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SUMMARY

An analysis was conducted to examine the extent to which various factors influence
the accuracy of analytically predicting turbine-blade metal temperatures and to deter-
mine the uncertainties in these predictions for several accuracies of the influence fac-
tors. The influence factors considered were the gas and coolant temperatures, the gas-
to-blade and blade-to-coolant heat-transfer coefficients, and the thermal conductances
(conductivities divided by thicknesses) of a metal wall and of a ceramic thermal-barrier
coating. The analysis was applied to conditions of an advanced turbofan engine and a
highly instrumented high-temperature turbine test rig (gas conditions of 1700 K and
40 atm) and to conditions that simulated the engine conditions in a low-temperature tur-
bine test rig (756 K and 15.6 atm).

The results indicated that with current knowledge of boundary conditions, geometry,
heat-transfer coefficients, and material thermal properties the uncertainty in analyti-
cally predicting and verifying local turbine-blade surface metal temperature in an aver-
age instrumented engine is 98 kelvins (176 deg F), or 7.6 percent of the reference metal
absolute temperature, for uncoated blades and 62 kelvins (112 deg F), or 5.7 percent,
for ceramic-thermal-barrier-coated blades. The greatest improvement in predicting
blade metal temperature could result from improving the accuracy of predicting the
local gas-to-blade heat-transfer coefficient. Improving the prediction accuracy of the
gas— and coolant-side heat-transfer coefficients to the best assumed attainable levels
could reduce the uncertainty in predicting and verifying metal temperature in a highly
instrumented high-temperature turbine test rig to 28 kelvins (50 deg F), or 2.1 percent
of the blade absolute temperature, for uncoated blades and to 21 kelvins (38 deg F), or
1.9 percent, for coated blades.

The analysis showed that, despite better knowledge of gas and coolant temperatures,
the low-temperature turbine test rig was only a fraction of a percent better in reducing
the uncertainty in blade metal temperature prediction, or verification, than the high-
temperature turbine test rig.

INTRODUCTION

The large number of turbine durability problems that occur during the development
of gas turbine engines and their introduction into service would indicate that, in addi-
tion to the inability to accurately predict life with known metal temperatures, local
metal temperatures are not well known. This suggests that boundary conditions (local



gas and coolant conditions) are not adequately known and/or that the gas and coolant flow
and heat-transfer relationships and the correlations and prediction methods for metal
temperatures are not adequate. However, those in the field often convey a high confi-
dence in their ability to accurately predict blade metal temperatures. Part of this con-
fidence in undoubtedly due to knowledge gained after testing specific blade or vane hard-
ware in specific cascade rigs or engines and the subsequent readjustments of correla-
tions and prediction models. As a consequence, satisfactory turbine hardware designs
for use in gas and coolant environments that are not much different than those previously
experienced can be expected with some confidence. However, as has often been the
case, when even small changes are made in boundary conditions, components that affect
boundary conditions, airfoil aerodynamics, or cooling configuration, excessive metal
temperatures occur and turbine durability problems result. Costly hot~section rede-
signs are then often required.

It is apparent that the accuracy of predicting blade metal temperatures and how
various factors influence the accuracy should be examined. The information from such
an examination could be particularly important to the structural analyst and designer.

It would, for example, provide him with knowledge to estimate the range of expected
life that would result from the accuracy range expected in blade metal temperature pre-
dictions. It would also aid the turbine researcher and developer by pointing out the var-
iation in metal temperature that can be expected between experiment and prediction and
thus providing him a level of confidence in his ability to verify predicted metal tempera-
tures in rig or engine tests.

One purpose of the study reported herein was to examine how various factors influ-
ence the accuracy of predicting turbine-blade metal temperatures. Another purpose
was to determine the metal temperature prediction accuracies that can be expected for
commonly encountered environments. The third purpose was to determine how the pre-
diction capability might be improved by more accurate values of the influencing factors.
This information can help in assessing the research effort that might be needed to im-
prove this accuracy and the resulting benefits.

