L g © 7 s - e T " g 9
. ¢ L L i L e j B ] K B . IV [ e Y g e .- - . o — A
N . . .t . -
. y Y ; P g n
. . .

e S KT
m 'n ’
.

Al . ’

fTIL FILE COPY o ARosRe, 89~oosgé

Annual Technical Report #1
November 1, 1987 - November 1, 1988

ANALYSIS OF FLOW-,
THERMAL- AND STRUCTURAL-INTERACTION
OF
. HY PERSOVIC STRDCTURES
SUBJEC"‘ED TO SEVERE AERQDYNAMIC
- HEA.TI\G

N -
Contract No, ¥49620-C-0001

AD-AZ35 077

Air Yorce Office of Scientific Research
. ~ Builging 410
B ) Boliing AFB, DC 20332-6448

-
%
%
o
3.
[
v
%3 &)

&pproved for public fpleasel

., DISTRIK! "ﬂON SYATEMENT K
‘Distrthation Uu.lmmed

Rt e ke il

TR-88-12

THE COMPUTATIONAL MECHANICS CQ., INC.

/ E D TE E& 3701 Mvorth Lamar, Suite 201

Austin, Texas 78705

. muxcmwzmr-mmc. s.um-lmté c.mfm:;s e, (512) 467-0618

1-8;.9. 2 15 168




bt

UNCLASSIFIED
SECURNTY CLAGSIFICATION OF THIS PAGE

-

~.

ﬁ

REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

3

4. PERFORMING ORGANIZATION REPORT NUMBERI(S)
TR-88-12

1a. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
Onclassified None
2a. SECURITY CLASSIFICATION AUTHORITY 2 DISTRIBLITION 7 AVAILARILITY. QF REPORT
Appreved forpudlic releasne
2b. DECLASSIFICATION/ DOWNGRADING SCHEDULE ¢
N, aistridution unlimited

e ————————————— e
5. MONITORING ORGANIZATION REPORT NUMBER(S)

6b. OFFICE SYMBOL
{if applicabls)

6a. NAME OF PERFORMING ORGANIZATION
Computaional Mechanics

Company, Inc.

7a. NAME OF MONITORING ORGANIZATION

L - ¥ Q’%(s&

6¢c. ADDRESS (City, State, and Z2iP Code)

3701 North Lamar, Suite 201
Austin TX 78705

7b. ADORESS (City, State, and ZI7 Code)

Sumne O jC

8a. NAME OF FUNDING / SPONSORING
ORGANIZATION . USAF,

Air Force Office of Scientifi

8b. OFFICE SYMBOL
(If applicable
r Research

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
F49620—-88-C-0001 '

: 4

&2 ADORESS (City, State, and 2IP Code)

10. SOURCE QF FUNDING NUMBERS

Bolling Air Porce Base PROGRAM. SRQIECT TASK WORK UNIT
DC 20332 ' o LS \;SLEMEN. NO, ] NO. | NIO . ACCESSIGN
iy “f Ut e 181

11, TITLE (inciude Securrty Clagufication}

“Avalysis of Flow—, Thermal-, and Structural-Interaction of
Structures Subjected to Severe Aerodyvamic Hcatiog”

personic

(U

12. PERSONAL AUTHGR{S
J., T. Oden / E. A. Thoruton

13a. TYPE OF REPORT ~ ['3b. TIME COVERED
Annual Technical sROM _Li-1-8770 11-1

"

15. PAGE CLOUNT
5t

14, DATE OF KEPQORY (Yedr, Month, Day)
November 30, 1988

16. SUFPLEMENTARY NOTATION

relevant finite element codgd were developed.
of representative exa
aerodynamic heating.

research in the project were developed.

