraction), and k2,λ is the absorptive index (imaginary part of the complex index of refraction). The
absorption coefficient κ2,λ = 4πk2,λ /λ is usually considered instead of k2,λ in thermal radiation. The wavelength dependency
of the quartz absorption coefficient κ2,λ is determined from the
internal transmittance profile in Fig. 5, allowing then to compute
τλ for any quartz thickness e.
Considering an interface with air (refractive index equal to
1), the normal reflectance ρλ is given by

ρλ =

2
(1 − n2,λ )2 + k2,λ

2
(1 + n2,λ )2 + k2,λ

,

(10)

(9)
6

Aslab
λ

obtained with the detailed slab transmittance Tλslab . This threshold value is dependent on the thickness of the quartz slab. The
slab
obtained values are Tthreshold
= 0.57 for a 3-mm-thick quartz slab
slab
and Tthreshold
= 0.51 for a 40-mm-thick quartz slab. This yields
an average error on the temperature range of interest of 0.66%
and 0.68%, respectively. The corresponding obtained spectral
band model for the 3-mm quartz slab is presented in Fig 7.

Tλslab

0.75
0.50
0.25
0.00

1

2

3
λ [µm]

4

Aslab,model
, Rslab,model
, Tslab,model
[-]
λ
λ
λ

slab slab
Aslab
λ ,Rλ ,Tλ

1.00

Rλslab

5

FIGURE 6. Computed quartz slab absorptance (Aslab
λ ), transmittance
(Tλslab ) and reflectance (Rslab
)
as
a
function
of
the
wavelength
λ for a
λ
3-mm thickness. The quartz reference is Corning HPFS 7980.

• For a transparent spectral band (i.e. when
Tλslab,model =

Tλslab

(1 − ρλ )2
1 − ρλ2

Aslab,model
= Aslab,hem
λ
λ

λ =0

T slab (T ) =

Z +∞
λ =0
Z +∞
λ =0

◦
Rslab
λ Iλ (T )dλ /

λ =0

Z +∞

Tλslab Iλ◦ (T )dλ /

λ =0
Z +∞
λ =0

0.0
0

2

4

6

8

10

(12)
1.0
Aslab(T ),Rslab(T ),T slab(T )

Global properties of the quartz slab can also be obtained by
integrating the radiative properties on the spectrum. The total
absorptance Aslab , reflectance Rslab and transmittance T slab are
expressed as:

Rslab (T ) =

0.2

The corresponding evolution of the Planck mean quantities
with temperature is plotted in Fig. 8. It can be observed that
for rays coming from a source at low temperature, the quartz is
mostly absorbing, whereas it is transparent at high temperatures.

= 1 − Aslab,hem
.
λ

Z +∞

Tslab,model
λ

(11)

Tλslab,model = 0

◦
Aslab
λ Iλ (T )dλ /

0.4

FIGURE 7. Transparent and non-transparent spectral band model for
a 3 mm thickness Corning HPFS 7980 quartz.

slab
):
• For an opaque spectral band (i.e. Tλslab < Tthreshold

Z +∞

Rslab,model
λ

λ [µm]

Rslab,model
= 1 − Tλslab,model ,
λ

Aslab (T ) =

Aslab,model
λ

0.6

slab
> Tthreshold
):

Aslab,model
=0
λ

Rslab,model
λ

0.8

Iλ◦ (T )dλ
Iλ◦ (T )dλ

0.8

Rslab(T )

0.4

Iλ◦ (T )dλ

T slab(T )

0.2
0.0

(13)

Aslab(T )

0.6

500

1000
1500
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Temperature T [K]
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FIGURE 8. Planck mean modeled external absorptance (Aslab (T )),
transmittance (T slab (T )) and reflectance (Rslab (T )) as a function of incident source temperature T for a 3 mm thickness Corning HPFS 7980
quartz.

