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ABSTRACT lations.

Many laboratory-scale combustors are equipped with view-
ing 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 characteris-
tics are influenced by heat losses, the prediction of wall temper-
ature fields becomes increasingly necessary to account for con-
Jjugate heat transfer in simulations of reactive flows. For config-
urations similar to this one, the pressure housing makes the use
of such computations difficult in the whole system. It is there-
fore more appropriate to model the external heat transfer be-
yond the first set of quartz windows. The present study deals NOMENCLATURE
with the derivation of such a model which accounts for convec-
tive heat transfer from quartz windows external face cooling sys-
tem, free convection on the quartz windows 2, quartz windows
radiative properties, radiative transfer inside the pressure hous-
ing and heat conduction through the quartz window. The pres-
ence of semi-transparent viewing windows demands additional
care in describing its effects in combustor heat transfers. Be-
cause this presence is not an issue in industrial-scale combus-
tors 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 com-
puted. This enables a simpler expression of the external heat
transfer model that can be easily implemented in coupled simu-

Ay External absorptance [-]

Fj View factor [-]

Gr Grashof number [-]

1 Radiative intensity [W/m?2/sr]
L Height of quartz widows [m]
Nu Nusselt number [-]

P Power [W]

Pr Prandt]l number [-]

Ry, External reflectance [-]

Ra Rayleigh number [-]

Re Reynolds number [-]

T Temperature [K]

Taim  Film temperature [K]
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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/s?]
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 K1
Internal emittance [-]

Dimensionless transverse distance [-]
Absorption coefficient [m~']
Dynamic viscosity [kg/m/s]
Kinematic viscosity [m2/s]
Wavelength [nm]

Solid angle [sr]

Equivalence ratio [-]

Thermal flux [W/m?]

Conductive thermal flux [W/m?2]
Convective thermal flux [W/m?]
Radiative thermal flux [W/m?]
Internal reflectance [-]
Stefan-Boltzmann constant [W/mZ2/K*#]
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 Ty =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

22 Relative to inner surface of the second quartz window
2b  Relative to outer surface of the second quartz window
»  Relative to the second quartz windows

3 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 represen-
tative 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 pres-
sure combustion chamber. Optical access into the combustion
chamber is provided through four separate quartz windows, col-
lectively labeled as quartz windows 1. Cooling of the quartz win-
dows 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]. Sev-
eral numerical studies have investigated this setup [6—10] with-
out much attention to the combustor heat transfer mechanisms.
However, heat losses due to wall heat transfer and radiation im-
pact flame stabilization [11-14], gas temperature, and conse-
quently gaseous pollutant emissions [15, 16] and soot produc-
tion. Numerical simulations of combustors must therefore ac-
count for these heat losses either through experimental or com-
puted boundary conditions e.g. wall temperatures on the inner
windows surface. The present study aims at providing an ef-
ficient 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 combina-
tion of LES and conjugate heat transfer (CHT) has already been
applied to several combustion applications [17-19]. When ra-
diative energy transfer must be accounted for, the LES code is
coupled to a solver of the radiative transfer equation [20-22].
The LES-CHT combination can then be enriched with a radia-
tion solver to yield a comprehensive multiphysics approach to
determine radiative, convective and conductive heat transfers at
the wall as in Refs. [23,24]. 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 com-
ponents participating to the combustor heat transfer mechanisms
is cumbersome. Indeed, with a pressure housing, the elements to
consider would be :

o the participating reactive flow inside the combustor,

o the heat conduction (and radiative transfer through the
quartz windows 1) in the combustor walls,

o the cooling system inside the combustor walls and at the
outer side of the quartz windows 1,

o the flow and radiative transfer in the casing,

o the heat conduction (and radiative transfer through the
quartz windows 2) in the casing walls,

o the external free convection and thermal radiation exchange
between the casing outer walls and its surrounding experi-
mental room.

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 model-
ing 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 condi-
tion to be used later in CFD computations.