The influence factors considered in this study were the gas and coolant tempera-
tures, the gas-to-blade and blade-to-coolant heat-transfer coefficients, and the thermal
conductances (conductivities divided by thicknesses) of a metal wall and of a ceramic
thermal-barrier coating. A simple, one-dimensional heat balance across a represen-
tative element of a turbine~blade wall with and without a thermal-barrier coating was
used. The analysis was applied to conditions of an advanced turbofan engine and a high-
temperature turbine test rig (gas conditions of 1700 K and 40 atm) and to conditions of a
low-temperature turbine test rig (756 K and 15. 6 atm) that simulated the engine.

This report tabulates the expected uncertainties in predicting turbine-blade surface
metal temperatures for various assumed accuracies of the influence factors for both un-
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coated and ceramic-thermal-barrier-coated blades. Also presented is the sensitivity
in blade surface temperature to individual changes in the influence factors.

SYMBOLS
h heat-transfer coefficient
K thermal conductivity
Pr Prandtl number
R thermal conductance, K/7
Re Reynolds number
T temperature
U uncertainty of function in parentheses

Xg distance from leading edge
A parameter, see eq. (2)

T thickness

® temperature difference ratio, (Tg - Two)/(Tg - T,)
Subscripts:

b ceramic thermal barrier

c cooling air

g gas

i inside surface (coolant side)
o outside surface (gas side)

w metal wall

ANALYSIS AND CONDITIONS
Heat Balance

A convection-cooled element of a blade wall aft of the leading edge was selected.
Radiation was neglected, and heat flow was assumed to be one-dimensional through a

ceramic-thermal-barrier-coated blade. For these assumptions the heat flow equations
are

hg(Tg = Tpo) = Bp(Tpo = Two) = Ry(Tywo = Tywi) = Be(Tyi — Te) @



From equation (1) we can obtain

Tg—Twoz 1 |
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R

The terms are defined in the section SYMBOLS, This equation is then used to calculate

the outside-surface wall temperature TW for assumed engine conditions. It is also

0
used to determine the sensitivity of T = to the other variables (or influence factors) -

Tg’ Tc’ hg’ hc’ RW, and Rb.

Sensitivity Analysis

The sensitivity of the wall temperature Two to each influence factor was obtained

by solving equation (2) for a change in Two for an assumed perturbation (or error) in
each influence factor. It can also be obtained by taking the partial derivative of equa-
tion (2) with respect to each influence factor and multiplying by the assumed perturba-

tion (or error) of the influence factor as follows:
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This latter method assumes linearity over the range of the perturbation., A tabulation
of the partial derivatives is presented to show the interrelationship of the factors in~

volved:
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Error Analysis

The effect of uncertainties in each influence factor on the prediction of the blade
outside-surface metal temperature was calculated by using the method of determining
the uncertainties of independent, normally distributed variables described in refer-
ence 1. The uncertainties in the blade outside-surface metal temperatures U(T,)
were obtained by taking the square root of the sum of the squares of the uncertainties in
blade temperature due to individual effects of the influence factors. It can be written as

2 2 2 2
AT AT AT AT
UTyo) =< |— 2 U] +|=—"2 U@y | (=2 Uhby| +[—"2 Uk
T, g AT, Ah, Ah,
1/2
2 2
AT AT
+ [—XQ URY| * — Yo UR,) (10)
AR.b AR

The quantities ATWO/AT , etc., were obtained from equation (2) by perturbating each

influence factor. For the assumed turbine conditions (table I), reference surface metal
temperatures (table II) were calculated by using equation (2). The percent uncertainties
in blade outside-surface metal temperatures were obtained by using the reference tem-

peratures.



APPLICATION TO TURBINE CONDITIONS

For this analysis the heat-transfer coefficients, the thermal conductances, the hot-
gas and cooling-air temperatures, and the probable uncertainties in the values of these
influence factors were calculated or assumed for three conditions. These were condi-
tions of an advanced turbofan engine, a high-temperature turbine test rig, and a low-
temperature turbine test rig that simulated the engine hydrodynamic conditions.