To determine the threshold value of the spectral band model,
a criterion is needed. It has been chosen to match the total transmittance evolution with temperature when compared to the one
7

We finally define two spectral emittances and reflectances
slab
for the quartz windows 1 (Aslab
λ ,1 and Rλ ,1 ) and the quartz windows
slab
slab
2 (Aλ ,2 and Rλ ,2 ):

The introduced intensities are obtained by solving spectrally the
following system of equations:
(

slab,model
slab,model
Aslab
, Rslab
λ ,1 = Aλ
λ ,1 = Rλ
slab,model
slab,model
Aslab
, Rslab
λ ,2 = Aλ
λ ,2 = Rλ

◦
slab i
Iλl ,1 = Aslab
λ ,1 Iλ (Tout ) + Rλ ,1 Iλ ,1

Iλi ,1 = F11 Iλl ,1 + F21 Iλl ,2a + F31 Iλl ,3

slab
with Tthreshold
= 0.57

(

slab
with Tthreshold
= 0.51
(14)

◦
slab i
Iλl ,2a = Aslab
λ ,2 Iλ (T2a ) + Rλ ,2 Iλ ,2a

(
Radiative transfer inside the pressure housing
This section deals with the radiative transfer modeling to esrad at the windows 1 and 2,
timate the radiative fluxes ϕ1rad and ϕ2a
respectively. The radiative flux at the steel casing is denoted by
ϕ3rad . The pressure housing around each pair of quartz windows
1 and 2 is modeled as a closed box domain (see Fig. 3) delimited
by the combustion chamber window of surface area S1 = L · l,
the pressure housing window of surface area S2 = S1 , and the
surrounding steel casing of surface area S3 = 2 · (L + l) · b. View
factors Fi j between surfaces Si and S j are

Iλl ,3 = ελ ,3 Iλ◦ (T3 ) + (1 − ελ ,3 )Iλi ,3

Iλi ,3 = F13 Iλl ,1 + F23 Iλl ,2a + F33 Iλl ,3
with the temperature of the stainless steel T3 = 313 K. The emissivity of unoxidized stainless steel typically ranges between 0.2
and 0.3 [38, 39]. The value ελ ,3 = 0.25 is retained.
External radiative transfer
rad at the outer side of the pressure housThe radiative flux ϕ2b
ing quartz windows (quartz windows 2) is written as

F12 = F (L, l, b)

F11 = 0
F21 = F (L, l, b)

F22 = 0

F31 = F13 S1 /S3

F32 = F23 S2 /S3

F13 = 1 − F11 − F12 = 1 − F12

F33 = 1 − F31 − F32

F23 = 1 − F21 − F22 = 1 − F21

rad
ϕ2b
=

!

 
U12 V12
U
ln
+
2U
V
arctan
1
V1
U12 + V12 − 1




V
−arctanU ) + 2V U1 arctan
− arctan(V )
U1

(16)
√
√
1 + U 2 and V1 = 1 + V 2 .

kslab (T )
= a0 + a1
k0

Then, equivalent isotropic radiative intensity are introduced:
Iλl ,1 , Iλi ,1 , Iλl ,2a , Iλi ,2a , Iλl ,3 , Iλi ,3 are, respectively, the leaving and
incident intensities at quartz windows 1, quartz windows 2a and
casing surfaces. They are used to express the radiative fluxes on
surfaces S1 , S2 and S3 as
ϕ1rad = π

◦
◦
air
Aslab
λ ,2 (Iλ (T ) − Iλ (Tout ))dλ

(19)



T
T0




+ a2

T
T0

2


+ a3

T
T0

3
(20)

with: a0 = 0.97980, a1 = −0.10063, a2 = 0.13677, a3 =
−0.011744, T0 = 293 K and k0 = kslab (293 K) = 1.38 W/m/K.
The annealing temperature of these quartz windows is 1315 K
[5]. A high uncertainty of the thermal conductivity is then expected for temperatures higher than 1315 K (shaded regions in
Fig. 9).