This first annual report presents progress in the modelling of hypersonic
fluid-thermal-structural ikteraction. In this phase of the effort, the basic mechanisms of
heat transfer and fluid-strugture interaction were identified. Mathematical models for heat
transfer, structural deformytion and fluid flow analysis were formulated. New unified
viscoplastic theories wereladapted for the modelling of complex visco-elasto-plastic
structural deformation, wikh temperature-dependent material properties. A general
procedure for the analysig/ of luid-thermal-structure interaction was formulated, and

les of thermo-structural analysis of structures subject to
ese programs of adaptive finite clement analysis of viscous flow
were also developed and validated on selected examples. Finally, directions for further

17. COSA {1 CODES A /L&,WEIE?? TERMS (Cuntin reverse if necessary 3o identify By hock number)
FIELD GRrOUP SUB-GROUP Flow-, themb%cruc::ural.".tnteractiou,
- L hypursonic flow, adrodynamic heationg, viscous flow,
/ — L unified vigg tig theories, convective coolin
19, ABSTRACT tinug on reverse if necessyry ind identify by block numbes)

These problems were applied in the solution

30, DISTRIBUTION/ AVAILABILITY OF ATSTRACT 21, ABSTRACT SECURITY CLASSIFICATION
(RUNCLASSIFIEBAUNUMITED SAME AS RPT  [IM6Tic usERs Unclassified _
223. NAME OF RESPONSIALE INDIVIDUAL 22b. TELEPHONE (Inciude Area Code) | 22¢. OFFICE SYMBOL
. Dr. Aathony K. Amos (202) 767-4937 1N
DD Form 1473, JUN 86 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS Pa(

UNCLASSIFIED .




Annual Technical Report #1
November 1, 1987 - November 1, 1988

ANALYSIS OF FLOW-,

THERMAL- AND STRUCTURAL-INTERACTION
- OF

 HYPERSONIC STRUCTURES
SURJECTED TO SEVERE AERODYNAMIC
HEATING

Contract No, F49620.C.0001

ACCHNOI F"Zn
o ormin it }
NYIS  CRASS ’J
Air Force Office of Scientific Research g' e TAB 4 0
. HOPUB G0 £
Building 410 Justhicatiom »
Bolling AFB, DC 20332-6448 e o
Dty oty t
e e s ———
Al hily Codes
: hn .;nc‘j‘i:fu
Oist Special
TR-§8-12 l

A-|

AL IR N

THE COMPUTATIONAL MECHANICS CO., INC.
fum ED 3701 North Lamar, Suite 201
-

Austin, Texas 78708

TME COMPUPATIO AL MECHANICS COMPANY, (NC. (512) 467-0618




Contents
1 Introduction
2 Research Progress

3 Thermal Analysis of Hypersonic Structures
3.1 Engineering Model for Coolant Passages . . .. .. .. .. .........,
3.2 Finite Element Formulation . . .. ... .. .. ... ... ... .....

Thermo—Viscoplastic Structural Analysis

4.1 Initial Value Viscoplasticity Problem . . .. .. ... ... ..
42 Constitutive Model . . . . .. ... o oo oL
4.3 Finite Element Formulation . . . .. .. .. .. .. .. ....
4.4 Viscoplastic Solution Method . . .. .. .. .. ... ... ..
4.5 Variable Time Step Algorithm . .. .. ... ... .. ...,

Viscous Flow Analysis

5.1 Problem Formulation. . . . . . . .. ... .. . . .
5.2 Taylor-Galerkin Algorithm . . . . . ... .. ... o L
53 Aemothermal Loads . . . . .. .. . oo v i i e

Recent Numerical Results

6.1 Thermo~Viscoplastic Structural Computations

6.1.1 Simplified Model . . . .. .. e e e e e
6.1.2 Convectively Cooled Structure . .. .. .. .. . ...
6.2 Flow Computations. . ... ............
621 FlowOverFlatPlate .. ................
€.2.2 DBoundary Layer Flow . ... .. .. e e e

Research Forecast

References

........

--------

--------

--------

oooooooo

........

‘‘‘‘‘‘‘‘

nnnnnnnn

---------

........

..............