In particular, one must take care of the semi-transparent na-
ture of the viewing windows. While absent in industrial sys-
tems, these windows, often present in laboratory-scale models,
can strongly modify the internal and external radiative heat trans-
fer. Surprisingly, this effect on the combustor heat transfer has
not been thoroughly investigated. In fact, the validation of cou-
pled CFD simulation with thermal radiation has mainly been in-
volved with unconfined flames [25] mostly because of the usually
unknown wall temperature in confined configurations. Applica-
tions to confined combustor with opaque boundaries as in [26]
require providing the wall emissivity which can be quite uncer-
tain 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 win-
dows [21,22,24,27]. The windows properties were either not de-
tailed or a fixed averaged emissivity was specified [24,27]. Given
the number of laboratory-scale combustor equipped with view-
ing windows, the number of such studies is expecting to grow
significantly along with the need to assess the impact of semi-
transparent windows.

The study is organized as follows. The combustor config-
uration is first presented along with the notations of the differ-
ent physical phenomena that are considered. The models for
the different parts of the system and associated heat transfer

Quartz
window 1

Quartz
window 2

Air surrounded
by stainless steel

FIGURE 1. Design of burner, combustion chamber and optical mod-
ule of pressure housing.

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 con-
duction through the quartz window. The derived model is vali-
dated against experimental measurements of the quartz windows
1 temperature on both inner and outer sides. A sensitivity anal-
ysis 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.

PRESENTATION OF THE COMBUSTION CHAMBER
THERMAL ENVIRONMENT

Figure 1 presents the design of the overall burner (combus-
tion chamber and pressure housing) and the optical module com-
posed of different quartz windows (for the combustion chamber
and the pressure housing).

The burner injector consists of three concentric swirled noz-
zles. Air is injected through a central and an annular nozzle,
while fuel is injected between these two nozzles. For some oper-
ating 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 con-
figurations are given in Table 1.

The walls of the combustion chamber are composed of four
quartz windows of thickness e; = 3 mm, and four copper posts
at each corner cooled to about 333 K. The bottom of the combus-



1600 = Exp. [in]

Exp. [out]

,_.

N

(=)

()
’

12001

Temperature [K]

1000+

0 20 40 60 80 100 120
2z [mm]

FIGURE 2. Measured temperatures of the inner and outer surface of
the combustion chamber windows along the vertical axis for Case 1 [28].
Lines correspond to fits of the experimental data.

tion chamber is composed of a stainless steel plate whose tem-
perature 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 pro-
file 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 [28].

The pressure housing is composed of stainless steel, whose
mean temperature is noted 73 = 313 K, and four quartz windows,
parallel to the ones of the combustion chamber and with a thick-
ness ey = 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, radi-
ation between the two sets of windows and the pressure hous-
ing in between and boundary layers at the interfaces between the
both quartz windows and air. The model is assessed by con-
sidering 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 pre-
dicted window heat flux and temperature. The considered quanti-
ties are then the space-averaged window temperatures and fluxes.
The temperature at the inner and outer surfaces of the combus-
tion chamber quartz windows are denoted as Tj, and Ty, respec-
tively. T», and Ty, denote the inner and outer temperatures of the
pressure housing windows. While the window temperature pro-
files 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
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FIGURE 3. Representation of the heat exchanges outside the combus-
tion chamber. The defined sizes are L = 120 mm, / = 60 mm, b = 108
mm, e; = 3 mm and e; = 40 mm. Brown faces correspond to stainless
steel surrounding air inside the pressure housing.

estimated from space-averaged temperatures. However, the T4

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.
The energy balance at each interface is given by

cond rad conv
O =0 0

rad conv __ cond
Q0 TP =0

ey

cond __ srad conv

0 = @y Oy
Egs. (17) and (18) linking @529 and ¢t

Then, fixing the inner surface temperature T;, of the first quartz
window, all the other fluxes and temperatures of the system can
be determined. The fixed homogeneous temperature 7, is set
according to the experimental temperature data averaged along
the centreline.

In the following the thermodynamical properties of air
(k4 (T), uair(T),c;‘,ir(T)) are computed from polynomial fits
[29]. The air temperatures are taken equal to Tiﬁir =333 K in-
side the pressure housing and 73 = 300 K outside the pressure
housing (ambient air). The air density p®*(T, p) is computed
through the ideal gas law. The pressure inside the housing is 3

bar.