Z +∞

(Iλl ,1 − Iλi ,1 )dλ
λ =0
Z +∞
rad
(Iλl ,2a − Iλi ,2a )dλ
ϕ2a = −π
λ =0
Z +∞
ϕ3rad = π
(Iλl ,3 − Iλi ,3 )dλ
λ =0

λ =0

CONDUCTIVE TRANSFER MODELING
Quartz thermal conductivity
Quartz thermal conductivity varies strongly with temperature. Such data is generally not provided by the quartz manufacturers. In a recent study [40], this dependency with temperature
has been characterized based on data from the manufacturer Heraeus [5]. The data are reported in Fig. 9 along with a polynomial
fit of this data:

"

with U = L/b, V = l/b, U1 =

Z +∞

(15)

where F (L, l, b) is given by the expression [39]:
1
F (L, l, b) =
πU V

(18)

Iλi ,2a = F12 Iλl ,1 + F22 Iλl ,2a + F32 Iλl ,3

Heat conduction within quartz windows
The modeling of the quartz windows radiative properties
consider either opaque or transparent bands. One assumes therefore that there is no radiative transfer within the quartz material

(17)
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Quantity

Eq. (20)
k slab [W/(m.K)]

3

exp

Data Heraeus [5]

1

0
250

500

750

1000
T [K]
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Z Tout

1
e2

kslab (T )dT.

(21)

Tin

Z T2b

K

1346

1345

1272

kW/m2

131.2

125.8

110.0

ϕ1cond

kW/m2

150.3

150.2

133.6

exp
Tout

K

1215

1219

1157

Tout

K

1195

1194

1131

walls, taken as identical to ϕ1cond , is within 20% approximatively
of the correct value which has been estimated from the difference
of the measured temperatures. It is important to notice that the
uncertainty of this estimated conductive heat flux from measurements is about 27% considering an uncertainty of ±20 % on the
quartz thermal conductivity, ±0.1 mm on the quartz slab width
and ±3 % on the measured quartz temperature. The fair agreement of the derived model is satisfactory given the macroscopic
approach retained to model the different phenomena. In particular, let us remind the certain limitation of the uniform temperature assumption on the quartz windows 1 surfaces. The inhomogeneous temperature profile can explain such a result. Indeed,
the external face of the quartz windows 1 is actually cooled to
333 K in the vicinity of water-cooled metallic posts. A strong
variation of the temperature field is then expected in the spanwise direction. Given the dependency of the radiative flux on
temperature (∝ T 4 ), radiative fluxes are certainly overestimated
by considering the homogeneous Tin as the average centerline
temperature. Such an effect can explain the global overestimation of the extracted flux through the combustor walls. This error
will be corrected in the future planned 3D simulations of conjugate heat transfer.
Details on the different fluxes for the case 1 are given in
Tab. 3. For the quartz windows 1, it can be observed that the
radiative flux accounts for 30% of the total heat flux through the
first quartz window, whereas 70% of the total heat flux corresponds to the cooling by the transverse jets. Both contributions
sum up to the total extracted heat flux which is identical to the
conductive flux between the inner and outer surfaces of the combustion chamber quartz window. This total flux is overestimated
by about 15% in case 1.
Only 12% of the radiative flux from quartz windows 1 is exchanged with quartz windows 2, leading to a spatially-averaged
radiative flux equal to 5.63 kW/m2 . The other part is directly exchanged with the pressure housing’s stainless steel walls. With
an opposite sign to this radiative flux, the quartz windows 2 exchanges 3.17 kW/m2 with the ambient pressurized air through
natural convection, resulting to a conductive heat flux in the

Similarly, the conductive flux ϕ2cond through the external
pressure housing quartz windows is
ϕ2cond = −

Case 3

TABLE 2. Thermal energy balance of the combustion chamber thermal environment.

and that the conductive heat flux within the window is unidirectional and constant given the assumption that the fields are uniform in vertical and spanwise directions. With the temperaturevarying thermal conductivity, the conductive flux through the
quartz windows 1 is then estimated as
1
e1

Case 2

1500

FIGURE 9. Thermal conductivity of quartz as a function of temperature T . Shaded region corresponds to quartz temperatures higher than
their annealing temperature (1315 K).

ϕ1cond = −

Case 1

cond,exp
ϕ1

Tin

2

Unity

kslab (T )dT.