00000000

ooooooooo

10
11
12
15
16
17




1 Introduction

The commitment to develop the National Aerospace Plane (NASP) has generated resur-
gent interest in the technology required to develop structures for hypersonic flight. Such
structures will be exposed to aerodynamic heating of unprecedented magnitudes. NASA
estimated surface temperatures for NASP are shown in Fig. 1. As the vehicle acceler-
ates or decelerates at hypersonic speeds in the earth’s atmosphere, shock waves will sweep
across the vehicle and interact with local shocks and boundary layers. These interactions
introduce severe local pressures and heating rates. A recent experimental study (ref.l)
of interacting shock waves on a cylindrical leading edge shows heating rates ten times
undisturbed levels. |

Leading edges of engine structures present a signficant design problem because of in-
tense local heating and pressures. Analysis of the flow, thermal and structural behavior
present serious computational challenges to analysts because of the inherent nonlinearities
in all aspects of the multi-disciplinary problems. Some of the eritical computational issues
are identified in ref. 2. Critical issues include the diffieulties involved in: (1) analyzing the
viscous, compressible flow and predicting the high local aerodynamic heating, (2) model- -
ing and analyzing multi-mode unsteady heat transfer in a high temperature convectively~

cooled structure, and (3) ohnulating the transient, nenlinesr thermal-structural response

for rapid temperature changes. Preliminary structural analysis of an impingement cooled

- Jleading edge (ref.3) showed high local plasticity that seriously degroded the structure's

load carrying capacity at elevated temperatures. A recent thermostyuctural analysis with
experimental verification (ref.d) of cowl lip desigus confinmed that significant inelastic ef-

fects occur. In the experimental study, two specimens failed dua to burn-through because
of intense local licating or because of luss of coolmg

* This research contract addvesses fundamental issues relevant to the develcpment of
hypersonic structuges sub,;u.z to severe tnerm.\l loads 'I‘hu spuc:bc objectives of the current

‘research mclude:

1. An investigation of the processes asid theories for cnergy transfer between high tem-
pereture steady Lypersouic flows and deformable asrodynamic structures.

1




2. Identification of mechanisms for heat transfer in hypersonic structures subjected to
intense heating rates. Development of mathematical models for high temperature,
inelastic response of structures considering the effects of time dependent, intense
local heating and pressures.

3. Development of a unified finite element mesh refinement scheme for interdisciplinary
problems including flow, thermal and structural response.

4. Studies of unsteady, transient problems of hypersonic flight involving structural in-
teraction with the aerothermodynamics of the external flow.

x




2 Research Progress

The fluid-thermal-structural problems encountered on the NASP scramjet engine structure
shown in Figure 2 are illustrative of the hypersonic interaction problems being considered.
In the first year of this contract, work has focused on the physical phenomena, mathe-
matical formulations, and computational methods needed to solve general problems of this
type.

The flow-thermal-structure (F-T-S) interaction problem being considered is shown in
Figure 3. Figure 3a shows a low temperature, undeformed elastic structure subjected to
low-level, uniform aerodynamic heating. In this state, there is little F-T-S interaction. In
contrast, Figure 3b shows a structure that is subjected to intense localized heating char-
acteristic of shock interactions. There is a local, growing region of very high temperature
plastically deforming material. As the plastic region grows, the surface deforms into the
flow producing flow recirculation. The flow recirculation intensifies local heating, skin fric-
tion and surface pressure. As the heating increases, the temperature exceeds the melting
temperature. Thereafter, a more complex interaction between the molten material and the
external flow occurs, The F-T-S interaction including a molten region is not understood,;

the formulation and selution of this problem is 2 major goal of the research.

As steps toward achieving this goal, the following objectives have been accomplished:
" 1. A formulation of a coupled F-T-S interaction problem has been established asswning:

(a) the unsteady heat transfer problem is described by conservation of energy ne- N
glecting mechanical coupling terms. This assumption is known to be reason-
able for the matenals, defonination rates and applied heat loads encounteved in
hypersonic structures, Nonlinear heat transfer due to temperature dependent
material properties such as spmfw heat and thermal conducuw" are included
as well as surfaw radiation.

(b) the structural pxcblmx is assumed to be quasxs-stattc and viscoplastic, The
quasi~static asswinption means that inertia terms in the mwomentum equations
wiay bé neglected, and the structural problem can be formulated as 8 sevies
of equilibrivm problenis due to time-varying temperature computed frons the
unsteady energy equation. The viscoplastic model agsumes that strain rates
are scparated into clastic and plastic components. The plastic strain rate com-
ponait i3 réprcsesst‘txl_ by constitutive equations known as unified viscoplustic
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theories. Several unified theories exist with the common feature that strain
rate dependent effects such as plastic flow, creep and stress relaxation are in-
trinsic to the formulation. The Bodner-Partom theory has been selected because
of:

i. the availability of experimentally determined parameters for high temper-
ature alloys, and

ii, the theory has been validated by experiments at elevated temperatures.
The viscoplastic theory assumes that temperatures are less than 75 percent
of the melting temperature.