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 win-
dows 1 is cooled on the outer face through Nje, = 14 small ori-
fices with a total flow rate of 150 slm, which corresponds to an



TABLE 1. Considered operating points: Pressure, p, volume flow rates for air through burner (central and ring), Qqir ¢ and Quiyr, fuel, Qgyel, Oxidation
air through secondary air inlet, Oy, primary and global equivalence ratios, @ and ®gjop,1, primary and global thermal powers, P and Pyjopa, and
fractions Qgir.c/Qair and Qoxi/ Qair With Quir = Qair.c + Qairr- Flow rates are referenced to 1.013 bar and 273 K.

Qair,
Qoxi ﬁ QJ CI)global

p ®  Poimary  Qaire  CQairr  Qfuel

[bar] [-]  [kW] [slm] [slm] [slm] [slm] [-]  [-] [-] (kW]

Case 1 3 0.9 322 156.0 365.1 327 2082 0.3 0.4 0.64 322
Case 2 3 1.2 32.2 140.8 328.5 39.3 0 0.3 0 1.2 32.2

Case 3 3 1.2 322 140.8 3285 393 1874 03 04 0.86 38.6

P, global

i
Qair

Quartz
cooling system
(symmetric on
the other side)

FIGURE 4. Combustion chamber quartz cooling system (from ISF
communication [30] )

exit velocity uje; of approximatively 15 m/s. The generated cool-
ing flow is modeled as a bidimensional wall jet whose equivalent
thickness e.q and exit velocity uyje; are defined to conserve the
total mass and momentum fluxes. These two conditions result in
Uyjet = Ujer and eeq = (Njetndjit) /(4L), where dje; and L are the
diameter of each cooling jet and the window height, respectively.

The Reynolds number based on the equivalent wall jet thickness
€eq 15 Reeeq = 169, which indicates that the flow is laminar. Self-
similar solutions of such incompressible wall jets have been stud-
ied in fluid mechanics [31] and heat transfer [32]. Schwarz and
Caswell [32] have derived a formulation of the heat transfer coef-
ficient for the isothermal wall case whose validity has been inves-
tigated numerically [33]. Later, Issa [34] 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:

hy(x,2) (x+ )

Nuy (x,z) = i

1o\ /4
= 0.345Pr*¥Re)S (” ‘h>

€eq

@)
with & (x,z) the local convective heat transfer coefficient on the
outer surface of the quartz windows 1. This equation is consid-
ered for each half window separated by the vertical centerline
given that cooling air is injected at each lateral side. All phys-
ical properties in the fluid are computed at the film temperature
approximated as Tim(x,z) = (Tour(x,z) + T:27) /2. The thermal
length /y,, setting the fictive origin of the formula, is given by
lin/€eq = 0.047 - Re,,, —0.28.

In a 3-D simulation, the non-homogeneous profile of the
heat transfer coefficient h; (x,z) is used directly. In the consid-
ered study based on surface averaged temperature, a global heat
transfer coefficient #; should be considered instead to compute
the heat flux at the outer surface of the quartz windows 1 as:

OF°™ = T (Tou — T3T). )

Combining the evaluation /; from the average of iy (x) with the
average temperature provided by the experimental data on the
centerline (x = [/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 h; =
hi(x =1/2) instead.

Free convection on the quartz windows 2

The convective heat transfer coefficient 5. at the inner
side of the quartz windows 2 is determined by a free convec-
tion boundary layer. The corresponding Nusselt number Nub, =

conv
2a
Jair

is calculated through the following correlation [35] for a



vertical plate:

2
0.387Ral"/°
Nuy, = [0.825+ a 1, @
[1 +0.628Pr Y/ 16} /
where the Rayleigh number Ral is
T 7Tair L3
Ra" = Gr'Pr, with Gr“= 8B(T — )L 5)

(vair)Z

the Grashof number, the gravity acceleration g, the air thermal
expansion coefficient (7)) = 1/T and the air kinematic viscos-
ity v = y@r /pdr - All properties are evaluated at the film tem-
perature T2]; = (T3" + T»,) /2. The heat transfer coefficient hS2"
on the outer side of the quartz windows 2 is determined similarly,
while using the film temperature: Tsz = (T3 4 Tyy) /2. Finally,
the convective heat fluxes at the inner and outer surfaces of the
second quartz windows are written as

g5a = 5" (T — Ta) (©)

