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FOREWORD

The space shuttle main engine, a reusable space propulsion system, is the
most sophisticated rocket engine in use today. However, on the premise that
the United States will depend on the shuttle and its derivatives as its prin-
cipal Earth-to-orbit transportation system for the next several decades, the
Hational Aeronauti.s and Space Administration (NASA) has decided to continually
upgrade SSME capabilities. Therefore, NASA has initiated a research and tech-
nology program for advanced high-pressure oxygen-hydrogen rocket technology.
This program is intend<d to establish the basic discipline technology and to
develop new analytical tools for ar orderly evolution of reusable rocket
systems.

A substantial porction of this technology program is devoted to the struc-
tural integrity and durability aspects of reusable space propulsion systems.
This effort will improve the understanding of aerothermodynamic loads, struc-
tural dynamics, and fatigue, fracture, and life issues in the SSME and its
derivative engines. The overall approach is to examine and modify existing
analytical methods, to develop new methods where needed, and to verify them in
systematic test programs. The research is conducted through industrial con-
tracts, university grants, and in-house activities at the Lewis Research
Center.

To provide a forum for representatives from govermeent, industry, and
academia to learn about and discuss the latest findings and progress toward
improved structural integrity and durability of reusable space propulsion sys-
tems, a two-day conference was held at Lewis in June 1985. This publication
contains extended abstracts of the papers presented at that conference.

Stanley J. Marsik
Conference Chairman
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OAST TECHNOLOGY PROGRAM -~ DURABILITY EFFORT

F.W. Stephenson, Jr.
NASA Headquarters
Washington, D.C. 20546

The NASA Office of Aeronautics and Space Technology has in place a program
directed toward technology advances needed to improve service life, perfor-
mance, and operations of reusable rocket engines such as the space shuttle main
engine (SSME), its derivatives, and advanced engines of this class. The pro-
gram is focused on the development of (1) accurate analytical models for
describing flow fields, aerothermodynamic loads, structural response rotor-
dynamics, bearing characteristics, etc., from which life predictions codes can
be evolved; (2) the technology for longer life components such as bearings,
seals, turbine blades, and combustors; and (3) advanced instrumentation to
better measure the engine internal operating environments and to develop diag-
nostic sensors for real-time condjtion monitoring of critical engine compo-
nents. The program is supported by a strong effort in materials and processes
development and evaluation.

An integral part of the reusable rocket engine technology program is the
structural integrity and durability effort, which is the subject of this con-
ference and which is focused on the hot-gas flow system of staged combustion
engines like the SSME. This presentation provides a brief overview of the
overall technology program and the relationship between the overall program and
the structural integrity and durability effort.
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OVERVIEW OF AEROTHERMODYNAMIC LOADS DEFINITION STUDY

Louis A. Povinelli
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Chio 44135

The objective of the Aerothermodynamic Loads Definition Study* is to
develop methods to more accurately predict the operating environment in the
space shuttle main engine (SSME) components. Development of steady and time-
dependent, three-dimensional viscous computer codes as well as experimental
verification and engine diagnostic testing are considered to be essential in
achieving that objective. The steady, nonsteady, and transient operating loads
must all be well defined in order to accurately predict powerhead life.
Improverents in the structural durability of the SSME turbine drive systems
will depend on our knowledge of the aerothermodynamic behavior of the flow
through the preburner, turbine, turnaround duct, gas manifold, and injector
post regions.

The study was begun in October 1983. The various elements in the study
were described in December 1983 at the initial meeting of the SSME Durability
Activity at Lewis. During the first year, emphasis was placed on the computa-
tions of the turbine losses, the redistribution of the radial temperature pro-
file through the turbines, and the flow behavior in the turnaround duct. A
viscous computation was also carried out for the fuel turbine rotor, and work
was begun on a time-dependent turbomachinery code. Experimentally, an unsteady
heat transfer apparatus was designed, and instrumentation was fabricated for
installation in a low-aspect-ratio turbine. Highlights of the first year's
accomplishments were as follows:

(1) Computations of the fuel turbine losses indicated a potential improve-
ment of 8 to 10 points by reducing blade roughness and platform leakage.

(2) Oxidizer turbine loss could be reduced 5 to 7 points by redesigning
for correct rotor incidence angles.

(3) Turbine inlet temperature profiles were not significantly changed
through the turbines. It was concluded that the high solidity led to rela-
tively lightly loaded surfaces and reduced secondary flow generation. Hence
temperature redistribution was reduced.

(4) Viscous computations of the first-stage rotor profile, using flow
conditions supplied by Rocketdyne, revealed a flow separation on the pressure
side. Subsequent computations, using newly computed stator exit conditions,
did not roveal any separation.

(5) The first: manned orbital flight (FMOF) and full power level (FPL)
turnaround ducts were analyzed by using a viscous computation. After a
detailed study of the pressure losses, flow separation, diffusion, and

*This study is part of the activity of the Fluid and Gas Dynamic Working
Group of the SSME Technology Program.
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acceleration through the turn, a new geometry was computationally defined
within the available space envelope. The modified design of the turnaround
duct had minimum pressure loss and reduced the potential for flow separation.

(6) Substantial effort was devoted to fabricating and installing high-
response heat flux gauges on a low-aspect-ratio turbine. This apparatus will
be used to determine the response of the blade surfaces to temperature varia-
tions introduced by upstream disturbances.

The results obtained during the first year of the study were presented in
two workshops (March and November 1984) and at the Advanced High Pressure
02/Hy Technology Conference (June 1984), all held at the Marshall Space
Flight Center. A summary of the results was also presented at the SAE Aero-
space Congress Meeting (November 1984). A list of references is included.

The material to be presented in this session will update these results. It
represents the effort since October 1984 and is focused on the turbine compo-
nents. It is anticipated that the upcoming year's effort will be directed
toward the unsteady aspects of the turbine flows.
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SSME FUEL PREBURNER TWO-DIMENSIONAL ANALYSIS

Thomas J. VanOverbeke

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

The durability of the SSME turbine is strongly affected by the temperacure
profile leaving the preburner. Experimental measurements of this ‘emperature
profile are difficult to obtain because of the severe operating environment
within the SSME. Therefore a designer attempting to tailor the flow entering
the preburner to conform to acceptable temperatures must either engage in an
expensive and difficult experimental effor or be overly conservative in the
design. With recent advances in computatic .al capabilities, a more promising
design approach is to use a reacting flow computer model to predict the turbine
inlet temperature profile. This is the objective of the current study. A
series of calculations wer2> made, using a reacting flow code, to assess the
sensitivity of the turbine inlet temperature profile to variations in the flow
entering the SSME preburner.

A two-dimensional teaching type of combustion code was modified to work
with preburner geometry. The program solves the fully eliiptic, steady-state
equations of motion. Either hybrid or bounded skew upwind differencing can be
ugsed. The pressure distribution was found by the pressure-implicit split
operator (PISO) predictor-corrector technique. Closure for the equations of
motion was provided by using the turbulent kinetic energy k and energy dis-
sipation to obtain an effective eddy viscosity. The density was calculated
from the ideal-gas law. Combustion was modeled by using the eddy breakup model
of Magnussen and jertager. This model relates fuel combusticn to turbulence.
Combustion depends on the mixing of species and the dissipation of energy from
hot combustion products. Combustion of the fuel in the code occurs as a nega-
tive source term f.c the fuel f.action depending on the dissipation of turbu-
lent eddies (mixing) and the concentration of fuel, oxygen, anu product in each
grid cell.

The preburner was modeled as a series of ccaxial nozzles injecting into a
chamber. “he walls were approximated by a fine rectangular mesh. Thus the
rear wall of the prechamber model is a series of steps over which the gases
flow to the powerhead turbine. A 70-by-53 grid was used. The density of the
radial grid points was increased for the igniter and for the exit flow to
ensure an accurate solution. The turbine inlet temperature profile was taken
at 0.33 m, but calculations were performed to 0.5 m to ensure that exit bound-
ary conditions for the code would not affect the temperature profile. The
cooling flow along the outside wall, which eventually enters the prechamber,
was included in the nozzle flow nearest the outside wall.

For most of the calculations the preburner inlet was divided into five
regions »f premixed reactants. The igniter was modeled as an inlet with a
mixture of hydrogen and oxygen at low temperatures or d mixture of hydrogen and
water at 1000 K. Changing the inlet condition prod.ced little change in _he
turbine inlet temperature profile even though the flow was greatly changed in
the inlet computational area. Also, changing the equivalence ratio of the
inlet corresponding to the igniter did not change the turbine inlet temperature
profile to any appreciable degree. One reason is that the igniter takes up the
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smallest area of the inlet flow and cont_ibutes the smallest part of the flow.
Changing larger areas of the flow than that of the igniter did change the tem-
perature profile. Decreasing the equivalence ratio of any of the other inlet
conditions produced temperature increases in the flow corresponding to that
portion of the total inlet. Changing the inlet condition for the largest area
had the greatest effect on the turbine inlet temperature profile. Also,
increasing equivalences r~atios decreased temperatures: the fuel-side SSME pre-
burner operates so fuel rich that increasing the fuel flow decreases tempera-
tures and decreasing the fuel flow increases temperatures. Decreasing just the
outer inlet equivalence ratio resulted in a series of inlet boundary conditions
with decreasing equivalence ratio toward the outer preburner wall. This run
generited a temperature profile with temperatures increasing from the inner
wall to the outer wall. A comparison calculation was made with increasing
equivalence ratios toward the outer wall, keeping the overall msss flow simi-
lar. The resulting temperature profile was skewed in the opposite direction
from the previous calculation.

The inlet turbulence was increased to 30 percent from 5.5 percent and
decreased to 0.55 percent to see if the inlet turbulence had an effect on the
temperature profile. Calculated temperatures di“fered only for a few grid
points downstream of the nozzle inlets, and the turbine inlet temperature pro-
file was essentially the same. The code was also run with five burned inlet
conditions. That is, the combustion had already occurred, the reaction was not
needed, and the temperature was a furction of mixing. The turbine inlet tem-
perature profile was essentially unchanged, even though inlet flow conditions
were vastly different.

Finally, the number of inlet boundary conditions was increased to repre-
sent a coaxial series of alternating pure hydrogen and oxygen nozzles along
with the igniter. The turbine inlet temperature profile was changed but only
for a few of the outer grid points. Most of the turbine inlet temperature
profile was unchanged even though temperatures varied widely dcwnstream of the
inlet nozzles because of the extreme variation in local equivalence ratios.
Since the actual inlet for the preburner is a collection of more than 200 roz-
zles rather than a small number of coaxial nozzles, the calculation with
alternating pure aydrogen or oxygen coaxial nozzles corresponds to a worst
case. Thus the actual temperature profile shruld be closer to that generated
with the five premixed inlet conditions.

The temperature profiles generated by these calculations with the eddy
breakup combustion model show that the turbine inlet temperature profile is
affected by changing the equivalence ratio (if the affected area is large
enough) but that other aspects of modeling, such as modeling separate oxygen
and hydrogen nozzles or modeling the inlet conditions as burned or unburned,
have minor effects.



COMBUSTION MODEL

THE PRESENT CODE USES THE EDDY BREAKUP COMBUSTION
MODEL WHICH RELATES COMBUSTION TO THE DISSIPATION OF
TURBULENT EDDIES AND THE CONCENTRATION OF SPECIES.

1 ——_—— e
Hy + 30, H0  + 1.21x10° kg
h =me Hy + C; T
Coon™ 2 MGy
_R . 2 3 4
Cout = H €y *CxyT + CyT° + CyT™ + CqTH

1

THE COMBUSTION IS MODELED AS A SOURCE TERM
FOR THE MASS FRACTION OF FUEL. me

P02 B ]
sTOIC * STOIC+1

A and B are reaction constants
€/K may be thought of as an addy lifetime

THE RATE OF COMBUSTION IS

I |
Smr P'-(mln AmF. A

Re = -Sme



FUEL PREBURNER INJECTOR CONFIGURATION
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THE PREBURNER INJECTOR WAS DIVIDED INTO FIVE ZONES
ZONE MASS FLOW(kgss) VELOCITY TEMP EQUIVALENCE

0, H, (m/e) K RATIO
IGNITER  .209 77.6 1000.0 9.2
A-B 4.70 4.81 23.9 162.8 8.18
c-D 8.46 7.92 24.7 162.5 7.49
EFG  19.75 17.44 23.3 162. 4 7.07
H 7.52 8.27 25.6 162.9 8.7
T, =165 K T =125 K
Hy 0,

Zone H Inciudes liner cooling
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VELOCITY VECTOR DIAGRAM FOR BASELINE CALCULATION
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TURBINE INLET TEMPERATURE PROFILE AS A FUNCTION OF INLET B.C.
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INLET TURBINE INLET TEMPERATURE PROFILE AS A FUNCTION OF INLET B.C.
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SSME TURBOPUMP TURBINE COMPUTATIONS*

Philip C.E. Jorgenson
Sverdrup Technology, Inc.
Middleburg Heights, Ohio 44130

A two-dimensional viscous code developed at the NASA Lewis Research Center
is being used to predict the flow in the SSME high-pressure turbopump blade
passages. The rotor viscous code (RVC) employs a four-step Runge-Kutta scheme
to solve the two-dimensional, thin-layer Navier-Stokes equations. The Baldwin-
Lomax eddy-viscosity model is used for these turbulent flovw calculations. A
viable method bas been developed such that the relative exit conditions from
an upstream blade row are used as the inlet conditions to the next blade row.
The blade loading diagrams are compared with the meridional values obtained
from an in-house quasi-three-dimensional inviscid code. Periodic boundary
conditicas are imposed on a body-fitted C-grid computed by using the GRAPE
(GRids atout Airfoils using Poisson's Equation) code. Total pressure, total
temperature, and flow angle are specified at the inlet. The upstream-running
Riemann invariant is extrapclated from the interior. Static pressure ls spec-
ified at the exit such that mass flow 1s conserved from blade row to blade row,
and the conservative variables are extrapolated from the interior. For viscous
flows the no-slip condition is imposed at the wall. The normal momentum equa-
tion gives the pressure at the wall. The density at the wall is obtained from
the wall total temperature.

To compute the flow for a given blade row, inlet conditions were based on
the mass-averaged relative exit conditions from an upstream blade row. Inlet
conditions to the first stator were taken from conditions given by Rocketdyne.
Mass fiow was then matched by varying the exit static pressure. This process
was repeated for each of the blade rows. The calculations were done at midspan
of each blade.

DISCUSSION

The results from the RVC were compared with those previously obtained by
using an inviscid quasi-three-dimensional code at the mean span section of the
blade. The compariscns were made for the engine balance flow conditions given
by Rocketdyne for the SSME high-oressure fuel turbopump. Figures 1 and 2 show
the computational grids used in computing the first stage. Figure 3 and 4 show
the loading diagrams for th.. stator and rotor. Originally a separated region
was computed on the pressure surizrce of the first-stage rotor (figs. 5 and ¢€¢).
In the present calculation the flow hac an adverse pressure gradient but does
not quite separate (fig. 7). The original ccomoutation did not account for the
effects of an upstream blade row; therefore the rirst-stage rotor had a lower
inlet flow angle. The ccmputational grids for the second stage are shown in
figures 8 and 9. The RVC results of the second-stage stator compare quite well
with the inviscid code results in figure 10. The difference in the loading
diagram of the second-stage rotor was due to the different exit static pressure
needed to match the mass flow of the turbine (fig. 11). Another calculation
was made to match the exit static pressure of the inviscid code; however, this
increased the mass flow by 6 percent (fig. 12). Figure 13 compares the

*Work performed under Lewis task number 82-24-01.
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velocity diagrams of RVC and the inviscid quasi-three-dimensional code (at the
mean section) for the SSME high-pressure fuel turbopump.

Originally only the two rotors were computed by using the inlet conditions
given by the inviscid code. The current quasi-coupled results are believed to
be more realistic.

Presently, work is being done on the SSME high-pressure oxidizer turbo-
jump. The computational grid and loading diagrams for the first-stage stator
computed by using the inviscid version of the RVC are presented in figures 14
and 15.

A two-dimensional Navier-Stokes code was used to predict the flow in the
SSME high-pressure fuel turbopump. The relative upstream exit conditions were
used as input to the successive blade rows, thus coupling the solutions. The
results obtained by using the Runge-Kutta version of the RVC compared well with
the results from the inviscid quasi-three-dimensional code. The RVC is good
tor understanding the physics of the flow. Work is continuing on the SSME
high-pressure oxidizer turbopump.
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N85-27945

SIMULATION OF MULTISTAGE TURBINE FLOWS*

M.L. Celestina and R.A. Mulac
Sverdrup Technology, Inc.
Middleburg Heights, Ohio 44130

John J. Adamczyk
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

The long-term objective of the numerical simulation of turbine flows is
to enhance our understanding of the flow phenomena within multistage turbo-
machinery components. The direct benefit of this activity is improved modeling
capability, which in turn can be used to improve component efficiency and
durability.

The flc r field in multistage turbomachinery components (single stage being
a limiting case) is extcremely complex. The flow field is highly unsteady, with
time scales ranging from a fraction of shaft speed to several times the highest
blade passing frequency. The length scales of the flow are also diverse. They
range from the circumference of the machine to a small fraction of a blade
chord.

To assess the difficulty in analyzing the flow field within multistage
turbomachinery component:.., a hierarchy of equations was fcrmulated to serve as
a base for analyzing these flows. The equation set that provides the most
complete description is the Navier-Stokes equations. The simplest description
is given by a set of equations that govern the quasi-one-dimensional flow. As
one proceeds from the complete description, the number of unknowns to be solved
for increases monotonically above the number of equaticus. The development of
the additional set of equations needed to mathematically close the system of
equations forms the closure problem associated with that level of description.
For the Navier-Stokes equation there is no closure problem. For the quasi-one-
dinensional equation set random flow fluctuations, unsteady (deterministic)
fluctuations, nonaxisymmetric tlow variations, and hub-to-shroud variations on
the quasi-one-dimensional flow must be accounted for.

Given the capabilities of today's supercomputers (including N.A.S.) it
seems reasonable to attempt to analyze the flow within multistage machinery by
using a set of equations that describe the time-averaged flow field within a
typical blade passage of a blade row. With respect to a given blade row the
flow in a typical passage is steady and spatially periodic from passage to
passage. There is one such description per blade row. The closure problem
associated with this description requires accounting for the effects of random,
unsteady (deterministic), and spatial fluctuations. The development of compu-
ter codes to solve the typical passage flow equations would enhance our ability
to simulate the time-averaged, three-dimensional flow field within multistage
components. These simulations should enhance our understanding of the flow
physics associated with these devices. For example, a better insight should

- *Work performed uuder Lewis task number 83-24-01.
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be obtained into the mechanism by which low-momentum fluid is redistributed
within a blade row and the effect of this redistribution on blade row perform-
ance and durability. These solutions should also yield a description of the
unsteady, distorted flow field encountered by a blade row.

To date, a hierarchy of equations and their associated closure problems
has been formulated for use in simulating flows in multistage turbomachinery.
A computer code has been developed that is based on a Runge-Kutta integration
scheme suggested by Jameson to solve the inviscid form of the equation govern-
ing the time-averaged flow in a typical blade passage. The inviscid closure
problem associated with this equation set is being examined for counterrotating
propellers, fans, and turbine stages. The preliminary results obtained for a
counterrotating propeller configuration seem to suggest that rational inviscid
closure models can be developed for this class of machines. Further work is
planned in this area on tl.e geometry supplied by General Electric for their
unducted fan configuration.

Work will begin soon on including the viscous terms in the code. The
closure problem associated with this equation set will be examined. It is also
planned to develop a time-accurate code for solving the Reynolds-averaged
Navier-Stokes equations by using the Runge-Kutta integration scheme. This code
will be used to develop data bases for devising closure models for the average
passage equation set.
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THREE-DIMENSIONAL CELL—CENTERED FINITE VCLUME
EULER SOLVER

EULER EQUATIONS IN CYLINDRICAL COORDINATES
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( CURRENT RESEARCH PLANS

WORK UNDER WAY

EXTENDING CODE TO PRED!CT TIME AVERAGED
LOW FIELD THROUGH A STAGE

WORK TO Bt INTHATES

1. INCLUDE WISCOUS TERMS

2. TIME DEPENDENT GR!D (INVISCID CODE)
3. ROTOR STATCR INTERACTION

4. MULTIGRID ACCELERATION
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t N85-27946

Surya P. Surampudi
Cleveland State University
Cleveland, Ohio 44115

In recent years there has been increasing interest in the development of
distortion-tolerant engines. The solution to the problem of inlet distortion
and forced vibration may require major engine redesign and retesting. The
objective of the present research project is to develop an efficient model for
the response of a multistage turbine to either a total pressure or total tem-
perature distortion.

