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ABSTRACT

Measurements have been made of the rate of increase in temperature of a
Zr02—8Y203 thermal barrier coated (TBC) specimen for various values of
fuel/air (F/A) ratios when the specimen is exposed to a 0.3 Mach burner
f Tame.

For rod specimens in a carousel, the heating rates increased with (F/A)
ratio and were higher at the inward facing surface for a given (F/A). Plate
specimens were more sensitive to burner variations.

Calculated results are given for the radial stress in the coated rod
specimens for variations in (F/A) ratios from 0.04 to 0.065. Over this
range, the radial stress varies from 4.3 to 5.3 MPa (0.62 to 0.77 ksi).

The results indicate that controlling the heating rate of a TBC by con-
trolling the (F/A) ratio offers a potential method to prolong TBC cyclic
life; uncontrolled (F/A) ratios will produce scatter in experimental re-
sults. Geometric arrangement can have an equivalent effect, but is usually
fixed by design.

INTRODUCTION

Thermal barrier coatings applied to the heated side of engine compo-

nents such as seals, combustor and blades of a gas turbine offer a potential

increase in efficiency through the use of higher gas temperatures or less



cooling air or benefits arising from extended component life by reducing
component metal temperatures (refs. 1 to 5).

Extensive research has been carried out to determine the properties of
thermal barrier coatings (TBCs) and to improve their durability (refs. 6 to
11). O0f major concern, however, are the large deviations in TBC life data.
Satisfactory and consistent performance under cyclic heating and cooling is
essential if TBCs are to be used by industry in major component design
(refs. 12 and 13).

In a previous study (ref. 13) the calculated TBC detachment stress in
the initial phase of the heating cycle was found to be greater than the
allowable range given in reference 6 and quite sensitive to the rate of hea
input. Methods were suggested to reduce the heat flux dependence such as
varying the fuel-air ratio (F/A) since there is an equivalence between (F/A
and the driving temperature potential.

The purpose of this paper is to show that while a TBC specimen can be
brought to a fixed temperature using various (F/A) values, lower calculated
stresses are associated with lower (F/A) values. This implies that control
of (F/A) values (i.e., rates of heat input) during the starting transient
and to a lesser extent during shutdown and operation, offers a potential
method of improving TBC l1ifetime through thermal cycle management. Such
control methods would be more readily applicable to industrial and some
commercial turbomachinery rather than military turbines, where time to
achieve maximum power is at a premium. One would, however, most likely con
tinue to design for the most adverse conditions which would affect such
things as allowable TBC thickness, cooling, strain isolation systems or
other strain accomodation features, and use thermal cycle management to gai

lifetime.



APPARATUS AND PROCEDURE

Methods of assessing the cyclic 1ife of TBC specimens in a rotating
carousel with a 0.3 Mach burner flame are described in reference 13.

In the manual operating mode, the burner (F/A) ratio can be fixed and
the resulting free stream temperature then attains an equilibrium value. In
the automatic operating mode the free stream temperature as well as the ini-
tial maximum (F/A) value are pre-selected. In this latter case the burner
initially heats at close to the maximum (F/A) value and then (F/A) is dynam-
jcally adjusted by a controller (thermocouple feedback) to attain the preset
free stream temperature. Both techniques were used in taking the free
stream temperature surveys and specimen time-temperature data at various
(F/A) values. The free stream temperature was surveyed using a K-type
thermocouple (chromel-alumel) suspended at carefully calibrated locations
along and off the burner centerline and corroborated using a radiation
pyrometer. The agreement was within #50° F at 1800° F (1256 K).

To determine the specimen time-temperature data, a K-type thermocouple
was imbedded in a rod and placed in the carousel and rotated in the flame.
The time-temperature data were recorded on strip charts.

The specimen bond coat was Ni18Cr12A10.3Y, nominally 0.13 mm, which was
coated by Zr02-8Y203, nominally 0.38 mm thick.

RESULTS AND DISCUSSION

Rod specimen time-temperature data were taken and replotted as fig-
ure 1. The temperature was controlled and the initial (F/A) varied from
0.051 to 0.059 (automatic mode). The slopes of the time-temperature curves
increase with increasing (F/A) and represent the rate of heat input to the
specimen. Despite differing initial heating rates (different slopes), the

same specimen equilibrium temperature is achieved by the controller after



approximately 3 minutes. In the manual mode of operation, with preselected
fixed (F/A) ratios, both the slope and the steady state level increased as
the (F/A) ratio increased.

