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ABSTRACT

The objective of the DOE/NASA/Ford program entitled “Evaluation of Ceramics for Stator
Applications in Gas Turbine Engines” is to assess current ceramic materials, component
fabrication processes and reliability prediction capability for ceramic stators in an
automotive gas turbine engine environment. Simulated engine duty cycle testing of stators
will be conducted at temperatures up to 1093°C (2200°F).

Materials being evaluated are SiC and SizgNg fabricated from two near-net-shape processes:
slip casting and injection molding. Participating vendors will be supplying stators for
durability cycle evaluation and test specimens for material property characterization. A
reliability prediction model will be prepared to predict stator performance in the simulated
engine environment.

This report describes the work requirements and proposed technical approaches for the four
major technical tasks in the program. Also reported is the status and description of the work
performed during the period of February 1, 1978 thru July 31, 1978 for the reliability
prediction modeling, stator fabrication, material property characterization, and ceramic stator
evaluation efforts.
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SUMMARY

Results obtained for the work period of February 1, 1978 through July 31, 1878 are presented for each of the
four technical tasks within the project.

TASK I — RELIABILITY PREDICTION MODEL

A 3-D finite element model of the stator has been completed. Heat transfer coefficients were prepared and
<hermal analyses completed for the first 15 seconds following a simulated light-off transient. Constant material
properties were assumed. Programming has begun for inclusion of aerodynamic loads for future stress analysis.

TASK II — STATOR FABRICATION

Negotiations were successfully completed for participation of three ceramic component suppliers in addition to
two separate Ford material programs. Outside suppliers are AiResearch, Carborundum and Norton. The five
approaches represent two basic near-net-shape processes — slip casting and injection molding — in both the SiC
and SigN4 materials. Tooling and/or stator fabrication is underway for all five approaches.

TASK III — MATERIAL PROPERTY CHARACTERIZATION

The Illinois Institute of Technology Research Institute (IITRI) has been subcontracted for charucterizing the
five suppliers’ materials for Young's and shear modulii, as well as thermal diffusivity, specific he~t and thermal
conductivity.

Fixtures for hot modulus of rupture (MOR) strength characterization at Ford have been designed and ordered.
Dilatometer modifications have been completed at Ford for thermal expansion characterization.

TASK IV — CERAMIC STATOR EVALUATION

Automation of the duty cycle test rig is in process. An automatic control specification was prepared and a
control system ordered. Rig testing was conducted to define system characteristics and obtain con:rol design data.
Combustor development was conducted to improve lean blow-out margin at minimum duty cycle temperature
conditions.



INTRODUCTION

Ford Motor Company started research on applying brittle materials to gas turbine engines in 1961 when
develupment was initiated on a ceramic regenerator system for use in gas turbine engines. In 1967, work on high
temperature turbine research was started along with initial design investigations of an experimental high temper-
ature gas turbine engine, designated Model 820.

By the end of 1970, based on design studies and experimental research, it was decided to concentrate research
and development on an all-ceramic flowpath rather than on using an air-cooled metal turbine wheel. Since 1971
government funding has helped to accelerate the development of such ceramic turbine technology. Progress on
these programs hag been of considerable interest to the technical comnmunity and has spurred the establishment
of activities in ceramic material and process development and ceramic turbine component and engine develop-
ment on a worldwide basis.

Of particular interest are the areas of ceramic structural component technology, comprising:

o Designing with ceramics

® Ceramic material and process development
o Ceramic test rig development

e Ceramic component testing methodology

® Reliability prediction and failure analysis

As a step in the progression of events, the Department of Energy (through NASA-Lewis) initiated a program in
January, 1978 which would provide for an assessment of the capability of the ceramics industry to fabricate
ceramic gas turbine engine one-piece stators having the quality and integrity required for automotive turbine
engine applications.

Ceramic stators of the Ford Model 820 turbine engine design were selected for this program. This stator is
representative of size and design required for automotive turbine engines, prior experience exists in fabricating
silicon nitride and silicon carbide stators of this design, and rig and engine tests have been conducted with these
components.