Heat-Transfer Coefficients and Thermal Conductances

Equation (2) requires that we determine the gas-to-blade and blade-tfo-coolant heat-
transfer coefficients. For simplicity the gas-side coefficient was determined by using
the equation of turbulent heat transfer to a flat plate (ref. 2):

K

h_ =0.0296(Re )O'S(Pr >1/3 & 11)
g g g "
g

where the Reynolds number Re__ was evaluated at the assumed engine conditions, for a
distance X_ from the leading edge of 1.27 centimeters (0.5 in.) and a constant Prandtl
number of 0.705. The transport properties were evaluated by using the data of refer-
ence 3. For the purpose of this analysis the blade-to-coolant heat-transfer coefficient
was assumed to be

h, =1.5h, 12)

The wall and ceramic-thermal-barrier thermal conductances R, and Ry in equa-
tion (2) were obtained for a blade wall thickness of 0.102 centimeter (0.040 in.) and a
ceramic thickness of 0.025 centimeter (0.010 in.) and by using equations for the ther-
mal conductivity of the blade wall (MAR-M509) and of the ceramic (yttria-stabilized
zirconia) from references 4 and 5, respectively.

Boundary Conditions

TFor the advanced turbofan engine or the high-temperature turbine rig the turbine-
inlet gas temperature and pressure were 1700 K (26000 F) and 40 atmospheres, respec-
tively, and the cooling-air temperature was 922 K (1200O F). To obtain the low-tem-
perature conditions simulating the advanced turbofan engine, the method of reference 6
was used. For an inlet gas temperature to this turbine rig of 756 K (9000 F), the gas
pressure was determined to be 15. 6 atmospheres and the cooling-air temperature,



409 K (278° F). The gas-stream Mach number at the element of the turbine blade under
analysis was assumed to be 0.4 for the engine and for both test rigs. For convenience
these conditions are listed in table I.

Probable Uncertainties

The probable uncertainties in the influence factors are listed in table III. For the
average instrumented engine the local gas temperature was assumed to be known within
no better than 167 kelvins (300 deg ¥), or 9.8 percent of the gas absolute temperature.
For the highly instrumented engine or high-temperature test rig the gas temperature
was assumed to be known within 2 percent. For the low-temperature test rig it was as-
sumed to be known within 1 percent. The coolant temperature was assumed to be known
within 28 kelvins (50 deg F), or 3 percent of the coolant absolute temperature, for the
average instrumented engine and within 1 percent for either the highly instrumented re-
search engine, the high-temperature test rig, or the low-temperature test rig.

The current uncertainty in predicting the local gas-to~blade heat-transfer coeffi-
cient for an arbitrary turbine airfoil shape (for which prior experimental test data were
not available) was assumed to be 35 percent. Experimentally measured local heat-
transfer coefficients around several airfoil shapes are compared in references 7 and 8
with local coefficients predicted by using the best available computer programs. These
data, apparently for two-dimensional flow, show that the uncertainty in predicting local
gas-to-blade heat-transfer coefficients is at least as large as that assumed herein. In
reference 9 some data from these references are summarized and the fundamental
mechanisms that influence the predictions are discussed.

Higher-than-assumed uncertainties in local gas-to-blade heat-transfer coefficients
might be expected for low-aspect-ratio blading, where secondary flows are prevalent.
Improvement in the accuracy of predicting gas-to-blade heat-transfer coefficients is ex-
pected with more research, improved computational methods, and better understanding
of flow and heat-transfer mechanisms around airfoils, particularly the effects of such
factors as transition, stream turbulence, and unsteady flow. Considering the accuracy
with which these data might be obtained, it was assumed that the best predictions of
local gas-~to-blade heat transfer would be within 10 percent.