Experimental values of free stream temperature variation with (F/A)
(manual mode) are given along with the combustion temperatures in figure 2.
These values represent the temperature 1.3 cm from the nozzle, along the
centerline. Using the temperature- (F/A) values as input, the thermal
stresses were calculated under transient heating using a combination of the
programs SINDA (refs. 14 and 15) and FEATS (refs. 16 and 17). As antici-
pated from the results of reference 13, the higher the rate of heat input,
the higher the resultant stresses, figure 3. Calculated thermal stresses
are shown to be at a maximum in a TBC specimen near the stoichiometric (F/A)
and less at other (F/A) ratios. Such stresses, of course, depend on the
free stream temperature but more importantly on the rate of heat input to
achieve that temperature. It is the (F/A) of initial heating which most
affects the magnitude of the stresses,* since the gas temperature is the
driving potential for heat input.

Since thermal stresses can cause TBC failure, to prolong TBC life
specimens should be subjected to a low initial heating rate, gradually in-
creasing to achieve the equivalent temperature. Testing which controls only
the final temperature and dynamically varies (F/A) to achieve that tempera-
ture subjects the specimens to a variety of stresses which may produce

significant life-cycle data scatter.

*The major parametric groups are Material properties, Geometric con-
figuration, Heat flux - thus other parts of the heating cycle can produce
failures depending on the nature of these parameters (e.g., cooldown of some

© flat plate specimens).



Testing geometry can also have an effect. The heating rate for eight
rod specimens in a carousel is higher for those surfaces facing one another
(radially inward) than for those surfaces facing the environment (radially
outward). This is in agreement with test data where failures nearly always
occur at the more rapidly heated and ultimately hotter inward location, fig-
ure 4 and Appendix.

To further illustrate the consequences of high and low (F/A) values,
flat plate test specimens were placed in a nonuniform, maldistributed burner
flame. A temperature survey 5 cm from the nozzle exit plane indicated a hot
zone in the Tower quadrant of the burner and a relatively cool zone in the
upper half; a surface temperature variation of 250° F at 1800° F (1256 K)
was noted on the test specimen. Such a maldistribution can be considered as
stratification or equivalently as variations in (F/A), from top to bottom of
the burner. Surface oxidation, geometric distortion and TBC failure were
closely monitored. With a constant (F/A) value of 0.061 (free stream tem-
perature 1622 K (2460° F), fig. 2), the specimen shown in figure 5(a) failed
in less than 370 thermal cycles of 2 min. heating and 1.5 min. cooling.
However, with a (F/A) value of 0.047 (free stream temperature 1444 K
(2140° F), fig. 2) the specimen did not really fail although a wedge shaped
chip in the lower edge was noted at 4700 cycles and the test was terminated
after 10,000 thermal cycles (fig. 5(b)). 1In both cases the upper portion of
the specimen did not fail, but appeared degraded by products of combustion
gas deposition.

SUMMARY OF RESULTS

Since the heating rate is controlled by the gas temperatUre which is

directly related to the fuel-air rétio (F/A), the free stream temperatures

associated with various (F/A) values for a Mach 0.3 burner rig were mapped



to provide input for the transient thermal stress computations. The result-
ing stress computations for a TBC coated rod show increased stresses at
higher (F/A). These results imply longer TBC cycle life for lower initial
(F/A) in the 0.04 to 0.07 range of Jet A/air used herein.

Properly controlled (F/A), herein termed thermal cycle management,
offers a potential method to prolong TBC Tife; uncontrolled (F/A) could pro-
duce substantial scatter in experimental results.

At a fixed (F/A) ratio and a mass flow kate, the heating rates of rod
specimens are larger on the surfaces facing the inside of the carousel.

These results imply the importance of geometry in both testing and practice.



APPENDIX
WATER TABLE SIMULATION OF THE TEST CAROQUSEL

For the rod specimen analysis it is expedient, but incorrect, to assume
an average heat flux over the specimen surface. The effects of circumferen-
tial heat flux variation and pressure for cylinders in crossflow can be
found in most heat transfer texts and are Reynolds number dependent.

The burner-carousel arrangement was simulated on a water table, see
figure 6(a), and dye was used to define the flow field. For times when the
cylinders are inline, the incident turbulence intensity of the second rod is
the wake intensity of the first rod, figure 6(b). When the flow is between
cylinders or the first is at some angle of attack, the flow between the two
leading cylinders is accelerated. As a result, surface B is "fanned" by an
augmented jet. In some cases the augmented jet is directly inline with sur-
face B, figure 6(c).

Thus for the carousel ensemble rather than a single cylinder in cross
flow, the flow characteristics are such as to indicate, (1) an increase in
incident turbulent intensity, (2) "fanning" by an augmented jet and
(3) possibly a higher suction force at surface B over that of surface F.
Since friction factor and heat transfer are directly related, it follows
that surface B should heat at a higher rate. This in turﬁ implies a higher
average stress at surface B.

The preceeding discussion applies to either heating or cooling of the

specimen.
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