Each turbine blade row is modeled as an actuator disk. The actuator disk,
which is defined as an artificizl device producing sudden disccntinuities in
flow properties, is often used to describe the flow through turbine and com-
pressor blade rows. The flow approaching the blade row is assumed to be sub-
sonic and inviscid. The distortion occurs at upstream infinity and is in the
form of total pressure or totzl temperature. Recently M. Celestina, R. Mulac,
and J. Adamczyk (ref. 1) obtained a solution to unsteady Euler equatiocns by
using a finite volume method. With prescribed inlet and boundary conditions
flow variables such as density, pressure, and velocities can be calculated at
cell centers in the entire flow region. The inlet and exit of the blade row
coincide with lines of constant § (fig. 1).

The annular duct code developed in reference 1 is used to obtain the flow
variables at various cell centers for the region 0 < £ <n and n + 3 < § < m.
The characteristic equations for the region n < § < n + 3 are obtained from
equations of continuity momentum and energy. These equations ((1) to (5)) are
expressed in terms of flow variables such as density, velocity in three direc-
tiong (u, v, w), and pressure p. Nondimensional time and space variables in
axial (z), radial (r), and circumferential (¢) directions are given by =,

E, n, {. The characteristic equations are expressed in finite difference form
by equations (7). A multistage Runge-Kutta method is used to integrate these
equations. Equation (8) gives the details of the time-stepping scheme used in
the analysis. After carrying out these integrations the relations between the
flow variables (eqs. (9) to (13)) are obtained.

By making use of actuator disk theory for the flow across the blade row
the following assumptions are used in the present analysis:

(1) Entropy loses are neglected.
(2) Hub-to-tip radius ratio is high.
(3) Total eathalpy is counstant.

The exit angle is specified. From these assumptions the relations between flow
variables at the inlet and exit of the blade row are derived. These relations
are given by equations (14, to (18). Equations (9) to (18) form a set of
nonlinear equations containing 1C unknown variables (p3, u;, Vi, P1, Wi,

P2, Uz, V3, Wy, and pj). These equations can be further reduced to two
nonlinear equations ((19) and (20)) containing two unknown variables, ujy, uj.
These two equations can be solved by using a Newton-Raphson method (ref. 3).
The details of the Newton-Raphson method are given by equations (21) to (22).
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A computer code based on this analysis is under development to obtain
flow variables at the inlet and exit of the blade row. The preliminary results
will be presented at the SSME durability conference.
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UNSTEADY HEAT TRANSFER DUE TO TIME-DEPENDENT FREE STREAM VELOCITY

Reme S.R. Gorla and Ali Ameri
Cleveland State University
Cleveland, Ohio 44115

There exists a need for a detailed study of the effects of the
upstream unsteady flow on the heat transfer from a turbomachinery blade.

One of the most significant studies of laminar boundary layers
under the Influence of a purely time-dependent, free stream oscillation
is done by Lighthitl [1]. His analysis employed a linearization for
small oscillation amplitudes. Lin EZ] considered the effect of
finite amplitude oscillation on a flow field. Mori and Tokuda [3]
investigated the heat transfer from an oscillating cylinder.

Recently, Gorla [4] examined the unsteady fluid dynamic characteristics
of an axisymmetric stagnation point flow on a circular cylinder
performing a harmonic motion in its own plane. He presented solutions
for small and high values of the reduced frequency of oscillation.

The present work has been undertaken in order to study the
unsteady combined convection from a horizontal circular cylinder
To a transverse flow. A coordinate perturbation method is used to
transform the governing set of partial differential equations into a
system of ordinary differential equations. The free stream time-
dependent velocity was assumed to be sinusoidal and the boundary
layer response due to both low as well as high frequencies of oscillation
will be studied. Currently numerical solutions are being obtained for
the distribution of the unsteady Nusselt number and the friction factor.

METHOD OF SOLUTION
Assuming an incompressible flow with constant properties and

negligible dissipation, the governing equaticns within the framework
of the boundary layer approximation may be written as

ou |, v _

ax dy 0 o
3y du 3u _ 3Ue g 32y _ X

st Ut Vay T ot tUe etV 5z * 98(T-Te) sin(R) (2)
aT 9T T _ aZT

ot TVax T Vay T %y (3)

In the above equations, x and y represent the distances along the
streamwise direction and normal direction; u and v the velocity
components in x and y directions; Ug (x,t) the external velocity; t the
time; v the kinematic viscosity of the fluid; o the diffusivity and T
the temperature.
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The boundary conditions are given by

y=0:u=v=0andT=T,
y> o u=Ug (x,4) = Ugx)e(l +¢ e
T+T, (1)

The solution strategy is to subject equations (1)-(3) to the
I inear perturbation analysis, expand the resultant zero and first-order
equations in a series of x* whose coefficients are function of n alone.
Here, x*=(x/R) and n=yv2Uo,/vR. The resultant ordinary differential equations
are then to be solved numerically. Appropriate unsteady solutions will
be developed for low frequency and high frequency of oscillaticns of
the free stream velocity.

This work is currently in progress and it is hoped to report these
results in the very near future.

REFERENCES

l. Lighthill, M. J. "The Response of Laminar Skin Friction and Heat
Transfer to Fluctuations in the Stream Velocity," Proc. Royal
Socliety, Series A, Vol. 224, 1954, pp. 1-23.

2. Lin, C. C. "Motion in the Boundary Layer with a Rapidly Oscillating
External Flow," Proc. 9th Int. Congress of Applied Mechanics,
Vol 4, 1957, pp. 155-167.

3. Mori, Y. and Tokuda, S. "The Effect of Oscillation on Instantaneous
Local Heat Transfer in Forced Convection from a Cylinder," Proc.
Third Int. Heat Transfer Conference, Vol. 3, 1966, pp. 49-56.

4, Gorla, R. S. R. "Unsteady Viscous Flow in the Vicinity of an
Axisymmetric Stagnation Point on a Circular Cylinder," Irternational
Journal of Engineering Science, Vol. 17, 1979, pp. 87-93.

40



- N85-27948

NEW FACILITY TO STUDY UNSTEADY WAKE EFFECTS ON TURBINE AIRFOIL HEAT TRANSFER

Robert J. Siloneau
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

A significant portion of the SSME aerothermal loads program is directed
at the heat transfer effects of the unsteady flows, particularly wakes, that
occur naturally in turbomachinery. Although these phenomena occur in all tur-
bomachines, we feel they will be more severe in the SSME turbines because of
the high heat transfer associated with the very high Reynolds numbers over the
SSME airfoils.

There has been a significant increase in both analytic and experimental
research in turbomachinery unsteady flow phenomena in recent years. Computa-
tional and experimental measurement advances have made this research possible.
Some very exciting results are beginning to emerge. The next 5 to 10 years
should see a significant step upward. Most of the experimental work, however,
will he conducted at Reynolds numbers typical of aircraft gas turbines, an
order of magnitude below the SSME. At the NASA Lewis Research Center we are
building a research facility to study fundamental unsteady wake effects on heat
transfer. The facility will operate from SSME Reynolds numbers and span the
gap down to aircraft turbine Reynolés numbers.

The experimental concept is shown in figure 1. The test section will be
a single airfoil in an annular sector with walls contoured to malch the air-
foil. The airfoil will have a chord almost 1 foot long. The wake-forming
disturbance generator will be a spoked wheel of small circular cylinders rota-
ting on a mesn diameter of 6 feet. A conceptual layout of the entire rig is
shown in figure 2. The conceptual design phase is complete and the final
design in under way. Construction should begin in the fall of 1985, and the
rig should be ready for research in the summer of 1986.

The following is a brief overview of the expected simulation. Figure 3
is a schematic of wake behavior in a turbine stage. When a rotor blade passes
through the stator wake, the suction surface sees the wake first. Since the
wake absolute velocity is less than the mean, the velocity triangle shows that
the wake relative velocity vector will be deflected around from the design
stagnation point toward the suction surface (i.e . negative incidence). A
careful examination shows exactly the same behavior for the rotor wake on the
second stator. Thus, whether the wake is stationary or moving in space, the
effect is the same. Figure 4 represents the simulation. As with the real case
the bar wake in the simulation impinges on the suction surface first. The bar
drag will also deflect the velocity vector toward negative incidence. The main
similarity variables in this experiment are Reynolds number ar4 Strouhal num-
ber, defined as follows:

e(Vel)L 2ufL
Re = " H S = (Ve-l)"

41



Many characteristic velocities and dimensions could be used. We selected
exit relative velocity and axial chord for the passage simulation and inlet
relative velocity and diameter for the leading edge. The following table shows
numbers for the SSME at full power engine balance conditions, for a NASA ver-
sion of the Energy Efficient Engine (E3), and for the bar wake simulation
rig.

SSME g3 Test rig

Passage conditions:

Reynolds number 7.19x106  0.53x106 0.77x10% to 7.69x106

Strouhal number 3.81 2.70 3.81
Leading-edge conditions:

Reynolds number 0.37x106  0.051x10® 0.062x106 to 0.62x106

Strouhal number 0.59 1.13 1.83
Wakes per passage 1.6 1.3 1.8

The Strouhal numbers change very little from turbine to turbine while the
Reynolds numbers vary by an order of magnitude. With the test rig the two
parameters can be varied independently, and the full Reynolds number range can
be spanned. Finally, in real machines there is always more than one but less
than two wakes in the passage of one time. This too is simulated.

In a parallel program being conducted under basic research and technology,
we have already begun to gather evidence that this approach will yield valuable
results. Figure 5 shows a rig that is conceptually similar to, but smaller
than, the new facility. It is a full annular passage approximately 1 foot in
mean diameter. The test section, rather than an airfoil, is a heated cylinder
with a splitter plate. Figure 6 shows typical instantaneous and ensemble-
averaged wakes generated by such a spoked wheel. They look very similar to
ones reported in the °ilterature for turbomachinery. BEarly work in this facil-
ity indicat-s that on the average the wakes can be treated as an rms turbulence
intensity to yield a heat transfer correlation (fig. 7). Although thig may be
useful for design, it does not tell the real story. To see the real effect of
the wakes, a ceramic cylinder with thin-film gensors painted on the surface
(fig. 8) was heated in a small radiation furnace and then suddenly injected
into the flow stream behind the spoked rotor. The resulting instantsneous heat
flux along the stagnation line of the cylinder (measured éirectly by the use
of an analog circuit) .s shown in figure 9. The data indicate a 25-percent
spike in heat flux at the bar passing frequency. This early work suggests that
the wake effects on heat transfer are real and measurable and could yield sig-
nificant high-frequency temperature fluctuations at the surface of a turbine
rotor blade. The value of this approach t» studying the wake-generated
unsteady flow effects has also been shown in some recent work at the University
of Oxford in England.

In summary we feel the rig under design provides an excellent simulation
of the important unsteady physics in the SSME turbines. The test section is
large and accessible, which will allow detailed measurements to verify the
couplex analyses needed to describe the phenomena.
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SCHEMATIC OF WAKE REHAVIOR IN A TURBINE STAGE
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AVERAGE HEAT TRANSFER TO A CIRCULAR CYLINDER
IN SIMULATED ROTOR WAKES WITH ALL OF THE DISTURBANCES
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EXPERIMENTAL MEASUREMENTS AND ANALYSIS OF HEAT TRANSFER
AND GAS DYNAMICS IN A ROTATING TURBINE STAGE

M.G. Dunn, W.J. Rae, and W.K. George
CALSPAN-UB Research Center
Buffalo, New York 14225

The life-cycle fatigue of a particular component of a high-pressure tur-
bine stage is influenced by the local heat flux and the resulting metal tem-
perature excursions experienced by this component during normal operation.
Flow through a turbine stage is seldom uniform and is often influenced by non-
uniform incoming gas streams that can result in locally high heat fluxes. 1In
the case of the rotor blades passing through the nozzle guide vane wakes and
passages, these local heat rates translate into local temperature fluctuations
that will likely affect the fatizue life of the blade. 1In order to better
understand the influence of the heat lcad on the component life, one would
lik¢ to have both the local steady-state heat flux and the high-frequency
comonent of the heat flux.

Relevant fundamental data of this type can be obtained by making use of a
full-stage, rotating turbine model currently in use at CALSPAN. The turbine
being used is the Garrett Turbine Engine Company TFE-731-2 HP stage, and both
the nozzle guide vanes and the rotor blades are heavily instrumented with thin-
film heat-flux ganges, as described later. The experimental technique is the
short-duration, shock-tunnel approach, in which fast-response, thin-iilm ther-
mometers are used to measure the surface temperature historias at prescribed
locations on the turbine component parts. Heat-flux values are then inferred
from the temperature histories by using standard data reduction procedures.
Local variations in the stagnation temperature dist.cibution incident on the
rotor are created by injecting cold gas through the tcrailing-edge cooling slots
of the nozzle guide vane. The injected gas (air) is at a known total tempera-
ture and a known weight flow rate.

INSTRUMENTATION

The major emphasis in this measurement program is on acquiring, analyzing,
and predicting the rotor blade steady-state and time-rzsolved heat flux in the
preserice of variations in the incident total temperature distribution. Early
in the program i1t was mutually agreed that the blades would be instrumented at
the 10, 50, and 90 percent spanwise locations with the maximum gauge coverage
at the 50 percent location. Two blade-contoured leading-edge inserts contain-
ing four gauges each were fabricated and installed in the midspan region. Five
ad¢itional gauges were installed in the blade tips, and three additional gauges
were installed on a fourth blade at the 50 percent spanwise location to aid in
the analysis of the wake-cutting data. The pressure surface instrumentation,
the suction surface instrumentation, the leading-edge inserts, and the final
rotor assembly are shown in figures 1 to 4.

The purpose of this effort was to develop the data interpretation tech-~
niques necessary to interpret the high-requency heat-flux data. The data
acquisition system has been configured to acquire phase-locked, high-frequency
heat-flux data. A previously developed (at CALSPAN) calculational technique
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was integrated with the phase-locked system to enable the calculation of
instantaneous heat-flux values during wake cutting. These techniques were then
verified by piggybacking on the Air Force-sponsored Low Aspect Ratio Turbine
(LART) measurement program.

Thie objective of the analytic phase of this research is to provide a
theoretical/numerical complement to the experimental work. The data being
gathered under this program are very basic and require continuing examination
in the light of state-of-art analysis. Thus a key component in assembling the
CUBRC program in turbomachinery has been the acquisition and exercising of the
standard NASA flow-field analysis codes (refs. 1 to 3).

These codes were provided by the NASA Lewis Research Center* and were
installed on the CDC Cyber 815 of the SUNY-Buffalo Computer Center. It was
soon discovered that the storage requirements of the codes strained the limits
available on this machine, and arrangements were then made to shift to a VAX
11/780 which had become available for research purposes. Sir.ce this is a
virtual memory machine, no storage complications were encountered. However, a
small amount of reprogramming was required in order to compensate for the way
tnat ENTRY statements are handled by the VAX. These revisions were completed,
«nd successful test runs were made by the end of the contract period.

Thus the program objective was completed: the basic NASA flow-field codes
are now available for use in support of the experimental efforts at CALSPAN.

CONCLUSIONS

The measurement program described herein will be run in mid-May 1985. It
is anticipsted that at the time of the June 4-5 meeting, the measurements will
have been performed. It is doubtful that any significant analysis of the data
will have been completed at this time, but preliminary comments concerning the
progran will be presented.
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CALCULATION OF VISCOUS COMPRESSIBLE FLOWS IN SMALL GAS TURBINES

0.L. Anderson and G.D. Power
United Technologies Research Center
Fast Hartford, CT 06108

The NASA Lewis Research Center is conducting a program to develop
improved technology for the Space Shuttle Main Engine (SSME). This program
requires not only a component test program, but also the development of
accurate and reliable anulyses to support the progrem. Thue a computer
analysis for the prediction of the flow of hot gases, composed of a variety
of exhaust products, through rocket and gas turbine components would
support this program and also would be suitable for a wide variety of other
applications.

The Axisymmetric Diffuser Duct (ADD) code, developed by Anderson et
al. (Ref. 1 and 2), has been shown to provide accurate and reliable viscous
compressible flowpath calculations through small gas turbine components.
It has been successfully applied to predict the flow in automotive gas
turbine components (Ref. 2) such as that shown on Fig. 1, and swirling
flow in a precombustion diffuser (Ref. 3). Vatsa et al., (Ref. 4) has
extended the analysis to the prediction of supersonic underexpanded
cof lowing jet flows and Anderson et al., (Ref. 5) has extended the analysis
to treat supersonic internal flow with shock waves and expemnsion waves.
Subsequent operational use of the ADD code at NASA Lewis has identified a
number of shortcomings in the code. The combined effects of low Reynolds
number, large wall curvacture, high swirl angles, and limitations :In the
turbulence modeis have taxed the capabilities of the code and produced
stability and accuracy problems. The object of the present research
program ie to: 1) refine both the algebraic and two equation turbulence
models presently in the code to include tie effects of free stream
turbulence and laminar/turbulent transitiom, 2) provide accurate
predictions of the thermodynamic and transport properties o. combustion
product gases, and 3) improve the coordinate grid calculation for cases of
long highly curved ducts. Following these code modifications, & matrix of
test cases shall be calculated to: 1) identify auzerical stability and
computational accuracy problems occuring within the envelope »f operation,
2) correct problems where possible, and 3) establish grid selection
criteria to reduce operational problems.

DISCUSSION

Both the algebraic and two equation turbulence models in tle ADD code,
currently operational on the NASA Lewis Cray computer, have been modified
to include the effects of free stream turbulence and laminar/turbulent
transition. The effects of free stream turbulence have been included in
the algebraic turbulence model by modifying the outer layer Clauser
constart using an empirical correlation developed by Yuhas (Ref. 6).
Calibration tests of the accuracy of this model are shown on Figs., 2 and 3
where the results are compared to the flat data of Blair (Ref. 7). Fig. 2
shows a skin frictior plot versus Reynolds number based on momentum
thickness. As can be seen on this plot, the calculated skin friction for
0.0 turbulence follows very closely the skin friction law of Coles (Ref
8) and is just slightly above the experimental data of Ref. 7. At the 5.0%
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level the prediction is also slightly above the data, however the
incremental change in skin friction has been predicted very accurately.
Fig. 3 shows a comparison of the calculated velocity distributions with the
experimental data of Ref. 7 for both the 0.0% and 5.0. turbulence levels in
universal coordinates. Also shown opn this plot is the law of the wall.
Again, it can bc seen that analysis shows excellent agreement with the
erperimental data in these calibration tests with the benchmark experiments
of Blair (Ref. 7).

The two equation turbulence model developed by Chien (Ref. 9), which
is currently in the ADD code, is under evaluation. This wmodel only
requires s proper specification of the initial conditions for the turbulent
kinetic energy and dissipation since the physics contained in the equations
sccount for both free stresm turbulence and natural treusition. In the
bouudary layer, the initial conditions are specified in the same manner as
described by Wang (Ref. 10). Outside the boundary laye:, the turbulent
kinetic energy (turbulent intemsity) and dissipation (dissipation length
scale) are specified. Although turbulent kinetic energy is frequenily
measured and therefore usually known, the dissipation is not. Therefore, a
brief analysis was conducted to provide estimates of the dissipation length
scales for differeut 1levels of turbulence. Two types of analyses were
employed. The first method estimated the free stream dissipation from the
rate of Cecay of turbulent kiretic energ) measured by Blair (Ref. 7). The
second method estimated the dissipation from the turbulent kinetic energy
spectrum, also measured by Blair, for different Jlevels of free stream
turbulence. A composite kinetic energy profile composed of bhoth high
frequency (dissipation length scale) snd 1low frequency (integral lemgth
scale) correlations was fitted to the experimentat data. Typical resulis
of this latter procedure are shown on Fig. 4 which also shows the well
known low frequency correlation of Von Karman. Based on these analyses,
the dissipation length scale was found to be fairly ccansistant using both
methods and was relatively constant for all levels of turbulence.
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FLOW-INDUCED VIBRATION OF SSME MAIN iNJECTOR LIQUID-OXYGEN POSTS

S.S. Chen, J.A. Jendrzejczyk, ard M.W. Wambsganss
Argonue National Laboratory
Argonne, Illinois 60439

The liquid-oxygen (LOX) posts are exposed to hot hydrogen flowing over the
tubes on its way to the combustion chamber. Fatigue cracking of some LOX posts
was observed after test firing of the SSMEs. A current design modification
c~~sists of attaching impingement shields to the LOX posts in the cuter row.
.nis modification improved the vibration/fatigue problem of the LOX posts, but
resulted in an 1increased pressure drop that ultimately shortened the 1life
expectancy of other components.