The work to be accomplished under the program, “Evaluation of Ceramics for Stator Applications — Gas
T.rbine Engines,” is divided into four technical tasks that include development of a reliability prediction model
for ceramic stators, fabrication of ceramic stators, material property characterization, and simulated engine duty
cycle testing of the stators,

Ceramic stators will be fabricated by Ford and three ceramic component suppliers using fabrication tech-
niques that have potential for near-net-shape, mass production. Baseline ceramic material properties will be
determined, as required, for input to the reliability prediction model.
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DISCUSSION OF PROGRAM

TASK I — RELIABILITY PREDICTION MODEL
L. A. Scope of Work

In this task a reliability prediction model will be prepared for the current ceramic stator design of the Ford

Model 820 automotive gas turbine engine. The géneral requirements for the model to be develope.. are outlined
below.

1. The reliability prediction model must be designed to predict stator performance associated with driving a
vehicle powered by a sas turbine engine over a driving cycle as simulated in the Ford Hot Flowpath Qualifica-
tion Rig and Light Off Qualification Rig.

2. Development of the model must incorporate a detailed analysis which includes a 3-D finite element analysis
of the stator to provide the stress distribution. This analysis must account for stresses imposed on the stator by
both aerodynamic loading and thermal transients associated with the simulated engine test.

3. Variability normally encountered in ceramic materials must be accounted for by using statistical material
strength parameters.

4. The model must account for ceramic component failure due to time independent and time dependent failure
modes. For time dependent failure, at least slow crack growth must be included for those materials exhibiting
this phenomena.

5. Model construction must be such that for any given ceramic material, the reliability of a stator fabricated
from that material can be predicted from known base material properties.

I. B. Technical Approach

In developing the rehabihty prediction model for the ceramic stator a sequence of analytical steps utilizing an

assortment of computer programs is planned. A flow chart of the sequence is shown in Figure 1.
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Figure 1 Schematic of Typical Three-Dimensional Analysis Process
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Development of the 3-D finite element model will include a 1/25 section of the stator. The section will include
the outer shroud, a complete vane and the attached inner shroud segment. Element layout at the ends of the outer
shroud sections will be such as to permit forcing displacement continuity with the adjacent, but not included,
elements,

Thermal boundary ccaditions for the model will be sufficiently established to carry «at a 3-dimensional heat
transfer analysis. Convective film coefficients for the vane surfaces will be obtained directly from the Nusselt
number output computed by BLAYER which was developed by NASA for computing 2-dimensional boundary
layers on airfoils and turbomachine blades in arbitrary pressure gradients (1). The velocity distribution, an input
requirement of BLAYER, is computed by TSONIC, also developerl by NASA (2). Film coefficients for the wetted
surfaces of the inner and outer shrouds are computed by an empirical method given by Zysina-Molozhen and
Uskov (3).

Temperature distributions throughout the model will be generated using a modified version of the commercial-
ly available TAP program developed by Engineering/Analysis Corporation (4). This program allows for heat
transfer analysis by convection and conduction to a constant environment through a fixed surface heat transfer
coefficient. Thermal properties {conductivity and specific heat) will be temperature dependent where applicable.

External loads imposed on the model consist essentially of aerodynamic forces on the vane and will be
included in the stress analysis. Calculation of these forces will be obtained from the pressures or velocities along
the surfaces using the NASA developed ADFORCES program (5).

Stress distributions throughout the model will be obtained from the combination of external aerodynamic
forces and thermal gradients. A modified version of the commercially available SAP IV program developed by
the Department of Structural Engineering, University of California (6] will be used. The program allows for the
study of multiple thermal loads and can handle elastic and thermal expansion properties which are fully orthotro-
pic and vary with temperature. Sufficient stress mapping will be performed to provide a visual display of the
stress contours at critical loading conditions,

Reliability prediction for the time independent analysis will use the output from the stress analysis to deter-
mine the probability of survival of the stator for the loading conditions imposed by the durability test. The
material properties required for the analysis are the characteristic strength and Weibull modulus measured as a
function of temperature.