The flow problem is governed by the Navier-Stokes equations describing com-
pressible flow. The principal assumption made is that the fluid is a calorically

‘perfect gas. This assumption is legitimate for supersonic-hypersonic flows where

“the Mach number is less than, say, seven. Calorically perfect means that the

gas specific heat is constant, For higher Mach numbers where the gas temper-
ature is 2500k or higher the specific heat becomes tempexatuxe and prcssme
dependent, and the gas becomes chemically reactive.

2. Three finite element c@mputer progmms dpph(,&ble to F-'I‘-S interactions have been

t)laced into apexatwn

(a)

A fawmily of finite elenient heat tvunsfer programs capable of computing towm-
peratures in high terperatuse structures is now operational, These programs
- model nonlinear conduction, radiation and forced convection heat transfer in-

convactively cocled hypersonic structuges at elevated tamperatures,

W

a tww-d%st.?ﬁ:sional finite element thermo-viscoplastic prograi has been devel
oped - Tt Qeagram is bused on the Boduer-Pastom unified viscoplastic consti-
tutive nwdc,l Highly complex rate~dependent plasticity '-.md creep pLenomma
at elevated temperatures can be simulated by the pmgram, :

© - The use of the Boduer-Pastom \‘.heory in a finite element program hiss s;bmhc:mt

advantages, but the competiational effort required to solve for the state vasiables

~in the constitutive equations is extensive. Sets of “stift” ordisary ditferential

- equations must be integrated in time. Typically, these equations require very - ‘

small steps, and henee large computer times are needed to capture the time~

~ dependent plienowcna.  Time steps for thie structural respouse are typically




about one-tenth of time steps required for the transient thermal analysis. This
difference in time steps requires special techniques for interfacing the thermal
ard structural codes. An approach to interface the thermal program with the
viscoplastic program has been developed and implemented. An adaptive time-
step algorithm has been developed and implemented to give reliable, efficient
solution of the stiff ordinary differential equations.

(c) A two-dimensional finite element viscous flow code has become operational.
The program solves the conservation of mass, momentum and energy equations
for compressible viscous flows. The conservation equations are solved using
an explicit time-marching algorithm. An adaptive h refinement/derefinement
scheme has been implemented. A “consistent” method for computing aerody-
namic surface heating rates, skin friction (shearing stresses) and pressures has
been developed and implemented. The capability of the viscous flow code to
predict surface quantities is under evaluation. |

3. Numerical computations have begun on a series of representative problems, Results
of these computations are presented later in this report The objectives of these
omputatzons are to: |

(a) validate the t.odes‘ aud _
(b) study the basic processes that charactenze F-T-S interactions.
4. A comprehensive literature search focused on the behavior and mathmatical models

of metallic materials at elevated temperatures has been accomplished. A &zgmfcant
- nunber of relevant papers and veports. have been acquired.

Information on recent research in unified viscaplastic mathematieal models was ob-
tained as well as data deseribing material behavior at elevated tempemcures. Implc‘
3 mentat:on of thm theones into finite ulement codes was dmuswd '

ot

. b Visits to Southwest Research Institute and 'I‘exas A & M Univexsity have been made, -~
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3 Thermal Analysis of Hypersonic Structures

Convectively cooled structures are strong candidates for use in hypersonic flight vehicles.
For hypersonic flight, some leading edges and panels require active cooling systems to
keep structural temperatures within acceptable ranges. The internal flow in the coolant
passage has a predominant role in the thermal response of a hypersonic structure subject
to external heating. A cross—section of a typical convectively cooled structure is shown
in Figure 4. An aerodynamic skin and a coolant passage with internal heat exchanger
protect the primary structure from the aerodynamic heating. The thin, typically metallic,
aerodynamic skin transfers the energy of the aerodynamic heating to a low temperature
coolant flow through the heat exchanger fins that connect the aerodynamic skin to the
primary structure. In a typical engine structure, the coolant is cold hydrogen that later is
used as the propulsion system fuel.