The current uncertainty in predicting local blade-to-coolant heat-transfer coeffi-
cients (for cooling configurations for which prior experimental test data were not avail-
able) was assumed to be 20 percent. The basis for this assumption was reference 10,
which showed that the coefficient could not be correlated better than 10 percent for
idealized flow through a smooth tube. Correlations for more complex cooling schemes
and complex entrance shapes, such as those for a turbine blade, would probably be less
accurate for the same understanding of flow and heat-transfer mechanisms.



More realistic models of actual blades, more detailed measurements, and a better
understanding of the flow and heat transfer within the coolant passages should improve
the accuracy in predicting local blade-to-coolant heat-transfer coefficients. The uncer-
tainty, however, is not expected to be much less than 10 percent.

The uncertainties in the blade-wall and ceramic-coating thermal conductances were
determined to be 6 and 14 percent, respectively. These numbers were based on the as-
sumption that the thermal conductivities for a batch of the blade metal and plasma-
sprayed ceramic coating materials would be known only within uncertainties of 5 and 10
percent, respectively. It was also assumed that the variations in thickness would be
2.5 percent (0.025 cm out of 1 cm) for the blade metal and 10 percent (0.025 cm out of
0.25 cm) for the ceramic coating. The probable uncertainties of the thermal conduc-
tances were the root mean squares of the sum of the uncertainties of the thermal con-

ductivities and the wall thicknesses,

RESULTS AND DISCUSSION

The accuracy of analytically predicting steady-state local turbine-blade metal tem-
peratures was examined. The turbine conditions analyzed are shown in table I, the as-
sumed percentage uncertainties in the values of the influence factors are shown in
table III, and the calculated reference conditions for the turbines are listed in table II.

Sensitivity of Metal Temperatures to Influence Factors

In the analysis the following six factors were considered to affect the blade metal
temperature: gas and coolant temperatures, gas~to-blade and blade-to-coolant heat-
transfer coefficients, and the thermal conductances of the wall and the ceramic coating.
Although other factors can influence blade temperatures, such as leakages and uncer-
tainty in cooling airflow rates, they were not considered herein. The sensitivity as a
percentage of the blade surface metal absolute temperature change for a 1-percent
change in influence factor as obtained by directly perturbating equation (2) is listed in
table IV,

Values obtained by partially differentiating equation (2) and using equations (4) to (9)
differed only slightly from those in table IV, thus indicating near linearity of these
equations.

Table IV shows that a percentage change or uncertainty in the gas absolute temper-
ature would result in the largest percentage change in the metal temperature of an un-
coated blade. Uncertainty in the coolant temperature would have the greatest effect on
the metal temperature of a ceramic-thermal-barrier-coated blade. However, as dis-



cussed later, except for the average instrumented engine, where uncertainty in these
two boundary conditions is large, the root mean square of their effect on predictions of
local blade metal temperature (using eq. (10)) was small. Their independent effect on
local blade metal temperatures was also not large as compared with that due to the cur-
rent uncertainty in local gas-to-blade heat-transfer coefficients.

Uncertainty in Blade Metal Temperature Prediction

The effects of combinations of assumed uncertainties in the influence factors on
blade surface metal temperature prediction as determined by perturbating equation (2)
are shown in table V. The data are shown as the uncertainty in the wall temperature in
degrees kelvin and as the percent uncertainty when referred to the blade metal absolute
temperature. The data are for blades with and without a ceramic thermal-barrier coat-
ing. When the uncertainties were determined from the partial derivatives of the blade
metal temperature with respect to each influence factor (eqs. (@) to (9) along with
eq. (10)), the percent uncertainty in Tyo In the worst cases was about 1 percent higher
than shown in table V for the uncoated blades and 1 percent lower for the coated blades
in an average engine with current uncertainties in the influence factors. This indicates
the near linearity of the equations for the conditions analyzed.