A fundamental study of vivration of the LOX posts was 1initizted to
understand the flow-induced vibration problem and to develop techniques to avoid
detrimental vibrational effects with the overall objective of improving engine
life. This paper summarizes this effort, including an assessment of the
problem, scoping calculation and experiment, and a work plan for an integrated
theoretical/experimental study of the problem.

RESULTS OF WORK

An assessment of the LOX post vibration problem has been performed to
provide tue btasis for an integrated theoretical/experimental study. Different
excitation mechanisms were considered and the results are summarized as follows:

1. Vortex Shedding: The synchronization of LOX post vib ation with vortex
shedding is not possible in either drag or 1lift direction because of several
reasons: relatively large mass~damping parameter, swirlers {spoilers) on the LOX
posts, high Reynolds number, relatively small pitch-to-diameter ratis, and
highly turbulent flow.

2. Fluidelastic Instability: Based on a gap flow velocity o1 about
1670 ft/sec across the injector elements, the unshielded LOX posts are subjected
to fluidelastic instability. Therefore, fluidelastic instability is identified
as a potential mechanism that can contribute to LOX post damage in a short time,

3. Insrzbility Due to Liquid Oxygen: The LOX posts will not become
dynamically unstable due to the flow of liquid oxygen inside the LOX posts.

4. Acoustoelastic Resonance: The lowest acoustic frequency is potentially
close to the lowest natural frequency of LOX posts. However, the significance
of acoustic resonance depends on acoustic excitation, which may be associated
with vortex shedding or turbulence. Vortex shedding is unlikely to become an
important acoustic excitation. However, turbulence as well as other excitation
sources have to be considered.

5. Turbulent Buffeting: The detailed turbulence characteristics are not
known at this time. Tur“ilence burfeting is a potential excitation mechanism.

A scoping ¢ tperiment was designed and performed fcr a tube array simulating
a typical grouping of LOX posts. The experiments were performed in a water
loop. The tube arrangement is to simulate post 77 in row i3 and its surrounding
tubes. Figure 1 shows typlcal tube accelerations as a function of flow
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velocity. The movements of the tubes depend strongly on flow velocity. At low
flow velocities, the motion is small. As the flow velocity increases, tube
aceleration increases. When the flow velocity exceeds a certain value, tube
response increases rapidly; this threshold flow velocity is called the critical
flow velocity. The critical flow velocity obtained in the water loop was used
to evaluate the critical flow velocity of the unshielded LOX posts. It is found
that the gap flow velocity of 1670 ft/sec is in the unstable region.

PERSPECTIVE/PLANS AND GOALS

The dynamic response of the LOX post can be represented by the following
equation

(Mg + M 1{Q) + [ + C QY + [xg + K 1H{Q} = {6}, W

where Q 1is a generaiized displacement; M_, C_, and K, are the post mass,
damping, and stiffness matrces, cespectively; Mf, Cf, and X, are the fluid added
mass, fluid damping, and fluid stiffness matrices, respectively; G is the fluid
excitation force. The key elements are Cf, Kf, and G.

At this time, there are no analytical or numerical methods available for
calculating C. and Kf for a general array of cylinders in crossflow. An
analytical sof;tion ir conjunction with experimental data is being explored to
provide some additional insight into the characteristics of the fluid forces.
Another method is the numerical technique based on the computational fluid
dynamics (CFD) method. The advantages and disadvantages of different numerical
wethods are being reviewed. A computer code will be developed to calculate Cf
and Kf for the LOX post arrays.

Fiuid excitation forces will be measured in a test section for a tube array
simulating the LOX posts. Fluctuating fluid force components are to be measured
in the drag and_.lift directions, Different grids will be used to simulate
different upstream turbulence intensity. In addition, techniques will be
developed to excite a tube in a tube array subjected to crossflow. At the same
time the flviJ fcrce acting on the excited tube as well as the surrounding tubes
will be measured as a function of tube motion. From these fluid forces, the
required fluid force coefficients can be obtained.

CONCLUDING REMARKS

The LOXZ post array subjected to hot gas flow is a very complicated
system, The detailed flow field is not known at this time, so a detailed
evaluation of the LOX post vibration potential is not possible. The cential
issue in predicting the LOX post response is the fluid excitation force and
motion-dependent fluid force. This remains a difficult 1issue. The work
initiated by Lewis to develop techniques and to conduct tests to obtain the
necessary fluid force is essential in the understanding of the vibration of the
SSME LOX posts and in the development of techniaues to avoid detrimental flow-
induced vibration.
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OVERVIEW OF STRUCTURAL RESPONSE: PROBABILISTIC STRUCTURAL ANALYSIS

Christos C. Chamiv
National Aeronaulics and Space Adminis*ration
Lewis Research Centar
Cleveland, Ohio 44135

Advanced analysis methods are required to predic:. accurately the struc-
tural response (static, transient, cyclic, etc.) and accompanying local
stresses in space propulsion system components operating in a fatigue environ-
ment consisting of complex thermal and mechanical load spectra. Advanced
three-dimensional analysis methods must be formulated to accommodate the
limited deterministic and probabilistic complex loading spectra as we.l as the
anisotropic, thermoviscoplastic behavior of the material. Presently three-
dimensional, deterministic, anisotropic, thermoviscopiastic analysis methods
are not available and recourse is made to incremental, iteratiwve analysis
capabilities available in geaeral-purpose structural analysis programs. Rec-
ognizing the importance and necessity of (evelcping solutions for complex
three-dimensional inelastic problems associated with aeronautical propulsion
system components, Lewis is conducting intensive research under the HOST (Hot
Section Technology) and Research and Technology (R&T) Base progiams to
develop the requisite deterministic analysis methodolozy for the solution of
these problems. The deterministic, three-dimensional, inelastic analycis
methodology developed under these HOST and R&T Base programs will be aug-
mented to accommodate the complex probabilistic loading spectra, the thermo-
viscoplastic material behavior, and the material degradation associated with
the corrosive and oxidative envi—onments of space propulcion system structural
components representative of the space shuttle main engine (ZSME) such as
turbine blades, transfer ducts, and liquid-oxygen posts.

The probabilistic approach to structu-al response consists of the follow-
ing program elements: (1) composite load spectra, (2) probabilistic structural
analysis methods development, (3) probabilistic finite element theory,

(4) probabilistic structural analysis application, (5) structural tailoring of
turbopump blades, (6) unified theory of dynamic creep buckling/ratcheting, (7)
creer buckiing/ratcheting analyzer, and (8) nonlinear COBSTRAN development.
Research activities on all of these program elements (except the creep
buckling/ratcheting analyzer) are under way. Program participants, program
element description, and progress are the focus cf this session.

SUEGEDING PAGE BLANK NOT FILMED
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SSME STRUCTURAIL. DURABILITY

STRUCTURAL RESPONSE

RACKGROUND:

Q LOADING CONDITIONS ARE NOT DETERMINISTIC IN GENERAL

[} MATERIAL THERMOMECHANICAL BEHAVIOR DIFFICI'LT TO CHARACTERIZZ IN SSME SERVICE
ENVIRONMENTS

s} CONTINUING EVOLU™ "ON OF NEW MATERIALS FOR USE IN SSME

CONTINUING INCREASES IN PERFORMAN.E REQUIREMENTS OF SSME

(&}

SSME STRUCTURAL DURABILITY

STRUCTURAL RESPONSE

RESULT:

[d DETERMINISTIC METHODS ARE INADEQUATE TO DESCRIBE THE STRUCTURAL RESPONSE OF SSME
CRITICAL COMPONENTS WHERE:
[¢} THE LOADING CONDITIONS ARE NOT DETERMINISTIC

0 THE MATERIAL THERMOMECHANICAL BEHAVIOR 1S NOT FULLY CHARACTERIZED

0 THE DEMANDS FOR NEW MATERIAL AND INCREASED PERFORMANCE 1S EVOLUTIONARY
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SSME STRUCTURAL DURABILITY

NEED/0BUECTIVE:

STRUCTURAL RESPONSE

1} DEVELOPMENT OF PROBABILISTIC METHODS

0 LOADING CONDITIONS DEFINITION

Q MATERTAL BEHAVIOR DFSCRIPTION

[s} STRUCTURAL ANALYSIS PREDICTION

FOR CRITICAL SSME STRUCTURAL COMPONENTS IN ATTENDANT SERVICE ENVIRONMFNTS

SoMt SIRUCTURAL DURADIL1TY STRUCIUKES RESEARCH ACTIVITIES

PROGRAM ELEMENT /ACTIVITY
_DESCRIPIION _

COMPUSLIE LOAD SPECTRA

PROBABIL [STIC SIRUCTURAL
ANALYSTS MEIHOUS

VARJATTONAL APPROACH 1y

PROBABILISTIL SIRUCTURAL
ANALYSLS

STRUCIIRAL ANALYSI
OF 1UKBOPUMP BLADES

UNIFJED THEORY Or DYNAMIC
(REEP BUCKLING/RATCHETING

CREEP GUCKLINGIRATCHETING
ANALYZER

NONLINCAR (OBSTRAN

PRORABILISTIC FINIIL ELEMENIS

S1TAILORING

PROGRAI SCHEDULE

S | (3 ——
LUNTRACT

CONTRACT

GRANT

IN-HOUSE

IN-HOUSE

GRANT

CONIRACT

IN-HOUSE

ke

e EY ]
| 84 8% 86 _ 87 88 89 |
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SIRUCTURES RESEARCH ACTIVITIES ON SOME STRUCTURAL DURABILITY

RESEARCH ACVIVITY

COMPOSITE LOAD SPECTRA

PROBABILISTIC STRUCTURAL
ARALYSIS METHODS

VARIATIONAL APPROACI! TO
PROBABILISTIC FINITE ELEMENTS

PROBABILISTIC STRUCTURAL
ANALYSIS

STRUCTUMAL ANALYSIS/TAILORING
OF TURBOPUMP BLADES

UNIFIED THEORY OF DYNAMIC
CREEP BUCKLING/RATCHETING

CREEP BUCKLING/RATCHETING

ANALYZER

NONLINEAR COBSTRAN

0 SHURT 1ERM:

IYPE

CONTRACT

CONTRACT

GRANT

IN-HOUSE

IN-HOUSE

6RANT

CONTRACT

IN-HOUSE

BRIEF QESCRIPTION

PROBABLISTIC METHODS TO DEFINE THE INDIVIDUAL
AND COMBINED LOADS ON SSME COMPONENTS

PROBABILISTIC DETERMINATION OF GLOBAL/LOCAL
NONLINEAR DISPLACENENTS/STRESSES/STRAINS

DEVELOPMENT OF ADVANCED PROBABILISTIC
STRUCTURAL MECHANICS NETHODS

APPLICATION OF EXISTING PROBABILISTIC METHODS
TO STRUCTURAL AMALYSIS OF SSME TYPE COMPONENTS

ADAr [ATION OF STAEBL TO SSME TURBOPUMP BLADES

DERIVATION AND INTEGRATION OF MECHANISTIC
NODELS OF VARIABLES INFLUENCING CREEP
BUCKLING/RATCHETING

DEVELOPMENT OF A COMPUTER CODE TAILORED FOR
CREEP BUCKLING/RATCHETING

ADAPTATION OF COBSTRAN TO ACCOMMGDATE THE THERMO-
VISCOPLASTIC BEHAVIOR OF SSHE TURBOPUMP BLADES

STRUCTURAL RESPONSE BENEF LIS

0 MORE ACLURATE TIME-PHASING OF LOADS
0 IMPROVED ACCURACY OF PREDICIED SIRESS/STRAIN
0 WITH ASSESSED PRUBABILITY AND CONFIDENCE LEVEL
0 SPECIFIC GUIDELINES FOR DESIGN MODIFICAYIONS 10 INCREASE SERVICE LIFE

0 LONG TERM:

0 PREDICIIVE METHODS 10 DESIGN SSME CRIVICAL COMPONENIS WITH SPECIFIED

0 STRUCTURAL DURABILITY

0 SERVICE LIFt
0 PROBABILITY
0 CONFIDENCE LEVEL
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COMPOSITE LOADS SPECTRA FOR SELECT SPACE PROPULSION STRUCTURAL COMPONENTS*

J.F. Newell
Rockwell International
Canoga Park, California 91304

Rocket engine technology continues to demand higher performance with
lighter weight components that have man-rated reliability requirements. These
requirements have yielded higher operating pressures, temperatures, and tran-
sient effects as well as markedly increased mechanical vibration and flow-
related loads. The difficulty in installation, cost, and potenti -l for
destroying an engine severely limited the required instrumentation and measure-
ments to adequately define loads of key components such as turbine blades.
Also, accurate analytical methodologies for defining internal flow-related
loads are just emerging for prublems typically found in rocket engines. The
difficulty of obtaining measured data and verified analysis methodologies has
led to the probahilistic load definition approach of this contract. Rocketdyne
has the state-of-the-art methods for defining loads and analysing structurai
rroblems and has teamed with Battelle to utilize their expertise in the devel-
opment of probabilistic models.

The obje~-tive of this program is to develop generic load models, with
multiple levels of progressive sophistication to simulate the composite (com-
bined) load spectra that are induced in space propulsion system components,
representative of space shuttle main engines (SSME), such as transfer ducts,
turbine blades, and liquid oxygen poscs. These models will be developed
through describing individual loading conditions using state-of-the-art prob-
abilistic methods combined with deterministic coefficients related to key
engine variables. The combinations of these loading conditions will use a
similar approach to syntnesize the composite load spectra. The use of key
variables, such as power level, flow, pump speed, or weight, allows for generic
load definition for scaling and prediction of component loads.

The second approach in the option portion of the contract will consist of
developing coupled models for composite load spectra simulation which combine
the (mechanistic) models for thermal, dynamic, acoustic, high-pressure, and
high rotational speed, etc. Probab’ istic synthesis using statistically vary-
ing coefficients will be used to obtain the composite load spectra.

The unified theory required to combine the various individual load simu-
lation models (hot-gas, dynamic, vibrations, instantaneous-position, centri-
fugal, etc.) into composite load spectra simulation models will be developed
under this program. Results obtained from these models will be compared with
available numerical results, with the loads induced by the individual load
simulation models, and with available structural analysis results from inde-
pendent analyses and tests. These theories developed under both approaches
will be further validated with respect to level of sophistication and rel:ccive
to predictive reliability and attendant level of confidence.

*Work performed under NASA contract NAS3-24382.
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A computer code configured as an expert system will be developed that
incorporates the various individual and composite load spectra models to con-
struct the specific load model desired. The approach is to develop and deliver
the computer code at four intervals in the contract. The first delivery will
be an initial code for turbine blade loading. Each subsequent delivery will
add sophistication to the component probabilistic load definition and the
decision-making processes as well as installing a new set of loads for an
additional component (e.g., liquid oxygen post). This allows for on-going
evaluation and usage of the system by both Rocketdyne and NASA starting with
the first code delivery.

The initial efforts for this program are proceeding with the probabilistic
model theory. The surveys of individual loadings, combined loadings, proba-
bilistic methods, and mission history profiles are in progress. The liquid
oxygen post and turbine blade survey efforts have been completed. The survey
of appropriate probabilistic methodologies applicable to the rocket engine has
proceeded to testing and evaluating methodologies with typical SSME test data.
This effort is summarized in a separate presentation.

The simulation of individual load models for turbine blades has been
started so that the initial turbine blade code can be delivered by October.
This includes both relating measured test data to the individual turbine blade
load corponent-like pressure, temperature, or centrifugal loads and developing
probabilistic coefficients from engine data.

The code development effort has just been starced in parallel with the

other tasks. Defining the overall approach and knowledge base requirements is
the first task.
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GENERIC LOADS

® COL:SIDER ALL POTENTIAL!.Y SIGNIFICANT LOADS

@ SSME SUBSET PRIMARILY USED

@ LOADS APPLICABLE TO LO,/LH, ENGINES

® LOADS RELATED TO COEFFICIENTS AND KEY PARAMETERS

& COMBINATION OF DETERMINISTIC AND PROBABALISTIC VARIAPLES

® KEY * IAMETERS AFFECTING LOADS INCLUDE
® ENGINE CONFIGURATION FLOW INTERRUPTIONS

® THRUST s PUMP TORQUE
® \.EIGHT e PUMP SPEEDS
® INLET CCNDITICNS ® ETC

® COMPONENTS
® LOX POST
e TURBINE BLADE

TRANSFER DUCT
OTHER — MCC LINER, HPOTP DUCT, NOZZLE FEEDLINES

00 603

™~
‘ Rockwel!
internation.!

Rockeicyna Divraion
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DATA ANALYSIS

BASIC EQUATIONS
AND CGEFICIENTS

HI FREC ENGINE _ /ENGINE DESioN
PROCF St iG MEASUREMENTS DATA CONDITIONS
AEDUCTION PERFORMANCF
MODEL MODE! &
——— (LOow TRANSIENT
TESTDATA FREQUENCY MODEL
RcVIEW & —¢ DIGITIZED)
CORRELATIONH” | — X
| ENGINE TEST |||
RESULTS -
CALCULATED [ © INFLUENCE ENGIN
AND N TASUREDH | CONDITIONS €
®KEY VARIABLE BALANCE
y
FLIGHT AND ' ADJUSTED |
TEST : NOMINAL
NOMINAL | TRANSIENT
PROBABLISTIC i CONDITIONS
DISTRIBUTIONS TEST L H ANALYSIS
SPROBABILISTIC |4 {TURBINE BLADE|q E‘fo?%i"sf..ps
MODELS & LOADS. EG. | {TURBINE BLADE)
COEFFICIENTS
= |eoeTeaminstic
® | PLUS STATISTICAL EXPERT
@ | coRRe.ATION OPINION
8
P~
‘ Rockwelt
International
Rochetcyne Division

HPFTP TURBINE OPERATING CONDITIONS
COOLANT CIRCUIT

FLOW {NTERRUPTIONS
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41 NOZZLES R
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39 VANES
59 BLADES
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FLow KEY VARIABLES
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Gas e CENTRIFUGAL & _ED
© PRESSURF TURBINE ANALYSI!S
o BLADE TEMPERATURE TURBINE/THERMAL ANALYSIS
DYNA 'C 4P SPEED, INTERRUPTIONS

Aockwell
In.ermational
Rockeidyne Division

o IMPINGCMENT LOADS
o DAMPER/FRICTION

*® METAL TEMPERATURES

o EXPERY OPINION INPUT REQUIRED
o LACK OF MEASURED DATA
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LOAD SPECTRA CODE

© INITIAL PLANNING STAGE
o DEFINING KNOWLEDGE BASE REQUIREMENTS
e INDIVIDUAL LOAD PROBABILISTIC FUNCTIONS
e COMPOSITE LOAD SIMULATION TECHNIQUES
e PROBABILISTIC METHODS AND SOLUTION ALGORITHMS
o SSME BASELINE INFORMATION

o KEY VARIABLES MISSION HISTORY PROFILES - GROUND
TEST AND FLIGHT

« ENGINE S “STEM PACKAGING AND SIZING
e ENGINE CYCLE AND COOLANT TECHNIQUES
o COMPONENT CHARACTERISTICS

© MEET OVERALL GOALS OF CONTRACT

o CODE SOPHISTICATION ENHANCED IN EACH DELIVERED
MODULE

Nochwed
Internationasl
M kottyne Oopumtn:

% 107 610

INTERRELATIONSHIPS OF CONTRACT EFFORTS
SSME AND PROBABILISTIC UTILIZATION

® MATURE PROBABILISTIC METHCDOLOGY INTEGRATED
AND USED ON SSME AND FUTURE ENGINES

& PROBABILISTIC STHUCTURAL
ANALYSiS CONTRACT

® LOADS SPECTRA DEFINITION ANO MODEL
— FOR PREDICTION AND ASSESSMENT OF
STRUCTURAL DURABILITY OF SPACE
PROPULSIOM COMPONENTS ® SSME OFERATION
4 ® FABRICATION
l TESTING

® CURRENT SSME DEVELOPMENT WORK
o GYNAMIC DATABASE
o DELISION ANALYSIS OF TEST DATA
® BASED ON MEASUREMENTS AND _._____]
HARDWARE CONDITIONS
& BOTHh ROCKETDYNE AND MSFC EFFORT

OPERATIONAL FLIGHTS
PRODUCT IMPROVEMENTS
PHASE I

MSFC TEST BEC

ETC

® CURRENT OR NEW
NON-PROBABILISTIC ANALYSIS
METHODOLOGIES

48S-.773

‘ Rockwell
internatforal

Rocketdyne Division
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COMPOSITE LOADS SPECTRA FOR SELECT SPACE PRCPULSION STRUCTURAL COMPONENTS -
PROBABILISTIC LOAD MODEL DEVELOPMENT*

Robert Kurth
Battelle Columbus Laboratory
Columbus, Ohio 43201

This effort is in support of the development of an expert system of com-
puter codes to predict the loads on select structural components of a space
propulsion engine. The development will be based primarily on the space
shuttle main engine (SSME) test data base. Because of random variations of the
many different sources of the loadings on the selected structural components
and transients, a probabilistic approach to the problems has been adopted. The
goal of this task is to characterize all of the individual sources of loads at
critical structural locations, such as the turbine blades, the transfer ducts,
and liquid oxygen posts, using state-of-the-art probabilistic methods with
varying levels of sophistication.