(22)

T2a

RESULTS OF THE DERIVED MODEL
The different modeled system components and physical phenomena are coupled together through Eq. (1) which is solved
with a root-finding algorithm (for example fsolve function from
python or Matlab) by providing the inner surface temperature
Tin of the first quartz windows as the experimental one averaged
along the vertical centerline. All the other fluxes and temperatures of the system are then determined. Table 2 presents the
results for the three cases defined in Tab. 1. The reported spaceexp
averaged temperature Tin is computed by extrapolating the data
from Fig. 2 up to the total height of the quartz windows of 120
mm. Cases 1 and 2, being characterized by almost identical averaged temperature Tin , yield identical results. Case 3 exhibits a
smaller temperature at the combustor walls. For each case, the
spatially-averaged experimental temperature of the outer surface
exp
of the combustor walls, Tout , is correctly predicted with an error
below 30 K compared. The extracted flux through the combustor
9

Quantity

Unity

Case

Case

Case

Case

1

1b

1c

1d

ity parameter α1 =

cond
T3 dϕ1
ϕ1cond dT3

is introduced. The evolution of

ϕ1cond,exp

kW/m2

131.2

60.5

131.2

131.2

ϕ1cond

kW/m2

150.4

121.4

150.8

152.3

ϕ1conv

kW/m2

104.6

86.2

104.5

104.2

ϕ1rad
exp
Tin
Texp
out

kW/m2

45.8

35.2

46.3

48.1

K

1346

1346

1346

1346

this parameter with the stainless steel temperature T3 is shown
in Fig. 10(a). It is observed that for all considered temperatures,
the global model is not very sensitive to the steel temperature T3 .
Indeed, when the value of T3 is increased by 1%, the percentage
of deviation of ϕ1cond is lower than 0.03%. This is due to (i) the
small emitted radiative flux of the steel casing at a relatively cold
4  T 4 ; and
temperature T3 compared to Tout ≈ 1200 K, hence Tout
3
(ii) the smaller contribution (32%) of the radiative flux in the total heat flux through the quartz windows 1.
As for the pressure housing temperature sensitivity study, we

K

1215

1215

1215

1215

introduce the parameter α2 =

Tout

K

1195

1082

1194

1192

h1

W/(m2 ·K)

116

110

116

116

quartz windows 1 [outer]

kW/m2

5.63

4.38

1.58

-

conv
ϕ2a

kW/m2

-3.17

-2.52

-0.883

-

cond
ϕ2a

kW/m2

2.46

1.86

0.701

-

T2a

K

494

459

366

-

quartz windows 2 [outer]
rad
ϕ2b

kW/m2

1.37

1.01

0.341

-

conv
ϕ2b

kW/m2

1.09

0.857

0.360

-

T2b

K

429

405

346

-

quantifying the impact

of the heat transfer coefficient h1 on the predicted conductive flux
ϕ1cond . The evolution of this sensitivity parameter as a function
of the value of h1 is presented in Fig. 10(b). High sensitivity
of the conductive flux ϕ1cond with the value of h1 is observed.
Indeed, for h1 ≈ 100 W/m2 /K, decreasing the value of h1 by 1%,
decreases the value of ϕ1cond by approximatively 0.5 %. This can
be explained by the linear dependency of the convective heat flux
at the quartz windows 1 with the value of h1 and the fact that this
flux represents 68% of the total flux at this outer window surface.
In order to study the impact of the thermal conductivity dependency on temperature prescribed by Eq. (20), a constant
thermal conductivity, corresponding to its value at 293 K i.e.
kslab = k0 = 1.38 W/m/K, is considered instead. Table 3 presents
a comparison of the global energy balance obtained with a constant value of kslab (Case 1b) and the one obtained with the temperature dependency of the quartz thermal conductivity (Case
1). Case 1b largely underestimates the conductive flux and the
outer temperature of the combustion chamber quartz window.
A detailed thermal conductivity description inside the quartz is
then required in order to correctly estimate the conductive flux
through the heated quartz material.
The influence of the distance b separating the two quartz

quartz windows 2 [inner]
rad
ϕ2a

cond
h1 dϕ1
ϕ1cond dh1

TABLE 3. Thermal energy balance of the combustion chamber thermal environment in Case 1 and impact of modeling choices. Case 1b
considers a constant thermal conductivity. Case 1c neglects radiative
exchange between the quartz windows. Case 1d considers the simplified model in Eq. (23).

windows is studied with the parameter α3 =

b
ϕ1cond

dϕ1cond
db .