Engines or high-temperature turbine test rig. - For an average instrumented en-

gine with the current combination of assumed uncertainties in local boundary conditions,
geometry, heat-transfer coefficients, and material thermal properties (table III), the
uncertainty in analytically predicting or verifying local blade surface metal tempera-
tures is about 98 kelvins (176 deg F), or 7.6 percent of the metal absolute temperature,
for uncoated blades and 62 kelvins (112 deg F), or 5.7 percent, for blades with a ceramic
thermal-barrier coating. For a highly instrumented engine or a high-temperature tur-
bine test rig, where the local boundary conditions (gas and coolant temperatures) are
less uncertain, the uncertainty in predicting or verifying blade surface metal tempera-
tures was 64 kelvins (115 deg F), or 5 percent of the metal absolute temperature, for
the uncoated blade and 30 kelvins (54 deg F), or 2.7 percent, for the coated blade.
These metal temperature predictions are more accurate than those for an average in-
strumented engine by 34 kelvins for the uncoated blade and 22 kelvins for the coated
blade.

The analysis showed that once the uncertainties in the boundary conditions are at
the level of those for the highly instrumented engine or high-temperature turbine test
rig, eliminating all uncertainties in the boundary conditions would not significantly
lessen blade temperature prediction uncertainties. For example as shown in table V,
with perfect knowledge of the gas- and cooling-air temperatures and the blade metal and
ceramic thermal conductances, the blade metal temperature prediction uncertainty



would decrease by only a fraction of a percent, or about 2 kelvins (3 deg F) for uncoated
blades and 6 kelvins (11 deg F) for coated blades, as compared with the assumed cur-

rent prediction uncertainty for a high-temperature test rig or highly instrumented re-~
search engine.

The results of the analysis in table V show that reducing the uncertainties in heat-
transfer coefficients can significantly improve the accuracy of blade temperature pre-
dictions. For the highly instrumented research engine or high-temperature turbine test
rig, improving the current knowledge of local gas-to-blade and blade-to-coolant heat~
transfer coefficients to the best expected attainable levels of accuracy (from within
35 percent to within 10 percent and from within 20 percent to within 10 percent uncer-
tainty, respectively) would reduce the uncertainty in predicting blade surface metal
temperatures to 28 kelvins (50 deg F), or 2.1 percent of the metal absolute tempera-
ture, for uncoated blades and to 21 kelvins (38 deg F), or 1.9 percent, for coated
blades. The improvement in blade metal temperature prediction accuracy obtained with
more accurate gas- and coolant-side heat-transfer coefficients might be equivalent to
that attainable after testing a specific airfoil and cooling configuration and obtaining
adequate measurements, The improvement in blade metal temperature prediction ac-
curacy achieved with more accurate gas-to-blade heat-transfer coefficients was more
significant than that achieved with more accurate blade-to-coolant coefficients. For
example, reducing the uncertainty in the gas-to-blade heat-transfer coefficient alone
reduced the uncertainty in blade metal temperature prediction to 35 kelvins (63 deg F),
or 2.7 percent of the metal absolute temperature, for the uncoated blades. Reducing
the uncertainty in the blade-to-coolant heat-transfer coefficient alone reduced the un-
certainty in metal temperature prediction only to 60 kelvins (108 deg F), or 4.7 percent.

Low-temperature turbine test rig. - The results of the analysis in table V show
that with current uncertainties in influence factors the blade metal temperature predic-
tion (or verification) uncertainty for the low-temperature test rig is only a fraction of a
percent less than that for the high-temperature rig. Perfect knowledge of both the
boundary conditions and the wall and ceramic thermal conductances would have no sig-
nificant effect on the uncertainty in blade metal temperature prediction. Also, as with
the high-temperature rig, better knowledge of the local gas-side heat~transfer coeffi~

cient and, to a lesser extent, of the coolant-side coefficient significantly reduced the
uncertainty in blade metal prediction. '

For all conditions the percent uncertainties in predicting or verifying blade metal
temperatures were only slightly lower for the low-temperature turbine test rig than for
the high-temperature rig.
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CONCLUDING REMARKS

The inability to analytically predict local blade surface metal temperatures in a new
turbine design with an accuracy closer than 98 kelvins (176 deg F), or 7.6 percent of the
metal absolute temperature, with current knowledge implies that large variability in
turbine life can be expected without prior hardware tests. The structural and life ana-
lyst should use analytically predicted local blade metal temperatures (obtained with cur-
rent knowledge of influence factors) with caution.