The second phase of this work is the development of a composite load model
based on a probabilistic synthesis of the individual load model prewviously
developed. This model will be based on the stochastic combination of the load
variables and not on the physical process for the combination of the individual
loads to the composite load seen by the selected structural components.

ne probabilistic load model effort has been started with an initial sur-
vey (f available methods and an assessment of these methods using typical SSME
data. The results of the first year of study will produce a model applicable
to turbine blades in an engine represented by the SSME. The survey of appro-
priate statistical methods has been completed for this phase of the work and
the assessment of these methods is in progress. Th2 engine measurements
related to .urbine blade loads are under study primarily to support the first
year code Jdevelopment effort.

RECEDING PAGE BLANK NOT FILMED

*Work performed under NASA contract NAS3-24382.
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SURVEY OF AVAILABLE METHODS

® LITERATURE SURVEY CONDUCTED

@ MANY INVESTIGATIOKS MADE BUT NUMBER OF DIFFLRENT METHODS LIMITED

©® MOST [MPORTANT METHODS INCLUDE
®ANALYTIC
oF1RST ORDER SECOND MOMENT
®BARRILR CROSSING (FIRST PASSAGE)

®DISCRETE SIMULATION

ON e
Sockeidyes

plool s Ballelle

ANALYTIC METHODS

® MATHEMAT[CALLY COMPLEX

® ONLf WORK FOR L IMITED SET OF DISTRIBUTIONS

® ' IMITED APPLICAT{ON TO SSME

‘ ‘ Roctwell
internaticnel
Rechsifyne Divtslan

£2Battelle
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FIRST ORDER SECOND MOMENT METHODS

® [N USE PRIMARILY IN STRUCTURAL ANALYSIS

ORACKW!ITZ-FIESSLER
®CHEN-LIND

oWIRSCHING

® PROVIDE THE DPROBABILITY OF A LIMIT STATE BEING EXCEEDED
® REQUIRES MANY APPLLCATIONS TO DEFEINE PROBABILISTIC NATURE OF LOADS

® COORDINATE TRANSH ORAATIONS AND APPROXIMATIONS NTFDED TO HANDiE
NON -NORMALLY DISTRIBUTED VARIABLES

® LIMITED USE FOR INDIVIDUAL LOADS BYUT MAY BE U::FUL FOR COMPOSITE LLOAD MODEL

Nz

£ Battelle

DISCRETE SIMULATION METHODS

® WILL BE NEEDED FOR THE EXPERT CODL DEVELOPMENT AT LEAST TO VERIFY THE
CALCULATIGNS

@ MOST [MPORTANT METHODS ARE
oMONTE CARLO
eMARKOY CHATN
o DISCRETE. PROBABIL ITY DISTRIBUYION

® RASCAL

oz, £3Batelle
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omam‘!{ gﬁfi‘ﬁ BARRIER CROSSING METHODS
OF POOR QUALITY

@ vROVIDES N EYPECILD NUMBER. OR RATE OF, CHOSSINGS OF A GIVEN LEVEL, | E..
THE BARRIER

® CAN BF US'D TO DETERMING THE PROBABIL 'TY OF ANY GIVEN LEVEL BEING EXCEEDED

® RELATIVELY STRAIGHIFORWARD Ty APPLY

‘l Rockwet
Rachstyns

e € Battelre

CHARACTERIZATION OF C'JRRENT LOADS

® DESIRFPM RESULTS ARE

e STIMATE OF THE MEAN

eESTIMATE OF CREDIBLE VARIATIONS
oMOST SUTTABLE PDF FORM

e STATIONARITY TEST

o CORRLLATION EFFECTS, IF ANY

® [REQUENCY OF [ QADS

oDISTRIBUTIONAL TAMILY 1S CHOSEN BY DISTRIBYUTION SHAPL, 1.t ,
SKEWN: SS AND KURTOSIS

oD{STRIBUTION PARAMETIRS OBTAINET B’ MOMENT MAT™ "4
ChI SQUARL THST USFD 70 (HICX

Nz £2Ballelle
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PROBASILISTIC FUNCTION DEFINITION

® GOAL 1S T0 DEFINE THE 1 OAD LEVEL, Ly, AND 1TS PROBABILITY OF OCCURRENCE.

Py

® THE LOAD tEVEL L iS DEFINFD BY A FUNCTION WHICH 1S A COMBINATION OF
DETERMINISTIC AND PROBABILISTIC METHODS

Lty - Fp (X, X2, N ®FplYL, Yo, ... Ya)
X1~ DETERMINISTIC INPUTS
Y1  PROBABILISTIC INPUTS
fp DETERMINISTIC FUNCTION
PROBABILISYIC FUNCTION

® SOME., OR ALL, OF THE XI'S AND Y"S MAY BE THE SAME

Nz £:Batelle

Aochsityns Onsulon

PROSBABILISTIC FUNCTION DEFINITION

o THE FUNCTIONS F,. AND FP ARF NOT NECESSARILY ANALYTIC, £.6. THEY MAY
REPRESENT COMPUTFR CODFS

® TUF COEFFICIENTS AND L OMPLEXITY OF THE FUNCT[ON Ly (T) wiLt BE
ETERMINED BY THE ACCURACY REQUIRED BY THE ANALYSI

@ (XPERT OPIVION 1S CONTAINED IN THESL ¢ "Myl ATIONS

0N €3 Battelle
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PROBABILISTIC FUNCTION DEFINITION

® THE PROBABILITY OF iWE LOAD l,l(T) OCCHRRING 1S GIVEN BY
P(Ll(Y)) = P(YI)P(YZ) CPLY)

@ 1°15 PROBABIL1TY (AN BEL ONE

oif Y, 1S DEPENDENT ON Y THFN (ONDITIONAL PROBABIL1TY 1S USED

K

@ 10 ADDRESS THE VARIATIO ! AEQUT TRE LUAD Lf 4L l‘(T) BARRIER CROS.ING
METHODS ARE USFD

N ©Batelle

PROBABILISTIC FUNCTION OQUTPUT

@ THE PROBABILISTIC FUNCTION QUIPUT IS AN ARRAY OF DISCRETE LOAY LEVELS WiTH TUEIR
ASSOCIATED PROBABILITY OF OCCunReNCE

R = [(ll' Pl), (LZ’ Pz), o Uy, P

o THE RELIABILITY (ACCURACY) OF THE OUTPUT CAN BE COnTROLLED BY ;NCREASING OR
DECRUASING N

@ THE VECTOR OF ORDERED PAIRS R IS A DISCRETE RUPRESENTA "uN GF THE DENSITY
FUNCTION FOR THE 1 OAD AND CAN BE USED 1O CAI LULATE MEANS, VARIATIONS, AND SO FORTH

‘ Rockwel
Internationel
Reckeryme Ovidtan

£3Battelle
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STATUS OF PROBABILISTIC LOAD MODEL
DEVELOPMENT

©® SURVLY COMPLETED

@ STATISTICAL ANALYSIS PACKAGS COMPLETED

@ BARRILR CROSSING ANALYSIS METHOD COMPLETED
® TURBINE BLADE LOAD ANALYSIS STARTED

@ JOINT DENSITY FUNCTIONS CALCULATED

® PROPAB' 153 1C FUNCTION DEVELOPMENT 3EGUN ANL TESTED FOR 65% AND
16U% POW R TEVELS

0N € Battelle
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N85-27955

PROBABILISTIC STRUCTURAL ANALYSIS THEORY DRVELOPMENT*

0.H. Burnsice
Southwest Research Institute
San Antonio, Texas 78284

The objective of the PSAM project is to develop analysis techniques and
computer programs for predicting the probabilistic response of critical struc-
tural components for current and future space propulsion systems. This tech-
nology will play a central role in establishing increased system performance
and durability.

Southwest Research Institute has assembled a project team from industry
and the university community whose technical expertise and experience make
them uniquely qualified for the PSAM effort. The participants on the team
are: Souv-hwest Research Institute - project management and solution strategies
devels; r 't; MARC Analysis Research Corporation - code development for probabi-
listic rinite element methods; Rocketdyne Division, Rockwell Intermational
<orp. - Space Shuttle Main Engine (SSME) design and hardware experience; Prof.
Payl Wirsching (University of Arizona) - probabilistic and reliability methods;
Prof. Gautam Dasgupta (Columbia University) - stochastic finite elements;
and Prof. Satya Atluri (Georgia Tech) -~ advanced material constitutive models.

The PSAM program was initiated in October 1984 and is a four-year effort.
The first year's technical activity is concentrating on probabilistic finite
element formulation strategy and code development. Work is also in progress
at Rocketdyne to survey critical materials and SSME components such as turbine
blades, liquid oxygen posts, and transfer ducts. This survey will provide
information cn the operating environment and failure modes encountered by
space propulsion system components, as well as verification cases for the
computer codes developed in PSAM.

The probabilistic finite element computer program NESSUS (Numerical Evaluz-
tion of Stochastic Structures Under Stress) is being developed by MARC Analysis
Research. MARC's code development activities for NESSUS are presented elsewhere
in these proceedings. The probabilistic FEM code development is scheduled
for three years. The final probabilistic code will have, in the general case,
the capability of performing nonlinear dynamic analysis of stochastic struc-
tures. Stochasticity can be found in the loads and in the structure due to
material properties, geometry, and boundary conditions. The goal of the first-
year effort is to develop a probabilistic FEM code for NASA-LeRC which has
the capability to analyze linear elastic structures under static and dynamic
loading. With this code, the dynamic response of components such as turbine
blades can be computed. Nonlinear enhancements will be made in the final
two years of the finite element task.

The remaining two technical tasks, Approximate Methods and Advanced Methods,
will begin in the second year of the PSAM program. It is the goal of the
Approximate Methods effort to increase problem solving efficiency relative
to finite element methods by using energy methods to generate trial solutions
which satisfy the structural boundary conditions. These approximate methods
will be less computer intensive relative to the finite element approach because

*Work performed under NASA contract NAS3-24389.
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of the reduced number of degrees of freedom and also the reduced number of
random variables. The object of the Advanced Methods task is to sc2k new
algorithms which can be applied to probabilistic structural analysis, rather
than to refine existing ones. While selection of such methods has not been
made, several candidates are under consideration. These include using weighted
res .dual techniques for deriving the structural equations and the boundary
element method applied in a probabilistic format, together with artificial
intelligence/expert systems to aid the engineer in performing probabilistic
analyses. The Advanced Methods task will! be conducted over the final three
years of the PSAM program.

Three approaches have been identified for computing the probabilistic
structural response. These are fast probability integration (FPI) methods
used in reliability analysis, methods of moments, and Monte Carlo simulation.
Both FPI and moment methods are computationally efficient, but do involve
certain approximations. Monte Carlo gives "exact" results, but requires a
large number of realizations to obtain high accuracy. For large systems with
many random variables, the Monte Carlo method does not appear practical because
it is so computer intensive, especially if informaticn about the tails of
the distributions is desired. However, it is a valuable tool when applied
to smaller systems for judging the accuracy of other methods.

In summary, the analysis methods and computer codes developed under PSAM
are expected to provide the tools for both enhancing the reliability of space
propulsion system designs and advancing the state of probabilistic structural
mechanics.
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ORIGINAL P&GE IS

- 4t

OF POOR QUALITY

PROBAB:LISTIC STRUCTURAL ANALYSIS METHODS (PSAM)
FOR SELECT SPACE PROPULSION SYSTEM COMPONENTS

NASA-LeRC Controct M. NAS3-24389
SwRI Project Pi. 06-3339

- Progrmm Objective -

Develop Analysis Techniques and Computer
Programs for Predicting the Probabliistic
Response of Critical Structural Components
for Current ond Future Space Propulsion
Systems

PSAM PROJECT TEAM

Prime Conyractor

o Southwest Research [nstitute
Son Antonto, Texos

Subcontractors

o MARC Analysis Research Cerporagtion
Palo Alto, Colifornta

o Rocketdyne Division, Rockwell international Corp.
Canogo Pork, Cglifornia

o University of Arizona (Prof. Poul Wirschirg)
Tucson, Arizona

o Georgia Institute of Technology (Prof. Satya Atluri)
Atlonta. Geor9la

o Professor Goutam Dasguoto

Columbic University
New York, New York
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PROBABILISTIC STRUCTURAL ANALYSIS METHODS
PROGRAM SCHEDULE

TASK DESCRIPTION FY 85 FY 86 FY 87 FY 88

N

1 FINITE ELEMENT METHODS ; ; i

-
g
S

2 APPROXIMATE METHODS

1 3 ADVANCED METHDOS i

o

b
™
>

4 REPORTING

5 MANAGEMENT

£ e

i: ~4§*:~i£ # s
O;: ?Lh}“z idu; e b
STGCHASTIC
THERMOMECHANICAL
STOCHASTIC oADS

MATERIAL
PROPERTIES

- _UNCERTAIN
: STRUCTURAL

%Mcea%;; AR SHAPE

CONDITIONS -

THE PROBABILISTIC
STRUCTURAL ANALYSIS PROBLEM
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PROBABILISTIC LOADING CONDITIONS FOR PSAM

¢ Pressure

o Thermal

o Centrifugal
0 Perlodic

0 Acoustic

o Ilmoulsive

STRUCTURAL NONLINEARITIES IN PSAM

0 Large Strains

9 Large Displacements and Rotations

¢ Moterfal Behovior

{Plasttcity and Thermoviscoplasticity)
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CONCEPT OF PROBABILISTIC
STRUCTURAL ANALYSIS

px(x)

INPUT PDF
(Load, Matenal, Geometry. Boundary Conditions)

<

STRUCTURAL MODEL

O

Yy
pylE) PAYcy) = fpy (0)dE

\\

OUTPUT PDF
(Displacement, Stram, Stress]

ORIGANAL 7/ z_v-;:_"‘ T
OF FOOR QUALIVY
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1 - STRUCTURAL PARAMETERS ARE RANDOM
BUT SPATIALLY HOMOGENEOUS

2 - STRUCTURAL PARAMETERS
ARE RANDOM AND SPATIALLY
VARYING BUT CONSTANT
OVER A FINITE ELEMENT

3 - STRUCTURAL PARAMETERS
ARE RANDOM
WITHIN A *IITE ELEMENT

THREE LEVELS OF SOPHISTICATION
FOR PROBABILISTIC FINITE ELEMENT ANALYSIS

STRATEGIES FOR CONPUTING THE
PROBABIL ISTIC STRUCTURAL RESPONSE

0 Fast Probability Integration TechnlGues

0 Method of Noments

0 Monte Carlo Simulation
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PSAM INTEGRATES EXISTING TECHNOLOGIES

MATERIAL SSME
MODELS TECHNOLOGY

T -

ENHANCED IMPROVED
NASA - LeRC )} ml anavss | » sps
PSAM "ROGR METHODS DURABILITY
ARTFICIAL PROBABILISTIC
INTELLIGENCE METHODS
STRUCTURAL
MUCHANICS
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PROBABILISTIC FINITE ELEMENT DEVELOPMENT*

Jop Nagtegaal
MARC Analysis Research Corporation
Palo Alto, California 94306

The probabilistic finite element computer program NESSUS (Numerical
Evaluation of Stochastic Structures Under Stress) is being developed by the
MARC Analysis Research Corp. for the analysis of critical structural components
for reusable space propulsion systems. This program has evolved from the HOST
code, developed by MARC for Pratt & Whitney Aircraft Co. under NASA contract
NAS3-23697, and which is now in use for the analysis of hot-section turbine
components at Pratt & Whitney and the NASA Lewis Research Center.

The development of the NESSUS code is scheduled to take 3 years. First
year efforts involve the formulation of the probabilistic analysis strategy and
the development of a probabilistic linear analysis code. The ultimate goal of
the 3-year program is the development of a finite element code capable of per-
forming nonlinear dynamic analysis of structures having stochastic material
properties, geometry, and boundary conditions and subjected to random loading.

Three levels of sophistication are envisioned for the stochastic descrip-
tion of the structural problem, namely:

Level 1: Homogeneous random variable for stiffness, mass, damping, and
external loading

Level 2: Stochastic characterization of variables at the element level,
with specified interelement correlations

Level 3: Stochastic interpolation of variables within a finite element

Two alternative probabilistic analysis methods will be developed, allowing
for all three levels of modeling sophistication:

(1) A probability integration method, providing a direct estimate of the
reliability of the structural configurati>n under study

(2) A simulation method, providing the means to verify the results
obtained with method 1

Part of the formulation developed by Southwest Research Institute for the
level 1 linear problem is currently available in a form that can be readily
implemented in the NESSUS code. SwRI is continuing work on the formulation for
the level 1 dynamic analysis, whict should be available in the near future.
Progress is being made in the formulation for the level 2 static proilem. The
major issue at this level remains the choice of an efficient algorithm for the
evaluation of cthe derivatives of the stiffness, mass, and damping matrices with
respect to each random variable present in the analysis. An approach to bypass
this problem by efficiently extracting the static response of a perturhed

*Work performed under NASA contract NAS3-24389.
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system without the need for explicit differentiation has been proposed by MARC.
This method is based on a modified Newton-Raphson iteratior. scheme and could
make use of some of the special numerical algorithms developed for the HOST
program. MARC is presently testing this approach on a realistic problem while
efforts are continued in the development of a similar formulation for the per-
turbed eigenvalue problem. The extension of this method into the nonlinear
regime appears promising, especially in systems offering parallel computation
capabilities.

NESSUS

NUMERICAL EVALUATION OF
STOCHASTIC STRUCTURES UNDER STRESS

0 A COMPUTER CODE FOR THE PROBABILISTIC FINITE ELEMENT ANALYSIS
OF CRITICAL COMPONENTS FOR SPACE PROPULSION SYSTEMS

o EVOLVED FROM THE HOST CODE DEVELOPED UNDER NASA CONTRACT
NAS3-23697 FOR THE ANALYSIS OF HOT-SECTION TURBINE PARTS

o THREE YEAR DEVELOPMENT PROGRAM. RESULTING IN A CODE CAPABLE
OF PERFORMING NONLINEAR STATIC AND DYNAMIC ANALYSIS OF A
STRUCTURE WITH ST(XHASTIC MATERIALS, GEOMETRY, BOUNDARY
CONDITIONS AND LOADS.