@sp™ = hSp™ (T — Tiat) 7

RADIATIVE EXCHANGES MODELING
Quartz radiative properties

The internal transmittance 7; provided by the manufacturer
[36] for a 1-cm quartz slab as a function of the wavelength A is
presented in Fig. 5. It can be expressed as

T), = exp (*47’[.'/{2716/2,) =exp (szﬂ;Le) )

where e is the slab thickness, n, ; is the refractive index (real part
of the complex index of refraction), and k; j is the absorptive in-
dex (imaginary part of the complex index of refraction). The
absorption coefficient x, 3 = 47wk, 5 /A is usually considered in-
stead of k; ; in thermal radiation. The wavelength dependency
of the quartz absorption coefficient k, j is determined from the
internal transmittance profile in Fig. 5, allowing then to compute
T), for any quartz thickness e.

Considering an interface with air (refractive index equal to
1), the normal reflectance p,, is given by

(1—- ”2,&)2 + k;x

PA=(

_ 9
1“!‘”2,1)24‘]{%)2 ( )

920

=
J

7x [-] (for 1 cm slab)

o

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

A [nm]

FIGURE 5. Internal transmittance of a 1 cm Corning HPFS 7980
quartz slab (from [36]).

where the evolution of n, ; with wavelength is also been pro-
vided by the manufacturer [36]. The absorptance «; and emit-
tance €, are givenby &, =y =1—1), —p,.

The quartz windows properties are expressed in terms of a
slab absorptance (A;gab), a slab transmittance (T/{]ab) and a slab
reflectance (Rilab) which account for multiple normal reflections
inside the quartz slab and are defined as [37]:

Aslab _ (1 _pl)(l _Tl)

A 1—py7

Tslab _ (l _pl)zf/l 10
A 1—pit} (10)
" 1-p;)*7;

Rbldb =p; [1+ ( A
A 1—p3t}

Figure 6 presents the computed evolution of these three
quantities with wavelength A 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 (trans-
mittance equal to zero) and transparent spectral bands are con-
sidered. To do so, a threshold value Ttilr‘“‘ebshold is defined. For
each wavelength A, if Tilab > Y;flll'zﬁl:t;hold’ the quartz is considered
as transparent, unless the quartz is considered as opaque. For the
opaque bands, the absorptance and emittance are identical. Com-
putations 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 hemi-
spherical absorptance A;lab’hem (or silab’hem = Ailab’hem) is com-
puted explicitly as a function of n, ; and k, , through a rather
long formula given in Eq. (3.20) in Ref. [38]. For the considered
quartz material, noting that k; , <n;, j can simplify the calcula-
tion. The properties in the transparent and opaque spectral bands
are defined as:
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FIGURE 6. Computed quartz slab absorptance (Ail"‘b), transmittance
(Tzlab) and reflectance (Ri]ab) as a function of the wavelength A for a
3-mm thickness. The quartz reference is Corning HPFS 7980.

e For a transparent spectral band (i.e. when leab > ﬂilﬁ‘etihold)i
Tslab,model o (1 — P )2
A - 1— p2
' ()
slab,model __
A3 =0

R;lab,model —1— Tilab,model7

e For an opaque spectral band (i.e. T < T8I0, ° :

T Aslab,model =0

Ailab,model — A;lab,hem (12)

slabmodel __ { _ 4slab,hem
R} =1 —AJhem,

Global properties of the quartz slab can also be obtained by
integrating the radiative properties on the spectrum. The total
absorptance AS12b, reflectance RS2 and transmittance 78120 are
expressed as:

Aslab(T +wA1bI T)dA +ml T)dA

slal — slab yo o

)= [ armaa [ 5

E— ~+oo +o0

RID(T) = / RIS (T)dA/ / L(T)ydr  (13)
A=0 A1=0

W(T):/;

oo

+oo
75l (7Y g / 2(T)dA
o 2 (T) /}L:O)L()

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

obtained with the detailed slab transmittance 73'*°. This thresh-
old value is dependent on the thickness of the quartz slab. The
obtained values are thllrf;hold = 0.57 for a 3-mm-thick quartz slab
and Ttlsllraebshold = 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.

08 W

é@‘ lab,model
slab,mode

06 — A

E R;[ub.nmdul

:§m< 0.4 T;[ﬂbjnodr[

T 02

3200

0 2 4 6 8 10

A [pn]

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

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.