Improvement in knowledge, such as could be obtained from testing a specific air-
foil and cooling configuration, could reduce the uncertainty in predicting blade metal
temperatures to 28 kelvins (50 deg F), or 2.1 percent of the metal absolute tempera-
ture. The greatest improvement in predicting blade metal temperatures would result
from more accurate predictions of local gas-to-blade heat-transfer coefficients. More
accurate measurement and knowledge of gas and coolant temperatures than currently
assumed to be possible will not significantly improve blade metal temperature predic-
tion accuracy.

Using a low-temperature turbine test rig to simulate engine environments would
improve the accuracy of blade metal temperature predictions by only a fraction of a
percent as compared with using a highly instrumented high-temperature turbine test rig.
Direct use and extrapolation of measured dimensionless metal temperature data from
low-temperature turbine rig (simulation) tests to high-temperature turbine conditions
would require corrections for wall metal and ceramic thermal conductivities by methods
such as that described in reference 11. Otherwise, low-temperature turbine rigs re-
quire the use of (often difficult to select) materials with thermal conductivities that
would provide simulation of the terms in equation (2). Lower cost, considerably better
durability of instrumentation, and convenience, however, can influence the decision to
use low-temperature rigs.

SUMMARY OF RESULTS

The following results and conclusions were obtained from the analysis to examine
the extent to which various factors influence steady-state, turbine-blade metal tempera-
ture predictions and to determine the uncertainty of these predictions for conditions of
an advanced turbine engine and a highly instrumented turbine test rig and for the same
turbine tested at simulated engine conditions:

1. With current assumed knowledge of local boundary conditions (gas and coolant
temperatures), geometry, heat-transfer coefficients, and material thermal properties,
the uncertainty in analytically predicting local turbine-blade surface metal absolute
temperatures in an advanced engine is about 7.6 percent, or 98 kelvins (176 deg F), for
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uncoated blades and about 5.7 percent, or 62 kelvins (112 deg F), for ceramic-thermal-
barrier-coated blades.

2. For a highly instrumented high-temperature turbine test rig and with assumed
better knowledge of local gas and coolant temperatures than in an engine, the uncer-
tainty in predicting the blade metal surface temperatures is about 5 percent, or 64 kel-
vins (115 deg F), for uncoated blades and 2.7 percent, or 30 kelvins (54 deg F), for
coated blades.

3. Despite improved knowledge or accuracy of local gas temperature measurements
in a low-temperature-simulation turbine test rig, analysis indicated only a fraction of a
percent improvement in the expected accuracy of predicting the surface metal tempera-
tures as compared with that in the high~-temperature turbine test rig.

4. Perfect knowledge of the gas and coolant temperatures and of the wall metal and
ceramic thermal conductances, as compared with that currently assumed measurable,
would not significantly improve the accuracy in predicting blade metal temperatures in
the highly instrumented high-temperature turbine test rig. The accuracy would be im-
proved by only a fraction of a percent, or about 2 kelvins (3 deg F), for uncoated blades
and 6 kelvins (11 deg F) for coated blades.

5. Improving the current knowledge of local gas-to-blade and blade-to-coolant heat-
transfer coefficients to the best assumed attainable levels of accuracy (from 35 to 10
percent and from 20 to 10 percent, respectively) would significantly improve the ability
to predict blade metal temperatures. The prediction accuracy would improve from
5 percent, or 64 kelvins (115 deg F), to about 2.1 percent, or 28 kelvins (50 deg F), for
uncoated blades and from 2.7 percent, or 30 kelvins (564 deg F), to 1.9 percent, or
21 kelvins (38 deg F), for coated blades at the conditions in the high~temperature tur-
bine test rig. Improving the accuracy of the gas-to-blade coefficient was more signif-
icant than improving the accuracy of the blade-to~coolant coefficient.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, March 6, 1980,
505~04.
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TABLE I. - ASSUMED TURBINE CONDITIONS