Heat transfer in the aerodynamic skin consists of conduction combined with surface
radiation. Heat transfer between the aerodynamic skin, the heat exchanger surfaces and
the primary structure is by conduction at the solid-fluid interface. The dominant mode of
heat transfer in the coolant flow is foreed conveetion. |

The representation of the heat transfer in the coolant passage is the eritical step in the
heat transfer analysis, There arve two basic representations that can be employed. The
first, denoted here as the engineering model, is based upon a number of assumptions that -
greatly simphify the problem into a single energy equation with a specified mass flow rate.
Datailed computation of the fluid velocity compouents and temperatures is not required.
The second representation idealizes the coolant flow as a continuum model, and the partial |

* differential equations describing conservation of mass, 1omentwn and energy ave solved

simultaneously to obtain fluid veloeity and temperature distributions. This latter model is

- the most accurate, but it i also considerably more expensive than the engineering model.

As a first stap towaxds understanding flow-thermal-struceural interactions cimraa.tenst;r of
hj;mraomc stmu.ures the engmeenng hieat transfer mnodels employud '

3.1 Engineering Model for Coolant Passages

The basic features of the engiueering model can be developed from the xdcnhmuon shown

| in Fig. 5. A segntent of the coolant passage of width w is shown; for simplicity, only the
- upper one-half of the coolant passage with the aevodynamic skin is shown. The engineering
formulation (ref.d) is based on the following assumptions: - ‘
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1. The thermal energy state of the fluid is characterized by the fluid bulk temperature
Tr which varies only in the flow direction, i.e. Tp(z,?).

2. The flow is represented by the mass flow rate  in the coolant passage specified by
m = prArVr where pr is the coolant density, Ar is the cross-sectional area of the
coolant passage, and Vp is the coolant mean flow velocity.

3. A convection coefficient % is defined such that the heat flux gr transferred between
the structure and the coolant may be expressed as

¢ = h(Ts - Tr)
where Ts(z,t) denotes the structural temperature at the fluid-solid interface.

4. The convection coefficient h may be expressed as a function of the fluid bulk tem-
perature alone by using analytical/empirical equations for the Nusselt number,

hD
¥

where Dis the bydraulic diameter of the ccolant passage, and kg is the thermal

Nu=

conductivity of the fluid coolant. The convection coefficient as well as the solid and =

fluid .hemml parameters may, in general, be temperature dependent.

With these asswmaptions, energy b:l.lames on the aerodynwm. skin md coolant gwe the

E(‘)"Qﬂllilg consewat.an Qtlﬂ&tl@ﬁb

- Fluid: 4 '
: T T o
- é-(kp&ﬁ‘% s ) e FRER %«ﬂ - wh(Ts - T}w‘) + p;»*cyt'lf- %,_,, =0  (31)
Solid: S
' « D1t Ty s Ty = T e +pa«,,Ag%§ =g (32

whte the subseripts F and § denote the fluid and solid, respectively. In these m;ummas;
¢ denotes specific heat, ¢ is the » Stefati-Doltzmana coustant, and ¢ is the swiace cuigsivity.
Because of the temperature dependesice of the thermal parameters and the radiation tesm, )
Eqgs. (3.1) and (3.2) coustitute a nonlinear set of pastial differantial equations.

The heat exchanger fins ase not iucluded explicitly in this nmodel. However, the heat |
transfor between the hieat exchanger Hus can approxitnately be taken into consideration
though the use of an effective width w whum represents the area over whicli the convective

‘heat exchunge occurs.