500 1000 1500 2000 2500
Temperature T [K]

FIGURE 8. Planck mean modeled external absorptance (AS12b(T)),
transmittance (7512b(T')) and reflectance (R*1(T)) as a function of in-
cident source temperature 7 for a 3 mm thickness Corning HPFS 7980

quartz.



We finally define two spectral emittances and reflectances
for the quartz windows 1 (A5 and RSlab) and the quartz windows

2 (Aslab and Rslab)

slab slab,model slab __ pslab,model . slab _
A Aﬂ, 5 Rl,l = Rﬂ, with T;hreshold =0.57

slab __ sslab,model slab __ pslab,model
A A A , R/l,z = R)L

: slab
A2 = with Tipreghold = 0-51

(14)

Radiative transfer inside the pressure housing

This section deals with the radiative transfer modeling to es-
timate the radiative fluxes (p““Jl and (prad at the windows 1 and 2,
respectively. The radiative flux at the steel casing is denoted by
¢§ad. 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 S| = L/,
the pressure housing window of surface area S, = S, and the
surrounding steel casing of surface area S3 =2-(L+1) - b. View
factors F;; between surfaces S; and S; are

Fip1=0 Fi, = %(L,1,D)
By =7 (L,1,b) F»n=0
F31 = F1351/S3 F3 = F235,/83 (15)

B=1-F1—Fo=1-Fy F3=1-F1—Fp
Fa=1-FH —F=1-Fy

where % (L,1,b) is given by the expression [38]:

i 4
In <%12+4//12 —~ +2% (%arotan ( 7/1)

—arctan?% ) + 2V (%1 arctan (;// ) — arctan(“//))}
1

1
UV

F(L,1,b) =

(16)
with % =L/b, ¥ =1/b, % =1+ %% and ¥; = V14 72,

Then, equivalent isotropic radiative intensity are introduced:
Ii s I Ii o I 22 I/l 3 I  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, S» and S3 as

+o0 )
o =x [ (1,1} )2
oo .
o= [ (01} n)dR (17)

+o0
rad I — 1 )dA
%] //1:0( A, 3)

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

I, _Aslab I Out)_|_RslabIk1
{I)L 1= Fuily y +Fail) o, + F3i1) 5
Lo = Aﬂablx (T2a) +R§lab1/1 2a
{Ima = F1217L,1 +F22I/l,2a +F32I}L,3
s =eal(Ts) + (1—&.3)0 5
{ L 5 = Fisl  + il 5, +Fil)

(18)

with the temperature of the stainless steel 73 = 313 K.
The emissivity of unoxidized stainless steel typically ranges
between 0.2 and 0.3 [37,38]. The value g 3 = 0.25 is retained.

External radiative transfer
The radiative flux (prad at the outer side of the pressure hous-
ing quartz windows (quartz windows 2) is written as

o = [ AT - paa a9)

CONDUCTIVE TRANSFER MODELING
Quartz thermal conductivity

Quartz thermal conductivity varies strongly with tempera-
ture. Such data is generally not provided by the quartz manufac-
turers. In a recent study [39], this dependency with temperature
has been characterized based on data from the manufacturer Her-
aeus [5]. The data are reported in Fig. 9 along with a polynomial
fit of this data:

klab (T T T\ T\?
7]((5 )=a0+a1<TO>+a2<TO> +az (To> (20)

with: ap = 0.97980, a; = —0.10063, a, = 0.13677, a3 =
—0.011744, Ty = 293 K and k° = £*1®(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 ex-
pected for temperatures higher than 1315 K (shaded regions in
Fig. 9).

Heat conduction within quartz windows

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



— Eq. (20)
3 »  Data Heracus [3]

ket [W/ (m.K)]
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FIGURE 9. Thermal conductivity of quartz as a function of temper-
ature 7. Shaded region corresponds to quartz temperatures higher than
their annealing temperature (1315 K).

and that the conductive heat flux within the window is unidirec-
tional and constant given the assumption that the fields are uni-
form in vertical and spanwise directions. With the temperature-
varying thermal conductivity, the conductive flux through the
quartz windows 1 is then estimated as

1 Tout lab
[ sy Q1)
€1 JT,

cond __

(1

Similarly, the conductive flux ¢$ond

pressure housing quartz windows is

through the external

cond __ 7i T kslab
Qo = (T)dT. (22)