Condition

Gas temperature, K

Gas pressure, atm

Engine or high-
temperature
turbine test rig

Low-temperature
(simulation)
turbine test rig

Cooling-air temperature, K

Gas-stream Mach number

1700 756
40 15.6
922 409
0.4 0.4

TABLE II. - CALCULATED REFERENCE CONDITIONS

Condition

Gas-to-blade heat-transfer
coefficient, W/m K

Blade-to-coolant heat-transfer
coefficient, W/m K

Wall thermal conductance, W/m K:
For coated blade
For uncoated blade

Ceramic thermal conductance, W/m K

Blade metal outer-surface temperature, K:

For coated blade
For uncoated blade

Engine or high-
temperature
turbine test rig

8.605X10°

12.917x10°

35.50x10°
40.67x10°

3.802x10°

1092
1285

Low~temperature
(simulation)
turbine test rig

4.967x10°

7.460Xx10 3

16.80x10°

20.15%10°

2.514x10°

493
574




TABLE II, - ASSUMED PERCENT UNCERTAINTIES IN INFLUENCE FACTORS

Influence factor

Gas temperature

Coolant temperature

Current
Best expected

Current
Best expected

Blade wall thermal conductance

Ceramic thermal conductance

Gas-to-blade heat-transfer coefficient:

Blade-to-coolant heat-transfer coefficient:

Average
instrumented
engine

Highly
instrumented
engine or

high-temperature

turbine test rig

Highly
instrumented

low-temperature

(simulation)
turbine test rig

9.8

35
10

20
10

14

Assumed percent uncertainty

2

35
10

20
10

14

35
10

20
10

14

TABLE IV. - TURBINE-BLADE WALL SURFACE TEMPERATURE CHANGE FOR

1 PERCENT CHANGE IN INFLUENCE FACTOR

Influence factor

Gas temperature

Cooling-air temperature

Gas-to-blade heat-transfer coefficient
Blade-to-coolant heat-transfer coefficient
Ceramic thermal conductance

Metal wall thermal conductance

8Thermal-barrier coating.

Engine or high-temperature
turbine test rig

Uncoated
blades

Change in blade metal

.37

.15

-.12

-.029

Coated
blades?

Low-temperature (simulation)
turbine test rig

Uncoated
blades

Coated
blades?

metal absolute temperature

0.48 0.

.70

.052

-.11 -.

.087

-.041

-.053

temperature, percent of

61 0.36
.36 .61
.15 .056
12 -.11
0 .083
-.037
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TABLE V. - UNCERTAINTY IN PREDICTION OF LOCAL BLADE METAL SURFACE TEMPERATURES

Effect of current uncertainties

Highly instrumented researc

Effect of current uncertainties

Perfect knowledge of boundary conditionsb
and conductances

Effect of best expected future knowledge of -
Both heat-transfer coefficients
Gas-side coefficient only
Coolant-side coefficient only

Low-temperature (simulation) turbine test rig

Uncoated blades

Coated blades?

Temperature
change,
kelvin

Average instrumented engine

98
h engine or hig
64

62

28
35
60

Effect of current uncertainties

Perfect knowledge of boundary conditionsb
and conductances

Effect of best expected future knowledge of -
Both heat-transfer coefficients
Gas-side coefficient only
Coolant-side coefficient only

27

27

11
14
26

4Thermal-barrier coating.

Temperature
change,
percent of
metal absolute
temperature

7.6

-temperature tu

5.0

4.8

2.1
2.7
4.7

4.7

4.7

1.9
2.4
4.5

Temperature | Temperature
change, change,
kelvin percent of

metal absolute
temperature
62 5.7
rbine test rig

30 2.7
24 2.2
21 1.9
25 2.3
26 .4
11 2.3

9 1.9

8 1.6
10 2.1
10 1.9

Boundary conditions defined as local-gas and cooling-air temperatures.
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