The time dependent life-prediction portion of the system uses output from the strength analysis to determine
the useful life of the stator under a constant or varying load history. The analysis is based on the model for
subcritical crack growth (7) and used fatigue strength parameters as input. The static fatigue strength parameters
~ consist of the characteristic strength of an MOR test bar and the corresponding stress rate (¢) at which these

measurements are taken. The crack propagation exponent is obtained directly from static fatigue strength mea-
surements conducted at different stress rates,

1. C. Status

The initial efforts on the reliability prediction model were directed toward establishing base line data on the
Ford computer system, repeating an earlier stator analysis. The previous analysis was prepared by the Lawrence
Livermore Laboratory (LL1L) for the U. S. Energy Research and Development Administration under contract
number W-7405-ENG-48 (8). The LLL study included a finite element 3-D model and utilized finite element
thermal and stress analysis. However, the analysis had a number of shortcomings relative to the scope of this
current program. It was based on an earlier design Ford stator, did not include temperature dependent properties
or aerodynamic loads, employed simplified boundary constraints and did not include reliability prediction.

Reinstatement of available computer files representative of the LLL analysis was completed. Thermal gradi-
ents and thermal stress data was generated using the reinstated tapes and files.

A complelely revised 3-D finite element model has been developed and appears as an exploded view in Figure
2. The new model includes a one blade section (1/25) of the outer shroud, one complete vane and its attached
inner shroud segment. Quter shroud element layout has been prepared in such a way as to enable forcing
deflection continuity at both ends for the stress analysis,

4
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Figure 2  Three-Dimensional Model of Ford Model 820 Ceramic Stator

Heat transfer coefficients representative of a cold light off-to-engine idle transient have been prepared for the
new model thermal analysis. Cocificients for the wetted surfaces of the inner and outer shrouds are shown in
Figure 3. Blade surface film coefficients for the pressure and suction surfaces of the four layers of elements are
shown in Figures 4, 5 & 6 as a function of the dimensionless surface distance S/Smax. The three dimensional
coefficients shown on these figures were obtained by interpolation and extrapolation of two dimensional data
generated for blade profiles at 43.2, 49.5 & 55.9mm (1.70, 1.95 & 2.2 inch) radii from the stator center line (9).
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Figure 3  Heat Transfer iilm Coefficients for Thermal Analysis
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Figure 5 Heat Transfer Film Coefficients, First Stage Stator Vane at 55% Speed, 1054°C
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Figure 6 Heat Transfer Film Coefficients, First Stage Stator Vane at 55% Speed, 1054°C
(1930°F) Inlet Temperature and Radius of 55.9mm (2.2 in.)

Thermal gradients have been computed for the first 15 seconds of a simulated qualification test light off with
the new model and using the heat transfer coefficients shown. Material properties used were those at 538°C
(1000°F) for the Ford 2.7 g/cc density, injection molded, reaction bonded SigNg4. The specific property values are
shown in Table 1.

YOUNG'S MODULUS, MPa (PS]) 166 X 103 (24.1 X 106)
SHEAR MODULUS, MPa (PS]) 71 X 103 (10.3 X 106)
THERMAL EXPANSION, ¢cm/cm®C (in/in°F) 2.59 X 10-0 (1.46 X 10-6)
POISSON RATIO 164 (.164)
THERMAL CONDUCTIVITY, W/mK (BTU/hr ft°F) 1.17 (.675)
SPECIFIC HEAT, j/kgK (BTU/Lb °F) 1130 (.270)

Table 1. Properiies of Ford Injection Molded Reaction Bonded Silicon Nitride at 538°C (1000°F).

Temperature contours for the stator vane pressure and suction surfaces at 2.0 and 5.0 seconds are shown in
Figures 7 and 8. Thermal stresses have also been generated using the new model.

Work is in process for the addition of the aerodynamic loads to the stress analysis. The NASA program for
calculating these aerodynamic loads (ADFORCES) is being compiled in the FORTRAN IV system and also in
modified form for use with the Honeywell FORTRAN system.
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Figure 7  Temperature Profile on Stator Vane Surfaces 2.0 Seconds after a Step Change in
Gas Temperature from 16 to 1054°C (60 to 1330°F).
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