94



NESSUS

FINITE ELEMENT LIBRARY

PLANE STRESS PLANE STRAIN AXISIMMETRIC

3D BRI 3D SHELL LINEAR BEAM

0 ALL ELEMENTS INTEGRATED NUMERICALLY
0 LINEAR LAGRANGIAN INTERPOLATING FUNCTIONS
0 SELECTIVELY REDUCED INTEGRATION

NESSUS

NONLINEAR ANALYSIS FEATURES

0 NONLINEAR PROBLEM MAY BE SOLVED WITH
(a) PURELY ITERATIVE METHODS

(b) INCREMENTAL-ITERATIVE METHODS

o THREE TYPES OF INELASTIC CONSTITUTIVE MODELS

(i ) SECANT ELASTICITY Simplified Plasticity
(1) VON MISES PLASTICITY  Radial Return, Associative Flow
(iti) CREEP-PLASTICITY Walker's Model

o USER SUBROUTINES POR TEMPERATURE-DEPENDENT *:ATERIAL
PROPERTIES, ANISOTROPY, CREEP. WORK-HARDEN NG, ETC.
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NESSUS

DYNAMIC ANALYSIS FEATURES
for damped o undamped systems

1. BIGENVALUE EXTRACTION

0 SUBSPACE ITERATION
o POWER SHIFTS

2. LINEAR DYNAMICS
0 MODE SUPERPOSITION
(i ) PREE VIBRATION
(il ) TRANSIPNT FORCING FUNCTION *
(iii) HARMO®. NODAL LOADING *
(iv} HARMON.. BASE EXCITATION'
3. NONLINEAR TRANSIENT DYNAMICS
0 NEWMARK-p

* Assumes linear load variation during each increment
With phase defined independently at each node

-

NESSUS

PROBABILISTIC ANALYSIS FEATURES

o THREE LEVELS OF SOPHISTICATION
LEVEL 1. HOMOGENEOUS RANDOM VARIABLES
LEVEL 2: STOCHASTIC VARIABLES AT THE ELEMENT LEVEL
LEVEL 3: STOCHASTIC INTERPOLATION WITHIN ELEMENT
0 TWO ALTERNATIVE ANALYSIS STRATEGIES:

A. PROBABILITY INTEGRATION
B. SIMULATION (MONTE CARLO)



NESSUS

EFFICIENT SOLUTI1O OF THE
PERTURBED STRUCTURE PROBLEM
A. CLASSICAL NONLINEAR FEM PROBLEM
o EQUILIBRIUM
lw)-P
¢ NEWTON ITERATION METHOD
L auti* VP . p- 1S

'(iﬂ) - '(U . dn(iﬂ) with '(0) -0

B. PERTURBED STRUCTURE PROBLEM
o EQUILIBRIUM
L ogl0) =P
o NEWTON-TYPE ITERATION

Egduls=P- I 46t

Siet)

G) o Cen) . )
Bd = Vg * 000y with U -u,
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Reducing the thickness at 11 nodes along one clamped edge

by 5%
by 10%
by 15%
by 20%
by 25%

with 1% tolerance on the displacement residuals

NUMERICAL EXAMPLE

NESSUS

Square Plate, Clamped Edges

11n thickness
E = 30000 kst
=03
p=10ps1

k—_ lOolOm—)'
! "

%

?T

10@ 101

_Center Deflecuon (in)

_DIRECT  ITERAIED

-04615  -04614  0.038
04649  -0.4644  0.071
-04669 04672  0.099
04711  -04710  0.124
-04740  -04736  0.144
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PROBABILISTIC FINITE ELEMENT - VARIATIONAL THEORY*

T. Belytschko and Wing Kam Liu
Northwestern University
Bvanston, Illinois 60201

Traditionally, uncertainty analysis in structural mechanics has concen-
trated on problems of an almost totally stochastic nature. Within this
setting, even a single degree of freedom system with nonlinearities poses a
formidable challenge and has not been solved satisfactorily. However, in
problems such as the nonlinear analysis of rocket engine components, concern
lies more with deviations in loads from a deterministic path and in effects of
uncertainties in material properties and boundary conditions. Thus the goal
of this research is to provide techniques which are cost-effective and enable
the enyineer to evaluat the effect of uncertainties in complex finite element
models.,

It is important to be able to treat the effects of uncertainties in a
reasonably economical manner; standard Monte Carlo procedures are simply too
expensive, Furthermore, the methods should be designed so that they can be
incorporated into widely used finite element programs in a natural and concise
manner, Thus, the approach should be integrable with the elemental discret-
ization and nodal assembly procedures that characterize finite element theory
and software impliementation.

For these reasons, embedding the probabilistic aspects in a variational
formulation is a natural approach. In addition, a variational approach to
probabilistic finite elements enables it to be incorporated within standard
finite element methodologies. Therefore, once the procedures have been
developed, they could easily be adapted to existing general purpose programs.
Furthermore, the variational basis for these methods enables them to be
adapted to a wide variety of structural elements and to provide o consistent
basis for incorporating probabilistic features in many aspects of the
structural problem: i.e., in the displacements, boundary conditions, body
forces resulting from acceleration loads and any other features that cannot be
clearly established. for example, the well known dilemma as to whether a
shell is clamped or simply-supported at a boundary, could also be treated more
rationally by using a probabilistic distribution for this boundary condition,

The tasks concluded in the first year's study include the following:

1. Theoretical Development of Probabilistic Variational Equations for
Structural Dynamics. We have developed a methodology that can embed the
probabilistic character of the constitutive properties and lcads (i.e.,
material uncertainties and load uncertainties) with a finite element
variational approacn., The corresponding probabilistic character of the
elemental nodal forces can then be assembled into a description of the
probabilTistic distribution of the nodal forces for the complete model and the
appropriate mean response due to these uncertainties can be determined
efficien.ly. The basic concept of this approach is to incorporate the
probabilistic distributions, as reflected in the variance, of the material
properties and the loading to obtain the corresponding variances in the

*Work performed under NASA grant NAG3-535.
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elemental nodal forces of the finite element model. On the basis of the
variance in the elemental nodal forces, the variance in the final solution
will then be determined in the usual deterministic solution procedures.

2. The Development of Efficient Numerical Algorithms for Probabilistic
Sensitivity Displacement and Stress Analysis. The second step of this

approach to probabilistic analysis is to to construct an economical method of
obtaining the probabilistic sensitivity element ratrices which reflect the
effects of randomness on response variables such as displacements, stresses,
etc. The randomness is due to the preassigned probabilistic descriptions of
the material properties and loads. While separate analyses for random
distributions of all probabilistic response variables are an obvious
possibility to achieving this aim, the computer cost would be formidable. It
would require n analyses (n is the number of sample points) for each set of
probatilistic variables. Obviously, more effective procedures must be
devised. Relatively efficient solution procedures which nave been developed
here vill be demonstrated with results for both & two-degrees of freedom
spring-mass system and a ten-bar nonlinear system.

3. Integration of Methodologies into a Pilot Computer Code. The computer
solutions obtained using this theory have been compared to the Monte Carlo
methods and the Hermite-Gauss Quadrature integration schemes. The cost of the
new method is substantially lower. We have demonstrated this with a ten-bar
probabilistic nonlinear system where the random variables are the yield
stresses. Exploitation of this characteristic in any probabilistic analysis
ray perhaps offer significant savings and we will further investigate this in
the probabilistic finite element method.

Probabilistic

Voriotional

Principle with Probobllistic Assemb'y Into Probaillistic Solution with

:L’::r::;’ element nodal forces Globol Mode! globat rodal forces ::::;Tbg::::'

properties &

loods
Probobilistic
distributions
of nodal

displacements

Schematic lllustration of the Probabiiistic Firite Element Method (PFEM)
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F(t)=25.0 x 10° Sin{2000t)

m,=0.372
m,=0.248

ky=24.0 x 10°
k,=12.0 x 10°

ELEMENT
METHODS (PFEM)

! ... repeated over
Simulation Points

—H] MONTE

| CARLO
SIMULATION (MCS)

Response
and
Bounds

Quadroture Points

5 HERMITE

GAUSS
QUADRATURE (HGQ)

Physical Problem Finite Element Solution of
With Semi--discretization Semi—discretized
Uncy tointies and Assembly Equations...
Schematic of Probabilistic Methods
k‘ m, k2

A Two-Uegree-of -Freedon E.ample.
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MEAN (IN)

DISPLACEMENT (NODE 1)

2000

1001

000

-1.000 ¢+

VARIANCE (IN)

------- PFEM —— HGQ - MCS
|
4 + + 4 +— i —i ~4 | —— —
425 250 A15 500 625 .750 875 1.000 1.128 1.250

TIME (SEC) (x1072)

Comparison of the Mean Displacement at Node 1 Using:
(1) Probabilistic Finite Element Method (PFEH)

(2) Hermite Gauss Quadrature (HGQ)

(3) Monte Car'o Simulation (MHCS)

DISPLACEMENT (NODE 1)
------- PFEM —— HGQ S MCS

} + ¢ +— 4 + + -+
000500 125 250 375 500 625 750 BI5 1.000 1.125 1.250
TIME (SEC) (x107%)

Comparison of the Vartance of Displacement al Hode t Using’
(1) Probabilistic Finite [lement Methad (PFEM)

{2) tlermyte Gauss Quadrature (HGQ)

(3) Monte Carlo Simulation (MCS)
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DISPLACEMENT (NODE 2)

6.000
------- PFEM —— HGQ -eeeneee MCS
ORIGINAL PAGE S
OF POOR QUALITY.
3.000+
z
g .000-'/
=
~3.0001
—&oool——-—-—+ } + + 4 + 4— + +
000 125 250 375 500 625 750 878 1.000 1.125 1.250
TIME (SEC) (x1072)
Comparison of the Hean Displacement at !lode 2 using
{:) Probabitistiz Frnmite Element Method (PFEM)
(2) Hermte Gauss Quadrature (HGC)
(3) Honte Carlo Stmulation (1MCS)
DISPLACEMENT (NODE 2)
800 ——
------- PFEM —— HGQ —-eeeee MCS
.600 4
~~
4
3]
> ,4001.
<
g .
i
2004 A
b
g vyt
.000 + + + 4 + + + TS T —
000 A5 250 375 500 .825 150 875 1.000 1125 1.250

TIME (SEC) (x1072)

Comparison of the Variance of Displacement at !'lode 2 Using:
(1) Probabilistic Finite tlement lethod (PFLN)

{?) Hermite Gauss Quadrature (HGQ)

(3) Monte Carlo Simulatron {(MHCS)
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DISPLACEMENT BOUNDS AT NODE 1(PFEM)
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VARIANCE

2

sy % @ 4+ @ 2 0-25 t
£ =30.0 x 10°
£=30.0 x 10*
A=6.0
p=0.30
6,=15000.0
P =175.0 x 10°
P,=0.0 ¢

Prolilem Statement of a Ten-Bur Nonlinear Structure.

DISPLACEMENT Al NODE 1

6.000
——PFEM - HeQ e MCS
45004
3.000+
1.5004
000 + 4— + + 4, + ' y
.000 .160 320 .480 640 960 1.120 1.280 1.440 1.600

800
TIME (SEC)

Comparison of the Varjance of the y-displacement of Node 1 Using (1) Probabsiistic
Finmite Element Method (PFEM); (2) Hermite Lauss Quadratwi« (11GQ); and (3) Monte
Carlo Sumujation {MCS).
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STRESS IN ELEMENT 1

25.000
——PFEM - HeQ e MCS
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=
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.000 160 J20 .480 840 000 260 1.420 1.280 1.440 1.600
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Comparison of the Mean Stress of Member 1 Using (1) Probabilestic Finite Method (PFEM),
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PROBABILISTIC STRUCTURAL ANALYSIS OF SSME TURBOPUMP BLADES -
PROBABILISTIC GEOMETRY EFFECTS*

Vinod K. Nagpal
Sverdrup Technolosy, Inc.
Middleburg Heights, Ohio 441720

A probabilistic study has been irnitiated at Lewis Research Center. ™ie
first objective of this study is tc evaluate the precisions of the geametric
and material properties tcierances on the structural response of turbopump
blades. To complete this study, a number of important probabilistic
variables have been identified which ere conceived to affect the structural
response of the blade. In addition, a methodology has been developed to
statistically quantify the influence of these probabilistic variables in an
optimize. way.

The identified variables include random geametric and material properties
perturbations, different loadings and a prcbabilistic combination of these
lcadirgs. Influences of these probabilistic variables are planned to be
quantified by evaluating the blade structural response. The structural
response includes natural frequencies, root (maximum) stress, stage weighi
and tip displacements.

Studies of the geametric perturbations have been conducted for a flat plate
geametry as well as for an SSME blade ceometry using a special purpose code
which uses the finite eleament approach. The geametric perturbations which
sinulate the matural perturbations under operatiig conditions, are generated
by randomly perturbing the x, y, and z coordinates c¢f all the nodes of the
finite element mesh. Analyses of both the geometries indicate that the
variances of the perturbations about given mean values have significant
influence on the response. However, for neither of the two geometries all
three variances cf perturbations along x, y, and z axes showed significant
effect. Also, the two analyses indicated that the Jserturbation variances
which influence the flat plate response significantly were different fram
those of the SSME blade geametry. Contrary to the influence of variances,
the means of perturbations have insignificant influenc2 on the responre of
either geametry.

Statistical models have been developed to predict the structural response
for given perturbation means and variar.ces for both gearer:ries. Since mears
are not significant, statistical models based only o. iie sigrnificant
variances have also been developed. In addition, probability distributions
for the structural response have been developed. These distributions mostly
appeared discrete. These distributions provide an assessment of variation
in the structural resporse for a selected geametric perturbation. Also,
these provide an estimate of the probability of getting a certain response
for a given input.

*Work performed under NASA Lewis task number 84-52-03.
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Statistical tests and methods were used to check the developed models.
These tests indicated that the developed models are good fits. t-Tests were
used to identify the significant variances of perturbations. F-tests, and
plets and autocorrelations of residuals were used to check the goodness-of-

fit tests.

The preliminary conclusions fram the studies completed so far are that the

means of geometric perturbations are insignificant. However, the variances
of the perturbations have significant effect. Also an analysis indicates

that the structural response varies by up to ten percent when a test run
with the same mean and variance of a perturbation is replicated.

The studies of random perturbations in material properties, different
loadings and their probabilistic combinations is underway.

PRESENT OBJECTIVE

CONDUCT PROBABILISTIC STRUCTURAL ANALYSIS OF
SSME BLADES USING PROBABILISTIC DESCRIPTION GF

GEOMETRY
MATERIAL PROPERTIES
LOADING CONDITIONS

PROPARILISTIC VARIABLES
¢ :ANDOM GEOMETRIC PERTURBATIONS
@ RANDOM MATERIAL PRUPERTIES PERTURBATIONS

o LOADING
DETERMINISTIC

PROBABILISTIC
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STRUCTURAL RESPONSE

® NATURAL FREQUENCIES

FIRST
SCCOND
THIKY

® ROOT (MAXIMUM) STRESS
o STAGE WEIGHT

® TIP DISPLACEMENTS

variable 2

(“) 1)“) ( 1,1 1)

|
!
! A
|
|
|

e — - - — m——— Variable 1

(—1,1 . 1) r T
!
|
|
|
|
|
|

(1,-41)

(-4-11) (4-4.1)

variabie 3

OPTIMIZED wAY OF STUDYING THREE VARIABLE EFFECTS
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SUMMARY OF STATISTICAL MODELS
FOR SSME _BL/DE CEOMETRY

DEP. VAR, = CONSTANT + COEFF{M, + COEFF, M, + COEFF3lz + COEFF O + COEFF50% + COEFFzQ%

DEPENDENT | SYMBOL C COEFFICIENTS OF CALCULATE| TABLE

VARIABLE CONSTANT F-VALUE |F-VALUE
My | M | M oo | T o

FIRST FREQ. | Fy | 6219.9 | -2712. | -7437. | -o7u. | -8716.3| -ug6. | -8790.| 25.01

SECOND FREQ. | Fn | 9923.3 | -us17. | -s615. | we2, | -11004 | -6375. | -12612  7.67

THIRD FREQ. | Fy | 15723.5| -506. | S5357. | -2671 | -24816 | -12360.| -36929. 27.34 | 2.26

ROOT STRESS | RS | 57039, | 1gu0. | 257695.! 71492, | 117726, | 123200.| 236795  2.83

STAGE WEIGHT | T | 090731 | 1.3662 | 1.827 | 0.4323| S.u521 | 2.4369 | 5.6581 | 6.2

mppiseL, | 7o | -.00s8 | 0.0279 | 0288 | 0.2ws | -.o27 |0.0572 | -.om2| 130
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SAMPLE UF DATA ACQUISITICN UN GEOMETRIC PERIURBATION
OF SSME BLADE

CEOMETRIC PERTURBATIONS FESPONSE OF THE BLALE
- - e LD
MEANS STD. DEVIATION NATURAL FREGUENCIES RGOT STAGE | CISPLACEMENTS
My, Mz Gx o7 G FIRST SECONL THIRD *TRESS WEIGHT
c.0 60 .02 0.0 .02 639€.7 8770.0 12882. r7776. 1.143% .000;
6139.7 8924.3 16118. 6404, 1.1383 .00053
5901.5 £643.° 18173, 7378F. 1.14€6 - QCuu7
5952.4 8614.2 15651. 80025. 1.1358 20815
2.0 g2 0.0 .02 0.0 02 £l3y.1 §8Co.5 16345 £1873. 1.18%7 .0CCes
€334.5 928ty 16771 64701, 1.1582 .CG065
5365.0 G140, . 16229, 70025, 1.1651 -.0ecl
59¢€0.9 86CN. 9 15694, 62124, 1.1762 -.uCC39
¢ ool 2 0.0 gz 5834.9 9184 .4 14240, 604350, 1.236C .00306
£202.7 838¢. . 15530, 56356. 1.2338 06211
5775.. G044.0 15113, 50443, 1.2054 .00248
5671.1 8378.7 14580, 85466, 1.2103 .00328
DEFINITIONS

E - TEST
o (RESIDUAL SU OF SQUARES) /D.F.

) (REGRESSION SUM OF SQUARES) /D.F.

T - TEST
- VALUE - NEAN

sT. DEV.
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PROBARTLITY DTSTRIBUTIONS FOR TEST RUN NO. 42
SAMPLE SIZE = )

- Lr

l ' reay

I~

3000

am 0N

368, 2
STANL-ARD DEVIATION 425.3

3

SO0 HACn soon
FIRST NATURAL FREAIERTY
RSN f302.¢
STANDARD [OLVIATION 10238
I
4000 5000 &O0T 70C0 8000 aceo
SECORT NJTHRAL FRETIONCY
Protability Distrihutions For Test &un No. 42
Sampie Size 60
. . I
Fean 3773
St. Doy, 331
Y J
2800 50 32 34 36 3800 4c 42 44 46 4800
FIRST NATURAL FREQUENCY
Mean €772
St. Dev, 940
4000 46 52 58 6400 70 76 82 86 880

“ZCOND NATURAL FREQUENCY
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DYNAMIC CREEP BUCKLING: ANALYSIS OF SHELL STRUCTURES
SUBJECTED TO TIME-DEPENDENT MECHANICAL AND THERMAL LOADING*

G.J. Simitses, R.L. Carlson, and R. Riff
Georgia Institute of Technology
Atlanta, Georgia 30332

The objective of the present research is to develop a general mathematical
model and solution methodc’ogies for analyzing the structural response of thin,
metallic shell structures under large transient, cyclic, or static thermome-
chanical loads. Among the system responses associated with thase loads and
conditions are thermal buckling, creep buckling, and ratcheting. Thus geo-
metric and material nonlinearities (of high order) can be anticipated and must
be considered in developing the mathematical model.

A complete, true ab-initio rate theory of kinematics and kinetics for
continuw'm and curved thin structures, without any restriction on the magnitude
of the s rains or the deformations, was formulated. The time dependence and
large strain behavior are incorporated through the introduction of the time
rates of metric and curvature in two coordinate systems: fixed (spatial) and
convected (material). The relations between the time derivative and the covar-
iant derivative (gradient) have been developed for curved space and motion, so
the velocity components supply the connection between the equations of motion
and the time rates of change of the ~etric and curvature tensors.

The metric tensc:s (time rate of change) in the convected material coordi-
nate system is linearly decomposed into elastic and plastic parts. 1In this
formulation a yield function is assumed that is dependent on the rate of change
of stress, metric, temperature, and a set of internal variables. Moreover, a
hypoelastic law was chosen to describe the thermoel:z-tic part of the
deformation.

A time- and temperature-dependent viscoplasticity model was formulated in
this convected material system to account for finite strains and rotations.
The history and temperature dependence were incorporated through the introduc-
tion of internal variables. The choice of these variables, as well as their
evolution, was motivated by phenomenological thermodynamic considerations.

The nonisothermal elastic-viscoplastic deformation process was described
completely by "thermodynamic state" equations. Most investigators (in thLe area
of viscoplasticity) employ plastic strains as state variables. Our study shows
that, in general, use of plastic strains as state variables can lead to incon-
sistencies with regard to thermodynamic considerations. Furthermore, the
approach and formulation employed by all previous investigators lead to the
condition that all the plastic work is completely dissipated. This, however,
is in contradiction with experimental evidence, from which it emerges that part
of the plastic work is used for producing residual stresses in the lattice,

*Work performed under NASA grant NAG3-534.
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Both limitations

are not present in our formulation because of the inclusion of the "thermo-

which, when phenomenologically considered, causes hardening.
dynamic state" equations.
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N85-27960

STRUCTURAL TAILORING OF SSME BLADES (VANES)*

R. Rubinstein
Sverdrup Technology, Inc.
Middleburg Heights, Ohic 44130

The engine blade design optimization program STAEBL (Scructural Tailorirg of
Engine Blades) is available at the NASA Lewis computer facility. The
analysis capabilities of this program were extended to typical loading
conditions for SSYE turbopump blades including themal and pressure loading.
Input files for representative SSME blade designs were developed and sample
optimization studies for these blades campleted.

The structural tailori.g program combines a general optimization package and
= finite element blade analysis package. The analysis package's
capabilities include natural frequency, maximum stress, and forced response
camputation, and fatigue life and flutter analysis.

Optimization is performed using the "feasible directions" method. The
current design is modified by perturbing the design variables so that the
design oonstraints are satisfied whiie the objective function, such as hlade
weight, is reduced at the maximum rate. The program's geametric decign
variables include blade thickness distribution, thickness to chord ratios,
ané root chord. Special design variables are included for camposite and
hollow blades. Typical design constrainmts include natural frequency margins
imposed to avoid resonances near integral multiples of critical engine
speeds, maximum stress limits, flutter margias, and forced response
constraints imposed to aveid fatigue failure.

