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Abstract 

Thermal barrier coatings on combustor liners and on turbine vanes and rotating blades are important for reducing metal 
temperatures in current and advanced turbine engines. Some coating materials such as zirconia are partially transparent to 
thermal radiation , and radiation within a coating will increase as temperatures are raised for higher efficiency engines. Hence, it 
is necessary to determine if radiation effects in a coating are a design consideration. For this purpose, the engine thermal 
environment is first summarized with regard to factors affecting radiative heat transfer. Radiative and thermal properties of 
zirconia are then considered, and methods of radiative analysis are briefly discussed . Typical temperature distributions and heat 
fluxes are given from the analysis of zirconia thermal barrier coatings on vanes and rotating blades, and on a combustor liner 
where the coating surface is expected to be covered with soot. The effects of various thermal conditions and heat transfer 
parameters are examined to indicate when radiation effects might be significant within a coating in a turbine engine. The largest 
effects were found in the combustor where coatings are subjected to large incident radiation . For coatings on turbine blades away 
from the combustor, and hence without large incident radiation, effects of radiation were found to be very small. © 1998 Elsevier 
Science S.A. All rights reserved. 
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1. Introduction 

Thermal barrier coatings are important, and in some 
instances a necessity, for protecting metal parts in high 
temperature applications such as combustor liners, and 
turbine vanes and rotating blades for current and ad
vanced turbine engines. Ceramic components being de
veloped for these applications may also require an 
environmental or thermal protective coating. Some 
coating materials, such as zirconia which is in wide
spread use, are partially transparent to thermal radia
tion [1 - 4]. A translucent coating permits energy to be 
transported internally by radiation, thereby increasing 
the energy transfer above that by conduction alone. 
This degrades the insulating ability of the coating. 
Because of the strong dependence of radiant emission 
on temperature, internal radiative transfer effects are 
increased as temperatures are raised . Hence the possible 
significance of internal radiative transfer must be evalu
ated as temperatures are increased in advanced engines. 

* Corresponding author. Tel.: + I 216 4335831; fax: + I 216 
4338864. 
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The radiative transfer partially depends on the 
amount of external radiative energy incident on a ther
mal barrier coating, and this depends on the coating 
location in the engine. In a combustor there is radiation 
from the flame, soot, and hot gases to the combustor 
liner, first stage turbine vanes, and partially to the first 
stage blades. Within a hot coating there is local internal 
radiant emission, absorption, and scattering, that act in 
combination with heat conduction. Further back in the 
engine away from the combustor, a turbine blade is 
surrounded by similar cooled blades so external radia
tive exchange is negligible; however, radiation inside the 
hot coating needs to be quantified relative to heat 
conduction. 

Internal radiative behavior depends on the properties 
of the coating material. Zirconia is somewhat translu
cent for a considerable portion of the radiant energy 
spectrum at turbine engine temperatures. Heat transfer 
analyses for translucent zirconia coatings on a cooled 
metal wall in an turbine engine environment have been 
made in [5] and [6], and a detailed study was made in 
[l] for translucent coatings in diesel engine cylinders. 
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This paper will briefly summarize the radiative heat 
transfer conditions in an engine environment needed for 
computing temperature distributions in translucent 
thermal barrier coatings, and will briefly review the 
thermal properties of zirconia. Typical results for tem
perature distributions and heat flows within zirconia 
coatings are given for a combustor liner, a turbine vane 
and a rotating blade. Results including internal radia
tion in a coating are compared with heat conduction 
calculations omitting internal radiation. For this limit
ing condition radiant absorption and emission occur 
only at the external surface. The results provide insight 
on when internal radiation may be of concern in zirco
nia coatings for turbine engine applications. 

2. Heat transfer environment in an engine 

Radiative behavior is a strong function of tempera
ture level. In a combustor the gas temperature can be in 
the approximate range of 1700- 2000 K . Radiant fluxes 
from the gas and soot are given in [7] as up to 230000 
W m - 2

; this corresponds to a blackbody temperature 
of 1419 K. Higher radiative fluxes are expected in 
advanced engines. With radiative and convective heat
ing, mostly convective for turbine vanes and rotating 
blades, the surface temperature at the hot side of the 
thermal barrier coating can be in the range of 1400-
1800 K. Since the metal walls are cooled, the tempera
ture decreases through the coating so the metal wall 
temperature on the hot side might be in the vicinity of 
1300 K . Hence the temperature range throughout the 
coating is approximately 1300- 1800 K. The tempera
ture at the hot side of the coating must not be too high 
to avoid sintering the zirconia and increasing its ther
mal conductivity during continued operational 
exposure. 