€2 TZa

RESULTS OF THE DERIVED MODEL

The different modeled system components and physical phe-
nomena 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
T;, of the first quartz windows as the experimental one averaged
along the vertical centerline. All the other fluxes and temper-
atures of the system are then determined. Table 2 presents the
results for the three cases defined in Tab. 1. The reported space-
averaged temperature 7, " 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 av-
eraged temperature Tj,, 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
of the combustor walls, Ty, is correctly predicted with an error

out >
below 30 K compared. The extracted flux through the combustor

Quantity Unity Casel Case2 Case3
TP K 1346 1345 1272

in
PP kw/m? 1312 1258 1100
pford kW/m? 1503 1502 133.6
TP K 1215 1219 1157

out

Tout K 1195 1194 1131

TABLE 2. Thermal energy balance of the combustion chamber ther-
mal environment.

walls, taken as identical to @$°", 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 measure-
ments 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 agree-
ment of the derived model is satisfactory given the macroscopic
approach retained to model the different phenomena. In partic-
ular, it is worth recalling the certain limitation of the uniform
temperature assumption on the quartz windows 1 surfaces. The
inhomogeneous temperature profile can explain such a result. In-
deed, 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 tem-
perature (o< T%), radiative fluxes are certainly overestimated by
considering the homogeneous Tj, as the average centerline tem-
perature. 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 corre-
sponds 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 com-
bustion 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 ex-
changed with quartz windows 2, leading to a spatially-averaged
radiative flux equal to 5.63 kW/m?2. The other part is directly ex-
changed with the pressure housing’s stainless steel walls. With
an opposite sign to this radiative flux, the quartz windows 2 ex-
changes 3.17 kW/m? with the ambient pressurized air through
natural convection, resulting to a conductive heat flux in the



Quantity Unity Case Case Case  Case
1 1b lc 1d
quartz windows 1 [outer]

PP kW/m? 1312 60.5 1312 1312
pgond kW/m?> 1504 1214 150.8 1523
P kW/m? 1046 862 1045 104.2
P kW/m?> 458 352 463 481
TP K 1346 1346 1346 1346
ToP K 1215 1215 1215 1215
Tout K 1195 1082 1194 1192

n W/(m?K) 116 110 116 116
quartz windows 2 [inner]
s kW/m? 563 438 158 -
pso kW/m?  -3.17 252 -0.883 -
p5ond kW/m? 246 186 0.701 -
T, K 494 459 366 -
quartz windows 2 [outer]
@5 kW/m? 137 101  0.341 -
Qs kW/m?  1.09 0.857 0.360 -
Ty K 429 405 346 -

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

quartz windows 2 equal to 2.46 kW/m?. 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
Tz is studied. In order to quantify its impact on the predicted

conductive flux at the first quartz windows (plc"“d, the sensitiv-

10

7 d (Pi:(md
(Plcond dT3

this parameter with the stainless steel temperature 73 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 73.
Indeed, when the value of 73 is increased by 1%, the percentage
of deviation of (pf‘md is lower than 0.03%. This is due to (i) the
small emitted radiative flux of the steel casing at a relatively cold
temperature 73 compared to Ty, =~ 1200 K, hence TO‘Lt > T34; and
(i1) the smaller contribution (32%) of the radiative flux in the to-
tal heat flux through the quartz windows 1.

As for the pressure housing temperature sensitivity study, we

wnod cond

(Pizc}nd (Z},Tl
of the heat transfer coefficient /1| on the predicted conductive flux
(pfond. The evolution of this sensitivity parameter as a function
of the value of h; is presented in Fig. 10(b). High sensitivity
of the conductive flux @ with the value of & is observed.
Indeed, for i; ~ 100 W/m?/K, decreasing the value of /| by 1%,
decreases the value of (pfOnd 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 /2 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 de-
pendency on temperature prescribed by Eq. (20), a constant
thermal conductivity, corresponding to its value at 293 K i.e.
k130 = 9 = 1.38 W/m/K, is considered instead. Table 3 presents
a comparison of the global energy balance obtained with a con-
stant value of k%12 (Case 1b) and the one obtained with the tem-
perature 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