Fig-

ure 10(c) presents the evolution of the sensitivity of the predicted
conductive flux with the quartz distance b. For low values of b,
ϕ1cond becomes sensitive to this distance because of the enhanced
interaction between the quartz windows 1 and 2: for b = 20 mm,
increasing by 1% the value of b decreases ϕ1cond by 0.2%. However, around the value encountered in the application (b = 108
mm), ϕ1cond is weakly sensitive to the window distance b: the
quartz windows 1 mainly exchanges radiation with the stainless
steel pressure housing for the actual value of b. To illustrate
this, Table 3 presents a comparison of the global energy balance obtained considering no radiative exchanges between the
two quartz windows (F12 = F21 = 0), denoted as Case 1c, and the
one obtained considering them (Case 1). As expected, results for
quartz windows 1 temperature and fluxes are quasi similar to the
ones obtained with detailed resolution. For the considered con-

quartz windows 2 equal to 2.46 kW/m2 . At the outer surface
of the quartz windows 2, this conductive flux is balanced with
56% in external radiative transfer and 44% with convective heat
transfer with ambient air. The corresponding temperatures at the
inner and outer surfaces are 494 K and 429 K, respectively.

SENSITIVITY ANALYSIS
The impact and sensitivity of different parameters governing
the observed energy balance is carried out in this section for case
1.
First, the influence of the pressure housing steel temperature
T3 is studied. In order to quantify its impact on the predicted
conductive flux at the first quartz windows ϕ1cond , the sensitiv10
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FIGURE 10. Sensitivity of the predicted conductive flux to the stainless steel temperature T3 (a), the heat transfer coefficient h1 (b), the quartz
air (e). Black vertical dashed
separating distance b (c), the temperature of air inside the pressure housing Tinair (d) and the external ambiant temperature Tout
lines correspond to nominal values.

figuration, one can then neglect radiative interactions between
these two windows in order to predict quartz windows 1 temperature. However, Case 1c with F12 = F21 = 0 fails in retrieving the
same temperature of the second quartz windows as for Case 1.
Finally, the influence of temperatures
ied with the parameters α4 =

Tinair dϕ1cond
ϕ1cond dTinair

Tinair
and

window temperature field, can be retained:
4
4
slab
ϕ1 (x, z) = Aslab
1 (Tout (x, z))σ Tout (x, z) − A1 (T3 )σ T3

+ h1 (x, z)(Tout (x, z) − Tinair )

air are studand Tout
air dϕ cond
Tout
1
α5 = ϕ cond
air .
dTout
1

(23)

where Tout (x, z) corresponds to the temperature on the quartz
combustion window’s external face. This assumes that the quartz
of the combustion chamber only exchanges radiative heat transfer with the stainless steel of the pressure housing (assumed
isothermal at T3 ), that radiation emitted from the quartz windows
1 does not modify the pressure housing thermal equilibrium, but
also that the effect of multiple reflections between emitted radiative energy from quartz windows 1 and pressure housing’s stainless steel can be neglected.
First, in order to quantify the impact of this simplification
on the predicted fluxes, Table 3 presents a comparison of the
predicted temperatures and fluxes at the quartz windows 1 between the complete (Case 1) and simplified (Case 1d) models.
For the considered configuration, an error of approximatively 5
% on the radiative flux at the external face of the quartz windows
1 is obtained with the simplified model, leading to an error of approximatively 1% on the total conductive flux through the quartz
windows 2. Secondly, in order to assess the range of validity of

The evolutions of α4 and α5 are shown in Figs. 10(d) and 10(e),
respectively. The predicted conductive flux is therefore not sensitive to the temperature Tinair (an increase of 0.1% in the temperature Tinair makes the conductive flux drop by ≈ 0.003%), whereas
air (an increase by 1%
it is slightly sensitive to the temperature Tout
air
in the temperature Tout decreases by the conductive flux 0.1%).