The program was designed for application to gas turbine fan blades. In
order to extend the program's analysis capabilities to SSME blades, themal
and pressure load analyses, and tae analysis of temperature dependant
mechanical properties were added to the program. Optimization studies for
flat plates and for compressor blades demostrated that such loads can cause
significant increases in the weight of optimized designs. Pressure loads
can greatly increase root stresses, and therefore require additional
material at the blade root. Themmal loads influence the optimal design
primarily by decreasing the hl.ade's modulvs of elasticity. This softening
decreases the blade's natural frequencies and therefore requires higher
blade weights in order to avoid resonances with engine speed.

SSME blade mocels provided by Lockheed and Rocketdyne were converted tc the
input format required by the structural tailoring program. Weight savings
of approximately ten percent were achieved using optimized designs.

Design recommendations cannot, of course, be based on these calculations
alone. Input from the SSME blade designers is crucial, especially to the
formulation of constraints which correctly model the blade design
requirements. However, the structure of the prcgram is sufficiently
flexible that any further program modifications required to acoomodate SSME
turbopump blade design requirements will surely be feasible.

*Work performed under NASA Lewis task number 84-52-01.
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OBJECTIVE

MODiFY STRUCTURAL TAILORING PROGRAM (STAERL) FOR
AFPLICATION TO SSME TURBOPUMP BLADES

STACBL
OPTIMIZAT! N PROCEDURE

INPUT

PREPRUCESSOR
——————>—— EVALUATE CONSTRATNTS  ~—&— — —1

/// Aot \\\
/Satlsfied Sotlsfieo\

Grac‘ent of Gradient of
objective constrairts
15 Search 1D search /]
JIntimized Design Feasible
N | design

Convergence Check

/"Ot N '3t led
Qnﬂ.::ACU \

L/

sTOP
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ORIGH "L ¢aLl S

A
STAEEL OF POCR QuALITY
TYPICAL DESIGN VARIAPLES TYPICAL CONSTRAINTS
Thickness ut 5 stations Resonance margin for order
foot chord number and root

B (Campdell Diagram)
Irickness-to~chord rativ
Maximum 00 stQtlC siress
T:p mode frequency margin

Forceg response margin
{Goodman Ciagram)

OPTIMUM BLADE DES{i~N

Sixth Stage Compresscr Blade

INiTIAL DESIGN OPTIMIZED DESIGN CONSTRAINT VALUES

STAGE WEIGHT (LBS! 11.37 7.95

PERCENT SPAN 0% 50% 1067 0% 502 1G0T

THICKNESS (IN) .29 .20 .11 .24 .13 .08

CHORD <IN} 2.8 3.1 3.6 1.7 1.9 2.2

THICK/CHORD .10 .06 .03 .14 .07 .Cy .02 .02 .62
.15 .12 j

CONSTRAINTS

RESONANCE MARGINS

MODE 1 .23 .05 > .05

MODE 2 21 1.3 > .05

MODE 3 .24 1.6 > .5

RGOT STRESS (KSI» 36 25 < 47
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OPTIMUM BLADE DESIGH
Sixth Stage Compressor Bicde
EFFECT OF THERMAL AND PRESSURE LOADS

NO THERMAL LOADS

THERMAL LOADS

THERMAL AND
PRESSURE LOADS

STAGE-WEIGHT (LBS) 7.95 8.24 9.69

PERCENT SPAN }4 50% 100% 07 50% 100% (83 50% 1603

THICKNESS (IN) .24 .13 .08 .24 .15 .08 .48 .08 .C8

CHORD (IN) 1.7 1.9 2.2 1.7 1.6 2.2 3.3 3.6 4.2

THICK/CHCRD .18 .07 .04 14 .8 .04 14 .02 .02

CONSTRAINTS

RESONANCE MARGINS

MOLE 1 .05 .06 05

MODE 2 1.27 1.27 1.47

MODE 2 1.65 1.65 1.7

RCOT STRESS (KSD) 26 28 37

GPTIMUM ELADE DESIGN
Lockineed SSME Bligde
INITIAL DESICN OPTIMIZED DESIGN OPTIMIZED DESIGN
High root stress Low root stress

cLADE WEIGHT (LRS) . 046 .26 .038
NUMBER OF BLADES 76 100 82
PERCENT SPAN % 507 100% 0% oox 1007 c7 50% 1¢07
THICKNESS (IN) .23 .15 .12 .17 .15 .06 .24 .13 W11
CHORD (1MW) 1.0 .85 .81 .7 LG4 .61 1) 77 74
THICK/CORD .22 .18 A4 22 .23 .10 .2 17 1
CCNSTRAINTS
RESCNANCE MARGINS
MODE ! 2.3 2.9
MoDE 2 4,2 4.2
MODE 3 8.1 2.6
ROCT STRESS (KSD) 143 99
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STAEBL: Geometry Conversion

upper surizze

lower suriece
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OVERVIEW OF FATIGUE, FRACTURE, AND CONSTITUTIVE MODELING PROGRAMS AT LEWIS

Gary R. Halford
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

Because of the absolute requirement for having safe and durable reusable
space propulsion systems and because of the extremely high performance required
of such systems, the means must be available for accurately calculating the
extent of usable mission lifetime. The desigyn of reusable space propuision
systems is such that many of the critical components cannot avoid having very
short lives. These lives must ba reasonably well known in advance of commit-
ting a design to hardware because of the exceptionally high expense involved
and the long time required for councstruction and certification. A minimum life
must be attainable or the entire effort is not economically feasible. Being
able to calculate expected lifetimes from expected loadings and structural
analyses of the local stresses and strains enables the designer to alter
details of a design to permit the maximizing of useful cyclic lifetime in con-
junction with other design parameters such as performance, weight, and size.
Knowledge of the possible design tradeoffs and their quantitative assessment
will give rise to better designed systems.

Hence, the objective of the NASA Lewis Research Center's program in this
durability area is to develop and verify cy ‘ic constitutive stress-strain and
life-prediction models for materials used ir ‘-usable space propulsion systems.
The life-prediction models are aimed at accu ely calculating the initiation
and early growth resistance of cyclic cracks . materials used in hot-gas-path
components. The development of cyclic crack ropagation analysis and life-
prediction methods by using fracture mechanice principles is being handled by
my counterpart at the Marshall Space Flight Center, Carmelo Bianca.

Our approach to meeting the exceptionally rigorous demands of space pro-
pulsion systems is to start with the technology base developed in support of
the aeronautics gas-turbine industry. Thus, life prediction and cyclic con-
stitutive material models developed for aeronautics propulsion systems are
being examined for deficiencies relative to reusable space propulsion systems.

Existing models are being modified and new ones will be developed as nec-
essary to describe the evolutionary development of fatigue damage in terms of
phenomenological variables and micromechanistic features of the materials
involved. Crack initiation approaches are being addressed from experimental
and theoretical points of view. Models will be subjected to rigorous verifi-
cation at the subcomponent level to demonstrate their applicability to the
unique conditions of reusable space propulsion hardware.

We are in the second year of the program and results are just now begin-
ning to be realized. The early results will be presented by principal inves-
tigators from iLewis, universities, other Government laboratories, and industry.

PRECEDING PAGE BLANK NOT FILLMED
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INTERACTION OF HIGH-CYCLZ AND LOW-CYCLE FATIGUE OF HAYNES 188 ALLOY AT 1400 °F

Peter T. Bizon, Dan J. Thoma, and Gary R. Halford
National Aerongutics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

The interaction of low-cycle fatigue (LCF) and high-cycle fatigue (HCF)
was evaluated at the NASA Lewis Research Center on Haynes 188 alloy at 1400 °F.
Completely reversed, axial-lcad, strain-controlled fatigue tests were performed
to determine the baseline data for this study. Additional specimens for inter-
action tests were cycled first at a high strain range for various small por-
tions of expected LCF life followed by a step change to a low strain range to
failure in HCF. Failure was defined as complete specimen separation. The
resultant lives varied between 10 and 5000 cycles for the low-cycle fatigue
tests and between 4500 and 3 million for the high-cycle fatigue tests. For the
interaction tests the low-cycle-life portion ranged from 30 and 1000 applied
cycles while the high-frequency life ranged from 300 and 300 000 cycles to
failure. The step change results showed a significant nonlinear interaction
in expected life. Application of a small part of the LCF life drastically
decreased the available HCF life as compared with what would have been expected
by the classical linear damage rule (LDR).

The nonlinear cumulative damage rule proposed by Manson and Halford in
1981 and referred to as the "damage curve aporoach (DCA)"” predicted the trends
of the results. However, the presently observed interactions were more severe
than anticipated, impiying that the single universalized constant in the DCA
has a different value than found for previous materials tested. A fracto-
graphic study of failed specimens showed that the fracture surfaces from inter-
action tests appeared to be essentially the same as surfaces from specimens
tested in HCF only: the LCF portion of the cycling was not distinguishable on
the interaction fracture surfaces.
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NOMINAL PROPERTIES OF HAYNES 188 ALLOY

COMPOSITION (wt %)

COBALT Er A IRON 3% MAX,
NICKEL 2% MANGANE SE 1.25% MAX.
CHROMIUM W% SILICON 0.4% MAY,
TUNGSTEN 14%
CARBON 0.1%

LANTHANUM  0.08%

AT 1400 °F (TEST TEMPERATURE)

YIELD STRENGIH (0.2% OFFSET) 42000 psi
ULTIMATL TINSILE STRENGTH 92000 psi
TENSILE ELONGATION 443 %

v-24%0

HOURGLASS SPECIMEN GEOMETRY

DIMENSIONS IN INCHES
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CENTERS I{X
BOTH ENDS ~
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TEST PARAMETERS

COMPLETELY REVERSED, AXIAL LOAD, STRAIN-CONTROI., FATIGUE TEST

TEMPERATURE

HEATING METHOD
FREQUENCIES

LOAD TRAIN ALIGNMENT

MEASUREMENT :
LOAD

STRAIN
TEMPERATURE

1400 °F

SELF RESISTANCE

0.4 AND 29 Hz
“WOODS-METAL 5YSTEM"

FOUR-ARM STRAIN GAGE LOAD CELL
DIAMETRAL EXTENSOMETER USING LVDT
OPTICAL DISAPPEARING-WIRE TYPE

PYROMETER
V-2489
CS-84-4%02
PROGRAM SCOPE
FATIGUE TESTS:
NUMBER OF TESTS FREQUENCY (Hz) LIFE (CYCLES)
9 0.4 13 -4918
1l Yl 4500 —3262300
10 04— 33-925 —300-310800
METALLOGRAPHIC STUDY:
TYPE OF TEST LIFE (CYCLES)
LCF ONLY 2142
HCF ONLY 3262 300
COMBINED LCFIHCF 51—=76000
V-2488
€5-8,~4503
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SSME STRUCTURAL DURABILITY

LCF/HCF LOADING PATTERN
LCF

.',

imposed 0
Strain

SSME STRUCTURAL DURABILITY

DAMAGE CURVE APPROACH

TWO LEVELS OF LOADING
Ny & Ny

0.4

2y [7.1][%

INITIAL LIFE FRACTION

REMAINING LIFE FRACTION
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ORIGINAL PAGE 1§
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SSME STRUCTURAL DURABILITY

DAMAGE CURVE APPROACH(DCA)
TWO LIFE LEVELS, N, AND N,

————

10 ny

00
& . cvas faacion

(ﬂ) N1=N|0 9 N2= Nhi (b) N‘|=N|ﬁ [ N2=N|0

BASELINE FATIGUE DATA
HAYNES 188 ALLOY AT 1400 %F

TEST
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A 3

-0. 667
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LONG
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10! 102 103 10? 16° 106 107
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LCF FOLLOWED BY HCF TO FAILURE
HAYNES 188 ALLOYS AT 1400 OF

1.0

HCF CYCLES APPUIED
HCF CALCULATED LIFE

-~ LINEAR DAMAGE RULE ﬂ
PREDICTIUN

,~ DAMAGE CURVE
PREDICTILAS

.2 .4 .6 .8 1.0
LCF CYCLES APPLIED
LCF CALCULATED LIFE
v-2481
C5-84-4304

134



016p-P8-S0
120e-A
S310A0 0009118 STIDAD 00£292¢ ‘ S310A0 Vi

et Y




v -2482
C£5-84-4511

51176000 CYCLES

3
o
S
L3
R
£l
"

Pt

2142 CYCLES




AGY-78-S9

STI0AD 00£292¢ STICAD vl

.
Al

S0 e

NOILO3SSS0¥) (T4 40 ¥3INZO 40 NOLLYOLINSYMOT




6LvZ-A
3Ush-8-50

(SOLOHd OML ¥3HIO ML
40 1vdl 21 51 NOUVOHINOYW SIHD

SII0A0 vl2




t N85-27962

REEXAMINATION OF CUMULATIVE FATIGUE DAMAGE LAWS

Gary R. Halford
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

S.S. Manson
Case Western Reserve University
Cleveland, Ohio 44106

Treatment of accumulated fatigue damage in materials and structures sub-
jected to a history of nonsimple repetitive loadings has received a large
amount of attention in recent years. The subject has been a popular one for
mo—e than half a century since Palmgren (ref. 1) first suggested what is now
known as a "linear damage rule.” After the same rule was later independently
proposed by Langer (ref. 2) and Miner (ref. 3), it was recognized that,
although the method has much merit for the simple treatment of complex loading
history, it can result in unconservative predictions of material and structural
behavior. An intense flurry of activity followed in the pursuit of alternative
methods of analysis that wculd predict behavior more accurately. So many meth-
ods were introduced that it became necessary periodically to prepare review
papers placing all the new methods into perspective, among them the ones by
Newmark (ref. 4), Kaechele (ref. S), Manson (ref. 6), O'Neill (ref. 7), Schive
(ref. 8), and Laflen and Cook (ref. 9). Schive's study lists nearly 200 ref-
erences while reviewing approaches to treat the problem and the numerous exper-
imental programs that are relevant to the evaluation of the concepts. No truly
comprehensive review has appeared of the considerable effort that has been made
in the past dozen years since Schive's publication.

The current presentation is based on a few of the results contained in an
extensive paper being prepared on the subject by Manson and Halford {(ref. 10).
Our primacy goal is to review our own direct experience with this subject, to
hriefly mention some recent progress, and to express our current integrated
view regarding the state of the art as it applies to our own efforts. Only
incidentally shall we review the more recently proposed cumulative damage life
prediction methods.

The dcuble linear damage rule (DLDR), which has evolved in our laborato-
ries over the past 20 years (refs. 11 to 13), is reexamined with the intent of
improving its accuracy and applicability to engineering problems. Modifica-
tions are introduced to the analytical formulation to achieve greater compati-
bility between the DLDR and the so-called damage curve approach (ref. 13),
which is an alternative continuous representation of the DLDR. For our present
purposes we shall demonstrate the new formulation by using the recent HCF/LCF
results generated by Bizon et al. (ref. 14) and presen’ed at this conference.
The constant in the new formulation are derived directly from the new data on
the cobalt-base alloy Haynes 188. Once calibrated, the equations are used to
predict lifetimes under complex, yet more realistic, simulated service
conditions.
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CORRELATION OF HCF/LCF INTERACTION BY THE
DOUBLE DAMAGE CURVE APPROACH(DDCA)

1.0
. Haynes 188 at

1400 F(Bizon et al)
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DOUBLE LINEAR DAMAGE RULE(DLDR)
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PHASE I (“Initiation”)

"
=
o
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PHASE II ("Propagation”)
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n = NL-ngl
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SIMULATED LOADING CASE(SSME LOX Post)

HCF Freq. = 1bvuaz
Mission Duration = 500sec.
LCF Life =500 Cycles

HCF Life = 50,000,000 Cycles

Mission Cousists of 1 LCF Cycle at N,= 500
and 500,000 HCF Cycles at N, = 50,000,000

Based on Miner Linear Damage Rule,

n/N;= 0.005 and n/N,=0.01

0.005+0.01 = 0.015
No. Missions = 1/0.015 = 67
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Based on DLDR for Haynes 188 at 1400 F

Nra=3 Ny o7 300,000
Ny, 1=497 Np = 578,000
PHASE I
—_— _%_ . :_:?50%0 = 0.343/Mission

1/0.343 P D Missions
PHASE II

1, 3090 _ g 867/ Mission
497 = 578,000

1/0-867 > w&ioi)_
TOTAL = Y Missions

EFFECT ON MISSION LIFE OF IMPROVING
FATIGUE RESISTANCE

Baseline Fatigue Curve - 4 Missions

Increase HCF Life by x 10, __
but Decrease LCF Life by x 2

5 Missions
Increase HCF Life by x 10 — 7 Missions
Increase LCF Life by x 2 — 9 Missions

Increase both HCF & LCF by __

1 Missi
x 10 & x 2 respec. 11 Missions

Increase HCF Life by x 100 — 23 Missions
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INFLUENCE OF LCF/HCF DAMAGE KATIO
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CYCLIC STRUCTURAL ANALYSES OF SSME TURBINE BLADES

Albert Kaufman and Jane M. Manderscheid
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

Fuel turbopump components for reusable space propulsion systems experience
extreme gas temperature and pressure environments. These operating conditions
subject the high-pressure-stage turbine nozzles and blades to severe thermal
transients that result in large inelastic strains and rapid crack initiation.
To attain even the short lives required for these systems, anisotropic turbine
blading alloys must be used. Assessing or improving the durability of these
components is contingent on accurate knowledge of the stress-strain history at
the critical location for crack initiation.

Nonlinear finite-element analysis techniques have become available in
recent years for calculating inelastic structural response under cyclic load-
ing. These methods are based on classical incremental plasticity theory with
uncoupled creep constitutive models. Many of the nonlinear finite-element
computer codes such as MARC (ref. 1) have the capability of handling materials
with anisotropic properties. However, these codes are usually too costly and
time consuming to use in the early design stages for aerospace applications.
Costs are further increased by the geometrical complexity of high-pressure
turpine blades, which necessitates three-dimensional analyses and s~metimes
substructuring for accurate solutions. Simplified procedures for more econom-
ically representing structural response under cyclic loading have been devel-
oped (refs. 2 to 4) to improve the design of engine hot-path components such
as turbine blades.

This paper addresses the problems of calculating the structural response
of high-temperature space propulsion components such as turbine blades for the
fuel turbopump. The first high-pressure-stage fuel turbine tlade (HPFTB) in
the liquid-hydrogen turbopump of the space shuttle main engine (SSME) was
selected for this study. In the past these blades have cracked in the blade
shank region and at the airfoil leading edge adjacent to the platform. To
achieve the necessary durability, these blades are currently being cast by
using directional solidification. Single-crystal alloys are also being inves-
tigated for future SSME applications. The study evaluated the utility of
advanced structural analysis methods in assessing the low-cycle fatigue lives
of these anisotropic components.

The turbine blade airfoil of the high-pressure stage of the SSME fuel
turbopump was analyzed because it has a history of rapid crack initiation.
These uncooled airfoils have a span length of 0.33 cm and a span-to-chord width
aspect ratio of approximately unity. The blades are cast from directionally
solidified MAR-M 246 alloy. Temperature-dependent properties for this alloy
were mainly provided by the Rocketdyne Division of Rockwell International Cor-
poration. Material elastic proper’ ies are summarized in table 1. Mean thermal
coefficient of expansion data were convertzd to instantaneous values for MARC
input. Poisson's ratio values of 0.143 and 0.391 were used for the longitudi-
nal and transverse directions, respectively, and were assumed to be constant
with temperature. Longitudinal stress-strain properties, summarized in
table 1I, were used for the elastic-plastic region. A single-crystal MAR-M
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246 alloy is also being considered for turbine blades in future SSME
applications.

Cracking has occurred during service at the airfoil base near the leadirg
edge and in the blade root shank area. These cracks apparently initiate during
the first few mission cycles because of the severe thermal transients and are
propagated by vibratory excitation. Since the primary purpose of this study
was to compare nonlinear finite-element and simplified analytical methods, the
blade root and platform were excluded from the analysis to reduce the size of
the problem and therefore the computing time.

The mission used for the analysis is shown in figure 1 in terms of turbine
inlet temperature, gas pressure, and tlade rotational speed. This cycle is
applicable to a factory test of the engine; it is also reasonably representa-
tive of a flight mission except for the foreshortened steady-state operating
time. The major factors inducing rapid cracking are the transient thermal
stresses and the inelastic strains caused by the sharp acceleration and
deceleration transients.