3.2 Finite Element Formulation

A typical finite element representing Eqs. (3.1) and (3.2) is characterized by fluid and
flnid-solid interface nodes. The element shown in Fig. 6 has two fluid nodes (I and J),
and two fluid-solid interface nodes. Within the element, the fluid and solid temperatures
are express as

= N@)H{Tr}
T = [N(2)|{Ts} (3.3)

where [N(2)] are the element interpolation functions. Following usual finite element pro-
- cedures (ref. 3), the discritized equations for an clement of length L may be derived in the

form
Cr 0 T Ko+Ki+Kp  -Eo ][ T 0
7 R + : : =.' (3-4)
0 Csi{ds | ~K rgu;s Ts Q)

where the element capacitance matrices are given by
<X I

lﬁ'ﬁ / PF‘»FAP‘{N} Nldz

e = / Psvsﬂs{N}[Nl&f
- :md the aieax.et&t conductmce matrices are | '_
'(.fx,],. e j mf:p{.z\/}[
o= j"wh{N}{Ngdz
S ey | CARE A I R
LT = j 1&-%{&}{“}43 o - (3.6).

o . | o . JV '
) = j a,ﬁg{‘m} K ]dx:

) = [ &a*‘_{gv)dz




The element equations given in Eqs. (3.4) show that the coolant passage model can be
regardel. #s an assembly of elements where each element represents a single heat transfer
" mode. Thus we can represent the coolant passage in terms of two convective elements: (1)
aAmass—f-ransport element (Fig. 7a), and (2) a surface convection element (Fig. 7b). The
mass transport element represents the downstream convective heat transfer due to mass
- flow; it has a capacitance matrix [Cr| as well as conductance matrices [K,] and [Kr]. The
surface convection element represents the convection heat exchange between the coolant
fiuid and the solid; it does not have a capacitance matrix, but it has a conductance matrix
{K3] linking the solid and fluid nodes. These coolant passage elements are assembled into
the finite element thermal model for the complete convectively cooled structure that has
conduction elements, radiation elements, and surface elements for convection to a specified
convective exchange temperature.

- The unsteady thermal analysis is nonlinear because of temperature dependent thermal
_properties and surface radiation. The equations are solved by time marching with the
Crank-Nicolson algorithm; at each time step, the nonlinear algebraic equations are solved
by Newton-Raphson iteration.




4 Thermo—Viscoplastic Structural Analysis

Unified viscoplastic constitutive models have evolved, over the last twenty years, to provide
means for analytically representing material response from the elastic through the plastic
range including strain-rate dependent plastic flow, creep and stress relaxation. The theo-
ries are guided by physical considerations including dislocation dynamics and are based on
the principles of continuum mechanics. The first multi-dimensional formulation of elastic—
viscoplastic constitutive equations was due to Bodner and Partom. Since then a number
of constitutive models have appeared; many of these theories are summarized in review
articles that appear in reference 6. A NASA-Lewis sponsored research program (HOST)
conducted by the Southwest Research Institute recently concluded a four year research ef-
fort (vef. 7-8) to further develop unified constitutive models for isotropic materials and to
demonstrate their usefulness for analysis of high temperature gas turbine engines. One re-
sult of this study is material property data for nickel-based allays over a wide temperature
range. The unified models employed were those of Bodner-Partom and Walker.

Unified viscoplastic theories have been implemented by a number of finite element
researchers. Under the NASA HOST program, the Walker model was implemented in
the MARC finite element program (ref. 9) and used to analyze the thermo-viscoplastic
response of a turbine blade under simulated flight conditions. In another recent finite
clement application (ref. 10), the Bodner-Partom and Walker theories were compared for
a thin circular plate subject to highly localized, transient heating,

In this research the Bodner-Partom constitutive model is employed, and the ﬁmte el-
ement wpproach developed in reference 11 for the isothermal case is extended to include
thermal effects. The behavior of a thermo-viscoplastic structure subjected to aserodynamic
heating is analyzed assuming that: (1) thermo-mechanical coupling in the conservation
“of energy equation can be neglected, (2) the structural vesponse is quasi-static, and (3)
deformations are infinitesimal. With these assumptions, an unsteady thermal analysis may
be periornied fivst to detormine the temperatures. Then, using these temperatures, the
structure's viscoplastic response is determined. The solution is thus obtained by sepa-
-~ rately solviug initial boundary value problems for fivst the thermal aud then the structural
response, | ’ . '

10




4.1

1,

[

Initial Value Viscoplasticity Problem

Consider a viscoplastic structure occupying a region Q with boundary 6Q2. The behavior
of the structure is described by the following system of differential equations:

Equilibrium in rate form, S
oi;s + =0 (4.1)
where o;; is the stress tensor, &; are the body forces per unit volume, and the sum-
mation convention is employed.