RETAINED SIMPLIFIED EXTERNAL HEAT TRANSFER
MODEL
In the previous section, the sensitivity analysis has shown
the strong influence of the convective transfer coefficient h1 and
the negligible influence of the radiative interactions between the
two quartz windows. Therefore, a simpler model for the external
boundary condition, expressed here for a general inhomogeneous
11

Detailed
Simplified
Error

50.0
47.5
45.0

12.5
10.0
7.5

← Actual considered λ,3

42.5

5.0
2.5

Equations
4
4
slab
ϕ1 (x, z) = Aslab
1 (Tout (x, z))σ Tout (x, z) − A1 (T3 )σ T3

Relative Error [%]

Radiative flux exiting
Quartz 1 [kW/m2]

52.5

+ h1 (x, z)(Tout (x, z) − Tinair )

2
Aslab
1 (T ) = 0.72517 + 0.54384 · (T /T0 ) − 0.39988 · (T /T0 )

+ 0.10231 · (T /T0 )3 − 0.013100 · (T /T0 )4

+ 8.4328 · 10−4 · (T /T0 )5 − 2.1722 · 10−5 · (T /T0 )6
with T0 = 293 K.
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1/4

x+lth
Nu1 (x, z) = 0.345 · Pr(Tfilm (x, z))0.34 · Ree0.75
eeq
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q1

Tfilm (x, z) = (Tout (x, z) − Tinair )/2.

FIGURE 11. Evolution of error between complete and simplified
models on radiative flux exiting quartz windows 1 as a function of stainless steel emissivity ελ ,3 .

T3 = 313 K, Tinair = 333 K, Reeeq = 169,
lth = 0.54 mm, eeq = 0.071 mm.
TABLE 4. Proposed simplified model of the thermal boundary condition of the combustion chamber quartz window’s external surface.

this simplification, Fig. 11 presents the radiatives fluxes at the
outer surface of the combustion chamber quartz windows for the
complete and simplified models, as a function of the stainless
steel emissivity ελ ,3 . These calculations have been carried out
for Case 1. The relative error with the first version of the model
decreases with the stainless steel emissivity and an error higher
than 10% can be obtain for very low values of ελ ,3 . In such a
case, reflections between the quartz windows and the casing cannot be neglected anymore. For the actually considered stainless
steel emissivity ελ ,3 = 0.25, the error between the complete and
simplified model is approximatively 5% and can be considered
as acceptable as the radiative flux only accounts for 30 % of the
total heat flux through the quartz windows 1.

roughly 27 %.
A sensitivity analysis was then carried out to understand the
model’s critical parameters and to derive a simplified version.
The analysis revealed a high sensitivity to the heat transfer coefficient describing the wall jet cooling and to the thermal conductivity of the quartz windows while the impact of the distance
separating the two sets of quartz windows remains small. A simplified version of the model given in Tab. 4 yields similar results while considering Planck-mean emissivities and radiative
exchanges only with the stainless steel of the pressure housing.
The semi-transparency of the viewing windows is denoted by the
given temperature-dependency of the mean emissivity.
The local expressions in Tab. 4 are meant to be easily implemented into a conjugate heat transfer numerical study to solve
for the temperature within the combustor windows. The large
sensitivity on the jet cooling heat transfer coefficients invites to
consider a separate CFD study of the cooling film for future investigations. Future work should also determine the impact of
considering volume absorption within the quartz windows instead of retaining an opaque/transparent band radiative model.
Finally, the complete model methodology can also benefit the
preliminary design of combustor equipped with semi-transparent
windows with or without pressure housing to evaluate wall heat
transfer and (if present) the window cooling system efficiency.

CONCLUSION
A model of external thermal environment in the considered
DLR combustion chamber has been proposed: Nusselt number
formulas are used to describe the window cooling system as an
equivalent wall jet system and the free convection boundary layer
on the internal and external faces of the quartz windows 2; the detailed description of the quartz windows spectral transmittance is
combined with the view factor method to describe the radiative
exchanges between the quartz windows and the pressure housing; A temperature-dependent expression of the quartz thermal
conductivity is retained. The model satisfactorily retrieves the
wall heat flux at the centerline of the combustion chamber quartz
windows with an error of about 20 % for the considered three
operating points. This wall heat flux is estimated from the measured temperature profiles on both sides of the window. The
corresponding experimental uncertainty in the wall heat flux is
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