Ruvdimentary transient and steady-state three-dimensional heat transfer
analyses have been conducted using the MARC code. Film coefficients were
obtained from preliminary information supplied by Rocketdyne. <The gas sink
temperature was assumed to be constant around the airfoil sui.ace for each time
step. Colder boundary conditions were assumed at the airfoil base to simulate
the effects of the cooling of the blade-to-disk attachment region by the
liquid-hydrogen fuel. Calculated meta! temperatures at the leading edge at
midspan and at the crack initiation site at the base of the airfoil (critical
location) are presented in figure 2 as a function of elapsed time during the
cycle. The assumed gas sink temperature around the airfoil is also p.otted.
of particular note is that the leading-edge temperature is lower at the airfoil
base than at midspan throughout the cycle. This seems reasonable because of
the cooling of the blade-to-disk attachment region by the liquid-hydrogen fuel.
The lower airfoil base temperatures induce tensile thermal stresses at the
critical leading-edge location that are additive to the centrifugal stresses.

Elastic-plastic analyses are bLeing coaducted for the HPFTB airfoil with
both the MARC code and a simplified anzlytical procedure ueveloped at the NASA
Lewis Research Center. The MARC analysis used the anisotropic material prop-
erties, while the simplified analysis used only Yourng's modulus and Poisson's
ratio for the longitudinal (spanwise) direction.

A three-dimensional finite-element model of the airfoil (fig. 3) was con-
structed of eight-node isoparametric elements. The model consisted of 360
elements with 576 ncdes and 1661 unsuppressed degrees of freedom. This model
was a shortened version of a finite-element model created Ly Lockheed (ref. 5)
for a NASTRAN elastic analysis of the HPFTB blade at rated power level; this
work was done under contract to the NASA Marshall Space Flight Center. The
main difference between the NASA Lewis and Lockheced models was that the blade
base and most of the platform were omitted for the MARC nonlineat analysis to
reduce the computing time and to run the problem in-core on the Cray computer
system at Lewis. Boundary conditions were applied to constrain all nodes at
the base of the model to lie on a plane. Additional boundary conditions were
imposed to prevent rigid-body motion in this plane.
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The MARC cude has been used extensively at Lewis for inelastic analyses
of aircraft turbine blades and combustor liners and of space power components.
In conducting a zyclic analysis the loading history is divided into a series
of incrementa. lnad stepa, which are sequentially analyzed. The onlasticity
algorithm is based ¢n a tangent stiffness approach in which the stiffness
matrix is reformulated and reassembled for every plastic 1lr ... increment. The
incremental loads are modified by residual load correction .c:tors to ensure
that the solution dces not drift from a state of equilibrium. Convergence for
the itera:ive plasticity analysis is indicated when the strain eneryyv used in
assembling the stiffress matrix approximately equals the energy chan,e result-
ing {rom the incremental solution.

The mission cycle was subdivided into 129 increments. Incremental loading
included centrifugal ani gas pressure loads and metal temperature distributions
as calculated from the heat transfer analysis. Approximately 1 millinn words
of core storage on the Cray system were needed to run the problem. Each 2ycle
of analysis required about 15 hours of computing time.

The directicnality of the 2lastic material properties causes anisotropic
constraints. Lekhnitskii (ref. 6} has decrived the general!ized elastic strain
equations for an anisotropic body with & transverze plane of isotropy Matrix
inversion of these equations to solve for the stresses results in the
relationship

fbx\ (a1 - nv'z) (v + nv'z) v' (1l + v) 0 0 0) I(E“ }
ay (v + nv'z) (1 - nv'z) v'(l + v) 0 0 0 IEy
o, 4\»'(1 +v) v v (- vHm 0 5 ol JE,
{+ - a 0 0 0 G'/a 0 ol |y p
yz yz
T 0 0 0 0 g'za o |y
XZ Xz
x 0 0 0 0 0 G/a
Lx}'J " Y"YJ

where n = E/E' and a = nE'/(l + v)(1 - v - 2nv'2). Here, E', G', and v'
denote Young's modulus, the shear modulus, and Poisson's ratio, respectively,
for the longitudinal or span direction while E, G, and v denote these
constants with respect %o any direction in the transverse plane of isntropy.
This anisotropic stress-strain law was incorporated i~ the MARC user
subroutine HOOKLW.

Plastic strain calculations were based on incremental plasticity theory
using the von Mises yield criterion, the normality flow rule, and a kinematic
hardening model. The material elastic-plastic behavior was specified by the
yield strengths and work-hardening properties in the longitudinal direction;
transverse properties were not available. Creep ana'yses are not being per-
formed at the present time because of inadequate knoi'ledge of the creep char-
acteristics for the anisotropi: blade material.

At the beginning of this study a steady-state MARC elastic-plastic anal-
ysis of the airfoil was ccaducted for rateé power level (RPL). The temperature
input was obtained from a WASTRAN steady-state heat transfer enalysis performed
by Lockheed. 1In contrast to the large temperatur: gradients calculated from
ithe NASA heat transf r analysis, Lockheed had a maximum temperature variation
in the airfoil of oni' 35 deg C. Effective stress distributions, as calculated
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at the Gaussian integration points closest to the suction and presdure sur-
faces, are presented in figure 4. Since the airfoil was essentiaily at an
isothermal state, the stresses primarily reflect the centri’ugal and gas pres-
sure :oading and were entirely in the elastic range The maximu~ effective
stress was only 40 percent of the yield strength. it is apparen. that ‘“he
analysis would not show a low-cycle fatigue problem if transient thermal
effects were not considercd. A MARC ronlinear finite-element nnalysis for the
complete mission cycle was begun but has not been completed.

This work is still in a preliminary stage. A transient heat transfer
analysis of the HPFTB airfoil has been completed. This esnalysis is rudimer.tary
because of the inadequate definition of the heat transfer coefficients and
omission of the cooled shank region in the finite-element model. However, it
is sufficient for exercising and evaluating the structural analysis methods.

A MARC cyclic stress-strain analysis has beer started.

The simplified procedure will probably require further development for
application to SSME turbopump hlade problems - not only because of tne use of
anisotropic materials, but also because of the nonproportionality of the
thermal and mecnanical loading during the cycle. T“xperience has indicated that
effective stresses and strains are not suitaile cciteria for relating multi-
axial, nonproportiona. stress-strain states to .niaxial material properties.
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TASLE 1I.

SOLIDIFIED MAR-M 246

— PHYSICAL PROPERTIES Of DIRECI{IONALLY

Temperature,] Modulus of elasticity, Mean coefficient of|
°C GPa thermal expansion,
- %/°C
Longitudinal | Transverse
1
21 131 183 | 0 e
93 128 17 0.00113
: 204 125 173 .00130
. 316 124 173 .00133
! 427 113 166 .00141
’ 538 114 162 .00148
. 649 109 156 .00149
7€0 103 149 .00156
l 871 97 142 .00160
TABLE II. - STRAIN PROPERTIES

(LONGITUDINAL) OF DIRECTIONALLY
SOLIDIFIED MAR-M 246

Plastic strain, Stress, MPa, al -
percent
21 °C | 649 °C | 816 °C

6.1 800 800 | 875

.2 830 | 855 | 930

.4 850 895 i 965

.6 855 930 970

.8 865 945 975

1.0 870 960 980
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figure 1, - Mission cycle used for analysis,
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Figure 2. - Airfoil temperature cycte.

Figure 3, - Airfoil finite element
model.
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N85-27964

EFFECTS OF HIGH MEAN STRESS ON HIGH-CYCLE FATIGUE
BEHAVIOR OF FWA 1480x*

Saurin Majumdar
Argonne National Laboratory
Argonne, Illinois 60439

Steven Antolovich and Walter Milligan
Georgia Institute of Technology
Atlanta, Georgia 30332-0100

PWA 1480 is a potential candidate material for use in the high-pressure
fuel turbine blade of the space shuttle main engine. As an engine material it
will be subjected to high-cycle fatigue loading superimposed on a high mean
stress due to combined centrifugal and thermal loadings. The present paper
describes the results obtained in an ongoing program at the Argonne National
Laboratory, sponsored by NASA Lewis, to determine the effects of a high mean
stress on the high-cycle fatigue behavior of this material.

Straight-gauge high-cycle fatigue spec . mens, 0.2 inch in diameter and with
the specimen axis in the [001] direction, were supplied by NASA Lewis. The
nominal room temperature yield and ultimate strength of the material were 146
and 154 ksi, respectively. Each specimen was polished with 1l-um diamond
paste prior to testing. However, the surface of each specimen contained many
pores, some of which were as large as 50 uym. Testing was carried out at room
temperature in the laboratorv air nvironment. Future tests will be conducted
at an elevated temperature in an inert environment.

In the initial tests, specimens were subjected to axial-strain-controlled
cycles. However, very little cyclic plasticity was observed. For example,
figure 1 shows the hysteresis loop at the tenth cycle of a 0 to 0.8 percent
strain cycling test. The hysteresis loop has almost zero width, and very
little cyclic mean stress relaxation occurred during the test. Since the
majority of the tests were conducted at much lower strain ranges, where the
hysteresis loops have no measurable width, it was decided to switch to
1oad-controlled testing at a frequency of 20 Hz.

Figure 2 summarizes all of the tests run to date. Tests with mean
stresses of 0, 60, and 120 ksi were carried out. The zero mean stress test
data fall on a linear extrapolation of low-cycle fatigue test data for the same
material at 1600 °F in a high-pressure hydrogen environment (ref. 1). Although
the data are limited, the material seems to exhibit an endurance limit that is
weakly dependent on the mean stress. Figure 3, for example, shows a Goodman
diagram for a 1if: of 109 cycles. It is evident that the high-cycle fatigue
strength cf the material is quite resistant to mean-stress effects.

Several specimens were analyzed by scanning electron and optical micro-
scopy after fracture. Each specimen contained a large number of micropores

*Work supported by the National Aeronautics and Space Adminis.ration.
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(fig. 4, top), and crack initiation always occurred from one of these micro-
pores. Figure 5 shows crack initiation from a micropore ia a specimen (#15-3)
that was cycled at a stress range of 120 ksi with zero mean stress. A similar
mode of crack initiation was also observed in a specimen (#112-3) that was
cycled at a stress range of 38 ksi with a mean stress of 120 ksi (fig. 6).
Crack propagation was crystallographic during most of the life; it apparently
occurred along the {111} type of plane. 1In both specimens #112-3 ard

#15-3, the crack that led to failure was initiated b, a crack on a different
slip plane (figs. 4 and 5). Crack growth also appeared to preferentially fol-
low microporosities (fig. 7). (The distinct slip band marks along the {111}
type of plane in the figure are for a test with a rather large (0.8 percent)
strain range. Such slip bands were not observed in the low-strain-range,
high-cycle fatigue test specimens.)

Several slight differences were observed between specimen with zero and
high mean stress. The specimen with high mean stress (#112-3) appeared to have
cracks initiated at several sites, whereas the zero-mean-stress specimen
(#15-3, fig. S5) had a single crack origin. The high-mean-stress specimen also
had a rougher, more textured fracture surface, which may be indicative of a
higher crack propagation rate. It also contained several "steps” on the frac-
ture surface (fig. 4, bottom). These steps were probably caused either by the
linking of two parallel cracks on the same type of octahedral plane or by the
intersection of cracks on nonparallel octahedral planes.

REFERENCE
1. DeLuca, D.P.: Final Report on Mechanical Properties of Turbine Alloys in
Hydrogen at Elevated Tewmperatures. Prepared for NASA George C. Marshall

Flight Center by United Technologies Pratt & Whitney Aircraft, FR 14844,
1981.
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Figure 2. - Summary. of high-cycle fatigue tests of PWA 1480 at room temperature at various mean
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Figure 4. - Optical micrograph (top) illustrates typical micropore density in specimen #15-3
{unetchedj. Scanning electron micrograph {bottom) shows a “stepped” fracture surface in specimen
#112-3, which was cycled at stress range of 38 ksi with mean stress of 120 ksi at room temperature.
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"N85-27965

CONSTITUTIVE CYCLIC DEFORMATION BEHAVIOR IN SINGLE-CRYSTAL AND
DIRECTIONALLY SOLIDIFIED SSMF HIGH-PRESSURE FUEL

SURBOPUMP AIRFOIL MATERIALS

Walter W. Milligan, Eric S. Huron, and Stephen D. Antolovich
Georgia Institute of Technology
Atlanta, Georgia 30332-0100

The major goal of the project is to correlate mechanical properties with
microstructural defccomation behavior and to develop models for corstitutive
response under a variety of monotonic and cyclic loading cycles, temperaturers,
strain levels, strain rates, and environments. The main areas of research to
date have been the development of techniques for sample preparation and micro-
structura. characterization. In addition, mechanical testing is being carried
out and results will be reported.

Two alloys are being studied as caudidate SSME turb.ne blade materiails.
"he first is PWA 1480, which is a single crystal alloy whose nominal composi-
tion is reported in table I. As documented in figure 1, it is a two-phase
vy/Y' alioy, with the y' size averaging 0.75 uym after heat treatment.
The dislocation fdenciry in the heat-treated material is very low. The alloy
contains about 2 70l T, microporosity (see abstract by S. Majumd-r et al.).
The alloy also c¢ci: ..u~ interdendritic vy/y' eutectic. Several deforma-

tion microstructures are shown in figure 2.

The cecond alloy being studied is D.s. Mar-M 246 + Hf. This is a direc-
tionally solidified material, and its ncminal composition is also ceported in
table I. Like PWA 1480, it is a two-phase v/y' alloy, with the ¥’
size averaging 0.5 ym (fig. 3). The precipitates contain a network of inter-
facial dislocations (fig. 3), an indication of a large mismatch with
matrix. It also contains <v/y' eutectic areas at the grain boundaries
(fig. 4), large carbides (probably of the MC type) within the grains (fig. 4),
fine carbides (probably MgC or M33Cg) in the grain boundaries (fig. 4),
and submicroscopic carbides in the eutectic areas (fig. 3). This material
contains very little mic~cporosity.

The major areas of interest for the two materials will be slightly dif-
ferent. The single-crystal alloy lends itself well to fundamental deformation
studiers, since resolved shear stressas on slip planes are all known and only
one grain is present. On the other hanrd, Ltec D.S. material presents an excel-
lent opporturity to study the effects of :lightly misaligned grains on defor-
mation behavior.

The two materials will be studied by using approximately the same test
matrix, so a good degree nf direct comparison will also be possible. In addi-
t*c. to contributing to fundamental understanding, the resul:s of this study
5..0uld have profounc implica.ions for design inasmuch as constitulive modeis
tbased on experimental observatinns) will be developed.
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TABLE I. - ALLOY COMPOSITIONS

Element | PWA 1480| D.S.
i Mar-M 246
Composition, wt %
Cr 10 9
Co S ! 10
Al 5 6
Ti 1.3 1.5
W 4 16
Mo 2.5
Ta 12 1.5
Hf 1
c 0.15
B 0.015
Zr 0.05
Ni Bal. Bal.

164



TEM micrographs of the as-heat treated PWA 1480.
fa] Bright field micrograph showing the v!
morphology and low dislocation density. <200>
reflection, 8,000X. (b) Dark field mic ograpt of
Yy . <300> superlattice reflection, 31,000X,
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sated condition.
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“EM micrographs of deformation in
(a) Slip band in the as-heat tre

<111> reflection, 70,000X. (D)
dislocation density after tensile failure at

The majority of dislocations appear to

12009E,
2111 retiection, 27,000X.
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TEM micrographs of as-heat treated DS Mar-M 246 + HE.

{a) Bright ticld micrograph showing interfacial

dislocation networks and stacking faults. <200> reflection,
20,000x. (by Dark field of the same arca, slightly
translated. <300> ' superlattice reflection, 20,000X.

{c) Brisht field in a y/¢' cuteclic arca. <l00>
vellection, 10.000%. (d) Dark field of the saue area

as "¢ showing coherent carbides in the mutrix.
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Optical micrographs of the grain structure of

DS Mar-M 246 + HE. (a) lennitudinal (b] lfransverse.
Mote Ertectic y/y' areas at grain boundaries and

the irregular grain bcundary shapes. 100X.




N85-27966

HIGH-THERMAL~GRADIENT SUPERALLOY CRYSTAL GROWTH

David D. Pearson, Donald L. Anton, and Anthony F. Giamei
United Technologies Research Center
Bast Hartford Connecticut, 06108

Single, [001]-oriented crystals of PWA 1480 were processed in alumina/
silica shell molds in a laboratory high-gradient furnace. The furnace employs
a graphite-resistance-heated element, a radiation baffle, and a water-cooled
radiation trap below the baffle. All crystals were grown in vacuum (10 torr)
and all heat transfer was radiative. The element is constructed with a vari-
able cross section that is tapered just above the baffle to maximize heat input
and therefore thermal gradient. A maximum alloy temperature of 1600 °C was
used. A thermal gradient of 130 deg C/cm was recorded at 1370 °C just above
the solidus of the PWA 1480 alloy. Crystal bars with 14.4- and 17.5-mm diam-
eters werse grown in alumina/silica shell molds similar to those used for pro-
ducing gas turbine hardware. Each crystal was started from a 1.6-mm vencil
seed at a rate of 76 mm/hr and slowly accelerated to a rate of 200 mm/hr under
computer control. Volume percent porosity ana average pore size were measured
as functions of distance in representative bars. Low-cycle fatigue (LCF)
behavior was determined at UTRC, and stress-rupture properties were determined
at the NASA Lewis Research Center. UTRC will discuss the crystal growth,
porosity measurements, and LCF behavior.
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N85-27967

ROLE OF HYDROGEN AND STRUCTURE ON CMSX-

C.L. Baker, J. Chene, W. Kromp, H. Pinczolitis,
S.M. Bernstein, and J.C. Williams
Carnegie-Mellon University
Pittsburgh, Pennsylvania 15213

Hydrogen environments have previoltisly been shown to be deleterious to the
properties of nickel-base superalloy single crystals. Tne goal of this study
is to characterize and understand the detailed effect of hydrogen on the ten-
sile and fatigue behavior of single crystals of CMSX-2.

Specimens were solutionized for 3 h at 1315 °C, air couled, and then aged
in one of two ways: 980 °C/5 h/air cool + 850 °C/48 h/air cooi (standard heat
treatment), or 1050 °C/16 h/air cool + 850 °C/ 48 h/air cool (ONERA heat
treatment).

The resultant macro- and microstructure included a pronounced dendritic
structure with numerous low angle boundaries in the interdendritic region and
on the average a high level of porosity with a large variation in size and
distribution. The microstructure consisted of 0.5-um cuboidal <y' pre-
cipitates separated by thin continuous regions of matrix. The ONERA heat
treatment led to slightly larger, more aligned, and more cuboidal <y' pre-
cipitates - a structure known to improve the creep strength of this alloy.

Hydrogen permeability and diffusivity in this material was found to be
very low at room temperature. To enhance the extent of hydrogen penetration
and embrittlement, hydrogen was introduced by cathncfic charging at 150 °C in
molten salt. This was expected to increase the permeability by 2 or 3 orders
of magritude. This treatment produced a 50-um-deep emtrittled layer in
charged tensile and fatigue specimens that explicitly affected the fracture
behavior. Knoop microhardness measurements of the hydrogenated surfaze show.d
a relative increase of ahout 25 percent, attributed to the lattice distortions
associated with the steep hydrogen concentration gradient near the surface and
consistent with the fracture appearance.

Hydrogen concentration studies on thin samples yielded values signifi-
cantly higher than found for similar charging conditions in nickel and stain-
less steels. This implied a high effective hydrogen fugacity in molten salt
and a strong trapping effect primarily at voids and y/y' interfaces. The
existence of strong trapping at voids was infei'red by the continued existence
of an embrittlement effect and a large residual hydrogen concentration after
desorption at 150 °C. Trapping at Y/y' interface: '.1s suggested by the
appearance of these interfaces on the fract irz surfa’.>.

The tensile mechanical properties were found to depend on hydrogen con-
centration. Hydrogenation in molten salts enh..nced hydrogen's effect on
mechanical properties, particularly a significant decrcase in strength and
plasticity, with the greatest effect being decreased elongation, presumably an
effect of hydrogen on crack initiation. Scatter in the tensile ductility of
both charged and uncharged smooth tensile samples was observed, probably
because of voids and slight differences in crystal orientation. No recovery
of the mechanical properties was cbserved after aging for 7 days at room tem-
perature, in agreement with t e ver; onw kinetics of hydrogen desorption at
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20 °C. After desorption at 150 °C the remaining embrittlement was associated
with hydrogen trapping in voids. Unlike previous studies, no influence of heat
treatment on the exten. of hydrogen embrittlement was seen in smooth tensile
samples for these charging and testing conditions.