The local distribution of the internal radiation with 
wavelength, and hence the applicable radiative proper
ties that depend on wavelength, are related to these 
temperatures. The radiation absorption properties of 
zirconia show that it is somewhat transparent for radia
tion in the wavelength range up to at least 5 µm (the 
'cutoff wavelength'), and its transparency decreases 
rapidly for larger wavelengths. For zirconia crystals a 
translucent range from about 0.35 - 7 µm was obtained 
in [8]. The radiative behavior of zirconia depends on 
the amount of radiative energy within its translucent 
region. For energy with a blackbody spectrum, Fig. 1 
shows the fraction of blackbody energy in the wave
length range up to cutoff wavelengths of Ac = 5 and 6 
µm . For the typical range of temperatures in a thermal 
barrier coating, a considerable fraction of the radiant 
energy is in the partially transparent spectral region. In 
[7] it was found that 95% of the radiation in a combus
tor was in the range A= 0.5 - 9.5 µm , and that the 

largest radiation from the soot was in the range from 
A= 0.5- 4 µm . This indicates that at its hot side, a 
zirconia coating will be translucent for close to 90% of 
blackbody radiation emitted at the hot-side tempera
ture. At the cooler side this decreases to perhaps 70% 
depending on the temperatures involved. Hence, inter
nal radiation effects diminish somewhat as energy is 
transferred through the coating. Fig. 1 demonstrates in 
a qualitative way that radiative effects may be present 
in zirconia in an engine environment. 

There are two sources for radiative transport within a 
coating. One is the transmission through the exposed 
coating surface of external radiation from hot combus
tion gases and soot. This penetrates into the coating 
and provides an internal heat source. The other is 
internal emission from within the hot coating itself, and 
the transport of radiation between volume elements of 
the hot coating by successive processes of emission, 
absorption and reemission, and by scattering. On the 
external surface of a coating in a combustor there is 
likely to be a soot deposit. Since soot is highly inter
nally absorbing, a thin layer can eliminate direct trans
mission of external radiation into the zirconia coating. 
Incident radiation is absorbed by the soot, and there is 
reradiation into the coating and back into the combus
tor. In the coating, energy transfer continues by com
bined radiation and conduction. 

For the exposed portions of a first stage vane, the 
conditions may be somewhat the same as for a combus
tor liner, as the vane would become somewhat coated 
with soot. Further into the blade rows away from the 
combustor, each cooled blade is surrounded by other 
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Fig. 2. Example of spectral absorption and scattering coefficients for zirconia. 

similar cooled blades. There is very little radiative 
exchange between the blades, and radiative effects are 
produced only internally since the coating is hot and its 
volume is emitting. In the blade rows, this will be 
shown to have a small effect on temperature distribu
tions for the engine conditions considered here; heat 
conduction is dominating for these conditions. 

3. Heat transfer properties for a zirconia thermal 
barrier coating 

For thermal barrier coatings in an engine, heat con
duction is generally more dominant than radiation; 
hence, the thermal conductivity of zirconia is very 
important for estimating temperature distributions and 
heat flows. Unfortunately it is difficult to select a 
precise value because conductivity can vary with poros
ity, temperature, and with the time that the coating is in 
high temperature operation because of sintering its 
porous structure. The thermal conductivity for plasma 
sprayed zirconia is given in [9 - 14], and values range 
from 0.2 to 3.5 W m - 1 K - 1 (values as low as 0.2 W 
m - 1 K - 1 are unusual in practice); this range will yield 
large differences in predicted heat transfer performance. 
For consideration in turbine engines it is common to 
use values of kc= 0.8 - 1 W m - 1 K - 1 for plasma spray 
coatings; in [l] kc= 0.8 W m - I K - 1 was selected for 
diesel engine cylinder coating studies. In the present 
study most of the calculations are for kc= 0.8 W m - 1 

K - I, and the effect of conductivity is demonstrated by 
comparing with some results for kc = 2 W m - 1 K - 1

• 

To predict thermal performance, radiative absorption 
and scattering properties of zirconia are required. Ab
sorption and scattering coefficients define how rapidly 
radiation traveling along a path decays in an exponen
tial manner. Both coefficients depend on the radiation 
wavelength. Some results from [l ] are in Fig. 2. As 
evident from the left and right ordinates, at wave
lengths between approximately O and 5 µm , scattering is 
much larger than absorption. Absorption is the means 
of direct interaction of radiation with the energy equa
tion, and the local radiant emission from a volume 
element also depends on the absorption coefficient. The 
results in Fig. 2 are for one type of zirconia, and there 
is no assurance that these properties are characteristic 
of zirconia deposited in different ways or that has been 
sintered by being at high temperatures for extended 
periods of time. The results show that absorption is 
relatively low for small wavelengths up to about 5 µm , 
and becomes large for greater wavelengths. 