. . . . p  degond
windows is studied with the parameter oz = W&—h.
1

ity parameter o = is introduced. The evolution of

introduce the parameter oy =

quantifying the impact

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,
@ 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 (plc"“d by 0.2%. How-
ever, around the value encountered in the application (b = 108
mm), (plcond 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 bal-
ance obtained considering no radiative exchanges between the
two quartz windows (Fi = F>1 = 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-
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FIGURE 10. Sensitivity of the predicted conductive flux to the stainless steel temperature 73 (a), the heat transfer coefficient /1; (b), the quartz

separating distance b (c), the temperature of air inside the pressure housing Ti‘r‘fr (d) and the external ambiant temperature

lines correspond to nominal values.

figuration, one can then neglect radiative interactions between
these two windows in order to predict quartz windows 1 temper-
ature. However, Case 1c with Fjp, = F>; = 0 fails in retrieving the
same temperature of the second quartz windows as for Case 1.

Finally, the influence of temperatures Tiﬁir and To‘ﬂ{ are stud-
o deio T3k dgf

grond a7 peond g7 -
The evolutions of o and o5 are shown in Figs. 10(d) and 10(e),
respectively. The predicted conductive flux is therefore not sen-
sitive to the temperature Tiflir (an increase of 0.1% in the tempera-
ture ;3" makes the conductive flux drop by ~ 0.003%), whereas
it is slightly sensitive to the temperature 72" (an increase by 1%

in the temperature 721" decreases by the conductive flux 0.1%).

and o5 =

ied with the parameters oy =

RETAINED SIMPLIFIED EXTERNAL HEAT TRANSFER
MODEL

In the previous section, the sensitivity analysis has shown
the strong influence of the convective transfer coefficient /; 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

Tair

out

(e). Black vertical dashed

window temperature field, can be retained:

¢1 (x7 Z) = A?lab(TOUt (x7 Z))GTOIH (x7 Z)4 - Asilab(T3)o-T34

. (23)
+ 1 (%, 2) (Tou(x,2) — Tiﬁlr)

where T,y (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 trans-
fer with the stainless steel of the pressure housing (assumed
isothermal at 73), 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 radia-
tive energy from quartz windows 1 and pressure housing’s stain-
less 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 be-
tween 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 ap-
proximatively 1% on the total conductive flux through the quartz
windows 2. Secondly, in order to assess the range of validity of
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FIGURE 11.

models on radiative flux exiting quartz windows 1 as a function of stain-

Evolution of error between complete and simplified

less steel emissivity €, 3.

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 € 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 € 3. In such a
case, reflections between the quartz windows and the casing can-
not be neglected anymore. For the actually considered stainless
steel emissivity €, 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.

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 de-
tailed 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 hous-
ing; 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 mea-
sured temperature profiles on both sides of the window. The
corresponding experimental uncertainty in the wall heat flux is

12

Equations

01(x,2) :‘W(Tout(xaZ))GTout(va)4 _@(E)GT;
+h ()QZ)(Tout(xa Z) - Tiﬁir)

Al (T) = 0.72517 +0.54384 - (T /Ty) — 0.39988 - (T / Tp)?
+0.10231- (T /Ty)* —0.013100 - (T /Tp)*
+8.4328-1074- (T /Ty)® —2.1722-107% - (T / T)°

with Ty = 293 K.

hi(x,z) = Nuy (x,2) - K" (T (x,2)) / (x4 ln)

174
Nuj (x,2) = 0.345 - Pr(Tiim (x,2)) 034 - RT3 (M)

Ceq Ceq
1 .
Tﬁlm(xaz) = (TO?H(X,Z) - Tlﬁlr)/z

T3 =313 K, T4 = 333 K, Re,,, = 169,

> 7In

Iy = 0.54 mm, ecq = 0.071 mm.

TABLE 4. Proposed simplified model of the thermal boundary condi-
tion of the combustion chamber quartz window’s external surface.

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 co-
efficient describing the wall jet cooling and to the thermal con-
ductivity of the quartz windows while the impact of the distance
separating the two sets of quartz windows remains small. A sim-
plified version of the model given in Tab. 4 yields similar re-
sults 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 imple-
mented 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 in-
vestigations. Future work should also determine the impact of
considering volume absorption within the quartz windows in-
stead 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.
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