SEM observations of the brittle subsurface zone revealed a strong ccrre-
lation between crack initiation sites and voids just beneath the surface.
Preferential decrhesion around the voids may have resulted from a hydrogen
pressure buildup in such voids, while the very flat rupture features of the
brittle zone indicated that the crack propagation was perpendicular to the
stress axis, suggesting a preferential decohesion along the <vy/y' inter-
faces. 1In contrast uncharged samples showed a ductile tearing of the matrir
throughout the cross section. The presence of numerous superficial transverse
cracks in the brittle layer suggests that while cracks can initiate very easily
in the outer zone, their propagation in the bulk is more difficult. Thus, a
more dramatic loss ‘n tensile ductility was not observed, particularly for
smooth specimens, since the amount of i, '~ogenated material was small with
respect to the total volume of the sample.

Fatigue tests at constant plastic strain amplitude were performed on sam-
rles with two different geometries: smooth solid specimens and hollow samples
with similai' external shapes. Similar to uniaxial testing, the accumulated
strain to fracture in the hydrogen-charged samples was lower than in the
uncharged ones; however, the ratio of the total strain (charged versus
uncharged) was considerably lower in fatigue than in uniaxial tension. The
decrease in the UTS of the charged sample is similar to uniaxial testing:
about 10 percent lower than thLe uncharged ones.

The hollow and solid samples were compared to better understand the
influence of increased charged volume on the fatigue behavior. As expected,
the fatigue lifetime of the hoilow samples was significantly shorter than that
of the solid ones. 1In fact, the numbers of cycles to failure was about two
times smaller while the ratio of the hydrogen-affected volume in the hollow
versus solid specimens was approximately 4, suggesting a scaling relationship
between the two. The fracture appearance was also similar to those of the
tensile samples, especially the enhanced cracking around voids.

CONCLUSIONS

1. Sig' ficant hydrogen embrittlement of CMSX-2 can occur in high-fugacity
cathodic environments.

2. Hydrogen accelerates the ease of crack initiation in both tension and
fatigue.

3. Fatigue testing magnifies the extent of hy¢rogen embrittlement compared
to tension. '

4. Hydrogen embrittlement is enhanced by the presence of internal vecids,
which act as trapc for hydrogen.

5. No effect of heat treatment on catbodically included hydrogen embrit-
tlement of smooth tensile samples has been nbserved.
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6. The dendritic structure deflects the crack path in hydrogenated
specimens.

7. High concentrations of hydrogen aftect the work-hardening behavior of
CMSX-2.

8. Permeab.iity o¢f hydrogen is los in CMSX-Z2.
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Hydrogen Concentration Data and Microhardness Changes

Hydrogen introduced by cathodic charging

ONERA
Treatment

Charge 5 hr/1509C/molten salts
Charge 5 hr/1500C/molten saits

Charge 5 hr/150°C/molten salts
+desort/5 hr/1500C/ai-

STANDARD

Charge 5 hr/150°C molten salts

Knoop Microhardness

OKERA
STANDARD

Uncharged

392
405

Tnickness
500 um
125 um

125 um

Charged

474
512

H Conc {ppm wt)
50 ppm
503 ppm

185 ppm

100 ppm

%increase

4 -1

CENSIIE DATA (Tensilte tests performed at 20°¢ 1n air €:2.10 s )

Heat Treatmen: H narging E Yo.2) U.T.2] Eh
Cendrrions GPa MPa MPa 2
As solutionized: Uncharged 130 845 8138 324
1315°C. 3h, ar - Ch. 51,156°C 130 | 825 | 782 20.8
forced cooled Molten saits
Standard H.T.: Uncharged 138 {1126 |1306 21.9
s suvl. « 9800005h Ch. 5h, ISOOC 948 (1014 1.9
air cool + 850°C, 48h|Molten saits
bNERA H.T.: Uncharged 135 933 ;1129 14.3
As Sol. - IOSOOg. 16h [Ch.5h, 20°C 126 929 {1111 14.9
la.r cool + 85u0°C, H.S0, I N
4 8h ¢
ch. 5h. 150°C 132 | 938 | 909 7.0
Molten galts +
aged 20°C, 7 days
; ¢h sh, 150%¢ 117 | 911 | 908 8.9
' Molten salts
i aged 150°C, 5h
Ohata e TOGE 5
OF POOR CL~aiTY,
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SIDE VIEW OF FAILED TENSILE SAMPLES
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& =constant, R=-1, n, and n.: number of cycles to fail of
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Sample Size Charging and testing E YO 2 uTe "p n "u/"c

conditions GPa | Mpa MD~ .
Acp

Bulk sample
Uncharged 0.4 130 | 1070 1440 | 228 | 57
Ch.5h,150°C | 0.4 146 | 1070 1220 K-SRI 3.56
Moiten salts

Hollow sample Uncharged 0.4 145 | 1040 1250 | 32.3 | 82
Ch.5h,150%C | 0.4 159 | 100 | 1230 | 2.4 6 |13.7
Molten salts
Uncharged 0.4 157 | 1100 1280 | 20.4 | 51
Ch.5h,15°C | 0.4 161 | 1080 | 1030 | 4.8]12 4.25
Molten salts
Uncharged 0.1 147 1060 1210 | 18.1 pgl
Ch.Sh.lSOOC 0.1 159 | 1080 1100 2.6 | 26 6.96
Molten salts

(GPa)

bulk

atp0.4%

LOW CYCLE FATIGUE

charged ve. uncharged for hollow and bulk sampies

)

*—~—+—> Btrain (%)
o 2 4

.

hollow

afp=0.4%
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FRAGCIURE OF FATIGUE SPECIMENS WITH HYDROGEN
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OVERVIEW OF INSTRUMENTATION PROGRAM

William C. Mieberding

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

A great deal of emphasis in the SSME durability program is being placed
on the development of analytic codes for designing components and predicting
their expected life. Before any faith can be placed in a code, there must be
a series of benchmark experiments specifically designed and instrumeated to
verify the operating conditions that have been used as input to the code and
to determine whether the code does indeed predict the correct results.

The instrumentation portion of the durability program is specifically
aimed at developing those sensors and instrument systems necessary to verify
the codes. 1In most cases this calls for developing sensors and systems that
are minimally intrusive so as not to perturb the conditions being measured.
In addition, since the codes tend to work with high-resolution maps of s.:h
parameters as flow, strain, and temperature, the instrument systems must pro-
duce data that are very high in both spatial and temporal resolution.

Much effort has already been put into developing such instrumentation for
aircraft engines. This program is designed to extend this work to include the
operating conditions and materials of the SSME. Indeed, some of these condi-
tions are far more stringent than in aircraft engines, but other conditions
are less stringent.

In this session you will hear four papers on the development of instrument

sensors and systems aimed primarily at verifying the analytic codes being
developed in the other parts of the durability program.
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N85-27968

THIN-FILM SENSORS FOF. SPACE PROPULSION TECHNOLOGY

Walter S. Kim and David R. Englund
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

Specific needs in the space shuttle main engine technology are measure-
ments of temperature, heat flux, and strain on the components to assess their
structural integrity and durability. SSME compcnents such as the turbine
blades of the high-pressure fuel turbopump are subjected to rapid and extreme
thermal transients that contribute to blade cracking and tfubsequent failure
(ref. 1).

The objective of this work is to develop thin-film sensors for SSME com-
ponents. Thin-film sensors have been developed for aircraft gas turbine
engines and are in use for temperature measurement on turbine blades to 1800 °F
(fig. 1). The technology estatlished for aircraft gas turbine engines will be
adopted to the materials and environment encountered in the SSME. Specific
goals are to expand the existing in-house thin-film sensor technology, to con-
tinue developing improved sensor processing techniques via grants or contracts,
and to test the durability of aircraft gas turbine engine technology in the
SSME environment.

EXISTING TECHNOLOGY

Through a series of NASA contracts with Pratt & Whitney Aircraft, the
thin-film temperature senscr technology was developed for aircraft gas turbine
engines (refs. 2 to 4). 1In this technology the turbine blades coated with a
proprietary NiCoCrAlY anticorrosion coating are oxidized to grow an adherent,
electrically insulating surface film of aluminum oxide. This film is augmented
with sputtered Al,03 and then the thermocouple is sputter deposited (fig. 2).
Juncticns between the thin films and the lead wires are formed by hot-
compression diffusion bonding. These thin-film sensors have performed success-
fully in engine tests to 1800 °F for over 60 hr with less than 0.02 percent
drift per hour.

STATUS OF WORK

An initial goal is %o augment the in-house capability in thin-film sensor
technology. A thin-film sensor laboratory is being installed in a refurbished
clean room, and new sputtering and photoresist exposure equipment is being
acquired. Also, the procurement of material samples is in progress, and an
effort is under way to put the initial coating on the samples. The MAR-M 200
(+Hf) and MAR-M 246 (+4Hf) along with other materials are to be coated with
NiCoCrAlY and NiCrAlY coatings.

In an on-going research activity through a grant with UCLA, various coat-
ings and their insulating films are being investigated for use in sensor devel-
opme~t. An impetus of this activity is to develop a generic coating material
tha s comparable to the proprietary MCrAlY coating. Some coating deposition
methods such as activated reactive evaporation and chemical vapor deposition
are being explored. The emphasis is on improving the processing techniques for
greater processing yield.
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Another activity is the testing of existing thin-film thermocouple tech-
nology in an SSME environment. Test blades will be made from MAR-M 200 (+Hf),
for which the gas turbine type of thin-film sensor was developed. These blades
are to be instrumented with two thin-film thermocouples deposited on one side
of the airfoil and a wire thermocouple embedded from the other side of the
blade (fig. 3). These instrumented blades will be tested in the turbine blade
tester at the Marshall Space Flight Center (fig. 4). Besides testing the
survivability of the aircraft turoine type of senscr in an SSME environment,
this program will provide a measurement of the cyclic thermal gradient imposed
on the blades.

FUTURE PLANS

Presently the SSME turbine blades are coated only with NiCrAlY bond coat-
ing, which provides minimal thermal protection. As more information on struc-
tural integrity and durability becomes available, the blade and the coating
material may change. In anticipation of future improvewents many varieties of
alloys and coatings will be tested for compatibility with thin-film sensors.

The thin-film technology extends to other sensors such as the strain
gauge. Figure 5 shows a thia-film strain gauge sputtered conto an aluminum
oxide beam. This thin-film strain gauge will be tested in a high-temperature
oven to determine the performance characteristics and adhesion properties of
the sensor deposited on a ceramic surface.

REFERENCES

1. Holmes, R.R: Vacuum Plasma Coatings for Turbine Blades. Proceedings of
MSFC Advanced High Pressure 03/H; Technology Conference. June 1984.

2. Grant, H.P.; and Przybyszewski, J.S.: Thin Film Temperature Sensor. NASA
CR-159782. 1980.

3. Grant, H.P.; Przybyszewski, J.S.; and Claing, R.G.: Turhine Blade Tempera-
ture Measurements Using Thin Film Temperature Sensors. NASA CR-165201,
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OPTICAL STRAIN MEASUREMENT SYSTEM DEVELOPMENT*

Christian T. Lant
Sverdrup Technology. Inc
Middleburg Heights, Ohio 44130

Investigations of physical phenomena affecting the durability of SSME
components raquire measurement systems operational in hcstile environments.
The need for such instrumentation bore this contract to define and put into
operation an optical strain measurement system. Sverdr:ip Technnlogy, Inc., in
cooperation with the Lewis instrument research laboratory, is currently devel-
oping this optical strain measurement system based on the speckle-shift method
of Ichirou Yamaguchi (The Institute of Physiczl and Chemical Rasearch, Japan).
This is a noncontact, automatic method of measuring surface strain in one
dimension that corrects for error due to rigid-body rotion. It provides a
gauge length of 1 to 2 mm and allows the region of interest on the test speci-
men to be mapped point by point. The output will be a graphics map of the
points inspected on the specimen; data points will be stored in quasi-real
time. This task is the first phase of a multiphase effort in optical strain
measurement. Phase 2 will extend the technique to measure strain components
in two dimensions.

BASIC PRINCIPLES

Theory shows that the difference between the speckle displacements for a
rair of symmetrically incident laser beams is directly proportionzl to the
surface strain parallel to the plane of incidence and independent of the
translational and rotational compcnents of motion. The speckle pattern created
by the test specimen is interpreted as high-order interference fringes result-
ing from a random diffraction grating, being the natural surface roughness of
the specimen. Strain :nduced on the specimen causes a change in spacing of
the surface roughness, which in turn shifts the position of the interfere..ce
pattern (speckles).

EXPERIMENTAL CONFIGURATION

In the experimental setup an argon-ion laser ard a beam splitter provide
the two symmetrical beams, which will each independently expose a linear ptoto-
diode array before and after stress is applied to the specimen. The "before"
and "after” exposure patterns of the speckle in the array are cross-correlated
for each beam to give the spatial shifts. After the shift from each beam is
computed, the difference is taken to cancel out components due to rigid-body
motion; the remaining shift is due to surface strain. The sensitivity of this
strain gauge depends on the ratio of the pitch of the diodes in the linear
array to tha distance from the array to the test specimen.

The test specimen will be mounted on a stress fatigue testing machine,
with specimen dimensions of approximately 100 mm x 20 rm x 1 mm. The center-

to-center spacing of Lhe diodes will be 15 ym with a sensor-to-specimen
spacing of the order uf a meter. Thus the resolution of the setup will be 10

*Work performed under Lewis task number 83-24-01.
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to 20 microstrains, with an unlimited range because the incremental speckle
displacements can be summed by using successive exposures. The system will be
used for mechanically and thermally induced strain, and the experimentavion
will ccover a temperature range of 20 to 600 deg Celsius. Testing will deter-
mine the amount of decorrelation of the speckle pattern at high temperatures.
The upper temperature limit will be a function of this decorrelation. A gauge
length of 1 t2 2 mm corresponds to the spot size of the laser beams. The
region of interest can be mapped by relocating the laser spots. Utilization
of the natural surface structure of the specimen eliminates any need to arti-
ficially prepare the surface of the specimen before testing. However, for
high-temperature strain measurements, cycling through the temperature range
may be necessary to stabilize oxidation of the surface.

OPERATION

The system w»iil be designed for a minimal amount of operator input; the
procedure will be run by a microcomputer system. The operator will be required
to position the laser spots through the terminal of the computer and to main-
tain this position with the aid of an area photodiode array. This area array
will provide a graphics display of the test specimen and laser spots for a CRT
and store location of the data points taken on the specimen. Motorized mirror
mounts will be used to direct the beams onto the test specimen. This combina-
tion will ensure that relative movement between the test apparatus and the
laser does not influence the accuracy of the strain measurement.

REFERENCE

1. Yamaguchi, I.: A Laser-Speckle Strain Gauge. J. Phys. E: Sci. Instrum.,
vol. 14, 1981. Printed in Great Britain.
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SCOPE

Multi-task effort:

This task: One dimenslonal strain map

uture task: Measure strain of SSME components

in two dimensions

TASK OBJECTIVES

Operationalize Yamaguchis' technique

- one dimensional strain measurement

- real or quasi-real time output of strain
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OPTICAL STRAIN MEASUREMENT SYSTEM DEVELOPMENT
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Correlation Technique
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HEAT FLUX SENSOR CALIBRATOR

Curt H. Liebert
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

The heat flux to space shuttle main engine (SSME) turbopump turbine blades
may be as high as 107 W/m2. This heat flux is SO to 100 times that encoun-
tered in aircraft engines. The heat flux causes thermal transients that are of
the order of 1 sec as temperature varies from perhaps 1500 K to 100 K. It is
suspected that these transients cause durability problems in the turbine
blades. To quantitatively evaluate the effect of thegse transients, heat flux
sensors or gauges are needed to obtain data to verify analytical models
(ref. 1). Because of these very high heat fluxes a new system must be devel-
oped for the calibration of heat flux sensors mounted on these blades.

OBJECTIVE

The objective of this effort is to design and fabricate a system for
steady-state and transient calibration and durability testing of heat flux
sensors for use in SSME turbine blades. Development will rely on experiment
and analysis from many interdisciplinary fields of research including thin-film
and wire thermocouples, materials, heat transfer, optics, and electric arc
phenomena. Building on the techniques available in these fields, calibration
and durability testing skills will be developed for measuring temperature and
heat flux on SSME turbines.

LITERATURE SEARCH

The literature presents many methods for heat flux calibration. Most of
the methods are based on the use of thermal radiation from solids; other meth-
ods are based on conduction or convection heat transfer modes (ref. 2). All
of these methods are useful for calibration only at heat flux lev:ls of one or
two orders of magnitude less than those estimated for SSME turbopump blades.
However, new developments in industrial electric arc engineering in the past
several years have made electric arcs useful as a radiative heat source for
calibration at the higher heat fluxes generated in SSME turbines. This devel-
opment (fig. 1) is based on a patented electric arc lamp design (fig. 2,
ref. 3) that produces optical radiation focused with a truncated elliptical
mirror (ref. 4). The electric arc lamp design was based in p.-t on research
done at the Lewis Research Center during the 1960's and 1970's (ref. 5).
Adjustable irradiances can be focused on the entire area of a pressure or suc-
tion surface of an SSME turbine blade at levels to 107 W/m2 with a uniformity
of 1 to 2 percent. The lamp will be remotely operated in either a pulsed or
steady-state mode. Its performance is advertised as repeatable and indepen-
dent of the operator or of the sensor being calibrated. Lamp life is several
hundred hours.

CALIBRATOR DESIGN AND INSTALI.ATION

The calibrator will be used ir a calibration and durability testing facil-
ity that includes equipment shown in figure 3. The calibrator consists of
(1) the arc lamp, (2) a high-speed positioning tahle for placing standard and
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special heat flux sensors in the incident beam of radiant heat flux, (3) pro-
vision for cooling the blade and special sensors inserted in the blade, (4) a
computer for controlling the positioning table (local and remote), storing
electrical output values from sensors, and calculating heat flux from these
values, and (5) a pyrometer for measuring sensor surface temperatures.

CALIBRATION OF THE CALIBRATOR

The intensity of the arc will be calibrated with commercially available
heat flux sensors that have been factory calibrated by techniques traceable to
those used by the National Bureau of Standards.

DEMONSTRATION TESTS

Facility tests will include measurement of sensor electrical output as a
function of known radiant heat flux input. Both transient and steady-state
tests will be performed.

Heat transfer analysis and thermal stress experiments are proceeding for
the design and fabrication of, and the reduction of data from, special heat
flux sensors mounted in turbopump airfoils. The special sensors will be used
with the calibrator and other equipment to demonstrate the operational aspects
of the facility.

REFERENCES

1. Liebert, Curt H., Gaugler, Raymor E.; and Gladden, Herbert J.: Measured
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FEASIBILITY OF MAPPING VELOCITY FLOW FIELDS IN SSME
POWERHEAD BY LASER ANEMOMETRY TECHNIQUES*

D.G. Pelaccio, L.K. Sharma, T.V. Ferguson,
J.M. Maram, and S. Pinkowski
Rockwell International
Canoga Park, California 91304

The requirements of higher performance for the space shuttle main engiae
(SSME) and future Earth-to-orbit propulsion systems dictate the use of effi-
cient liquid-fueled rocket engines with cycles that require lightweight, high-
pressure, compact powerhead configurations. These coufigi'rations typically
exhibit complex, nonuniform hot-gas internal flows. Su:h propulsgion systems

must be designed with an emphasis on long life, higt iability, and minimum
maintenance. In-depth characterization and vndersi. ; of the powe.head flow
field is essential for optima. design of this key e.: ~omponent. NASA ic
curvently planning hot-fire engine tests for the S&M. .. Enhancement Tech-

nology Program to establish a detciled data base from which to address power-
head flow issues and to verify advanced, three-dimensional, fluid-dynamic
analysis models currently under development.

Because of the flow environment associated with the SSME powerhead pres-
sure (3000 psia), temperature (1200 °R), and mechanical complexity and the
high-vibration test stand environment, detailed flow measurements are at best
difficult to make. During the past year the NASA Lewis Research Center initi-
ated a study with Rocketydne that addresses the feasibility of using laser
anemometry techniques to map velocity flow fields in an SSME powerhead. Thic
is in support of the proposed model verification experiments.

In the on-going study three engine powerhead component flow environments -
(1) the high-pressure fuel turbopump preburner, (2) the fuel turbopump turbine
rotor and stator region, and (3) the 180° turnaround duct - are being consid-
ered. Flow parameters to be measured Ly the anemometry techniques are time-
averaged values of the velocity magnitude and flow direction, turbulence
intensity, velocity component correlations, integral time scale, and ‘urc.ilencze
spectrum,

Key technical issues such as identifying feasible means of optical access
to the high-pressure, high-temperature measurement flow regions, and measure-
ment system compatibility with the test environment are addressed. At the
conclusion of the study a measurement system is to be defined that will include
layout sketches and specifications of component hardware that will be compat-
ible with mapping the flow field in one ¢” the regions of interest.

—— — ——

*Work performed under NASA contract NAS3-24356.
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