Another important radiative property is the coating 
refractive index; this is because internal radiant emis
sion depends on the refractive index squared. A larger 
refractive index also increases external and internal 
reflections from boundaries that are not covered with 
soot. Increased internal reflections lead to trapping of 
radiation within the material by multiple internal reflec
tions. The refractive index of zirconia has been reported 
to have a range of values. In [l] values were from 
n = 1.2 ton= 2.5, and n = 1.58 was selected for calcula
tions of zirconia coatings in a diesel engine cylinder. 
The values in [15 - 17] are within the range of n = 2.0-
2.3, and in [8] n = 2.11 - 2.17 for zirconia crystals. For 

• 
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the calculations in [2] , n = 1.6 was used. To show the 
effect of n, results are given here for n = 1.58 and 
n = 2.1, which are typical of values in the references. 

The refractive index is a factor in the optical relations 
that can be used to estimate the reflectivity at an 
interface with another material. The nature of the 
reflection at the surface of a clean coating, such as 
being diffuse or partly directional, is difficult to define 
accurately. There is also uncertainty in the amount of 
reflection at the zirconia- metal interface where there is 
a thin bond coat. This contributes to internal reflections 
that are included in the radiative boundary conditions. 
Note that the emissivity from the metal wall into the 
zirconia differs from that for the same metal into air 
because the zirconia refractive index is larger than one. 
Tabulated emissivities such as in textbooks [18] are for 
emission into air or vacuum that have a refractive index 
of one. 

4. Heat transfer equations and simplifying assumptions 

A brief outline of heat transfer relations is given here 
with the nomenclature in Appendix A. The relations 
consist of the energy equation that has conduction and 
radiation terms, and boundary relations with convec
tion, conduction, and radiation. The two-flux method 
that has been found very useful to provide the radiative 
flux term in the energy equation, is briefly described in 
Appendix B, and additional relations are in [l] , [5], [6], 
[19], and [20]. The relations are given in terms of 
frequency, which is convenient for analysis because 
frequency does not change when radiation travels into a 
material with a different refractive index. 

A translucent thermal barrier coating is considered 
on a metal wall, Fig. 3. The zirconia and metal layers 
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Fig. 3. Geometry and nomenclature for a thermal barrier coating on 
a metal wall with and without soot on the exposed surface of the 
coating, and with external radiation and convection at both outer 
boundaries. 

have thicknesses ,\ and Jm. The gas temperatures on 
the two sides of the wall are Tg1 and Tg2, and there is 
external convection on each side with heat transfer 
coefficients h, and h2• Depending on the location in the 
engine, the external surface of the coating can be clean 
or have a thin opaque layer of soot. For an advanced 
engine the combustion chamber pressure is high enough 
that the combined gas and soot radiation is approxi
mated as providing a black environment at a tempera
ture Ts1• When the coating is soot covered, the outer 
surface of the soot has a total heat flux through it that 
consists of the external convection combined with the 
net radiation equal to absorption from the surround
ings minus reemission: 

(la) 

where the soot emissivity, Eso, can be assumed indepen
dent of frequency. 

The soot is very thin so the very small temperature 
variation through its thickness is neglected. At the 
interface of the soot and the translucent coating, the 
radiative flux within the coating in the positive x direc
tion consists of emission by the soot into the coating, 
and the small reflection by the soot of radiation inci
dent at the coating- soot interface from the negative x 
direction. Then, for a frequency interval d v: 

q ! (0) d V = E"s0 n 2evb(O) d V + (I - E"s0 )q ;,: (0) d V (I b) 

If the coating surface is clean, as expected for vanes 
and rotating blades after the first few rows away from 
the combustor, the radiation in the positive x direction 
at the surface (x = 0) inside the coating is composed of 
incident external radiation, q vr I dv, transmitted through 
the surface, and the reflection of radiation from the 
negative x direction inside the thermal barrier coating: 

q ! (O) dv = (1 - p 0 )qvr l dv + Piq;(O) d v (le) 

Within the translucent coating the energy equation 
states that the total heat flux consists of the sum of 
conduction and radiation, and is constant (not a func
tion of x ): 

dTc(x ) f oo 
qtot = - kc-d--+ qvlx ) d v = constant 

X v = O 

(2) 

The integral for radiative flux is evaluated only in the 
translucent spectral regions. The radiative flux qv,(x ) is 
obtained from the approximate two-flux method in 
Appendix B. The qv,(x ) in the coating depends on the 
local blackbody emission that depends on the local 
temperature. Since the temperature distribution is un
known, an iterative procedure is usually required to 
simultaneously obtain the spectral radiative flux qvc(x) 
and the temperature distribution Tc(x) in the coating. 

At the interface x = Jc between the translucent coat
ing and the metal, the temperature distribution is con
tinuous so that, Tc(Jc) = Tm(JJ. The temperature 
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