Kinematic relation for velocity gradients,
1
s :E P : . o
b= e +é = 5(% +uii) - (4.2)

where ¢;; is the total strain and superseripts £ and P denote elestic and inelastic
strain components, respectively. The displacement rates are u;.

. Constitutive relations

o = Byjudf - EijuanAT
& = Fii(oijy Zu) - ~ (uo sum) E (4.3)

Zi = g0y Zs) . {nosum)
where E;;. is Hooke's tensor of elasticity parameters, and ay is a tensor of thermel
expansion parameters, and AT vepreseats the rate of the change in temperature from

a reference temperature. Both By and ay are tomperature dependent. The con-

stitutive functions aze fi; and g; 'where 2, represents internal state variables. These
funcmuns end. atate vmmbles charactenze the viscoplastic response of the ma.tmnl

The description oi‘ the pmblam is wmplctcd by prescribing the boundary and initial
conditions, Co

& = W on 90 |
. | (44)
oyn; = 0 on Oy

u




where U; are prescribed surface displacement rates, n; are the components of a unit nor-
mal vector, and &; are prescribed surface traction rates, The initial conditions include
specifying the displacements, stresses and internal state variables, i.e.

u,-(x, 0), a,-j(x, 0), Z,-(x, 0)

42 Constitutive Model

We now describe the explicit forms (ref. 6-7) of the Bodner-Partom constitutive equations
used in the thermo-viscoplastic analysis. The Bodner-Partom constitutive model is of the
internai svate variable type that is a phenomenological theory based on the physical con-
cepts related to dislocation dynamics. The model has gone through several modifications
and extended for anisotropic work hardening materials. The current model also includes
" temperaure effects, | |

1. Flow Law,

For the inelastic strain rate component, the isuiropic form of the Prandtl-Reuss law

. is assurned
| ¢ = AS;
(4.5)
éfk = 0 /\ prd 0
where 5;; are the deviatoric stress components given by
.1 o
Sij = i = 2610k . (4.6)
&), = 0 denotes plastic iQCOxx_xpx'essibility. -
- 2, Kinematic Equations,
- Squaring Eq.(4.5) leads to L

: : _-‘>¢\2=Df~/fa‘.' - ' (4.7)

" ‘where DI and J; are the strain rate and deviatoric stress invariants. The deviatoric
“stress invariant is - oy .
| J2 = 5555 - (4.8)

12




The relation geverning inelastic deformations is the “kinetic equation”, and the form
taken by Bodner-Partom is

D7 = D} exp|—(Z*/3J,)") (4.9)

where D, is the limiting strain rate in shear, n is a material constant, and Z is
interpreted as a load history dependent parameter (herein called the internal state
variable) that represents the hardened state of the material with respect to resistance
to plastic flow. Combining Eqs.(4.5), (4.7), and (4.8) gives

el = 5:;2. oL [—-(2’/3.73)"] (4.10)

. Evolution Equations of Internal State Variable,

The internal state variable Z consists of isotropic and directional components,

Z=2'4+2° (41

The evolution equation proposed for the isotropic bardening component (vef. 6)is

df(g)nm,[z, z,(t)]W(z)-A,z,[ (‘)‘ Z’]" | "(4.12).‘

13




with the initial condition, Z/(0) = Z;. In the first term, Z; is the limiting (saturation)
value of Z, m, is the hardening rate, and the plastic work rate is

Wp = O';jép (4.13)

ij

which is taken as the measure of hardening. Z, is the minimum value of Z/ at a
given temperature, and 4y and r| are temperature dependent material constants.

The evolution form of the directional hardening component (ref.6) is defined as
Z5(t) = Bi(thuii(t) (4.14)
where u;; are the direction cosines of the current stress state,

= ai3(8)/ low(t)ou())E ~ (4.15)

The evolution equation for §;;(¢) has the same general form as that for isotropic
Lardeuing but has tensorial chavacter, ' ’

3&:‘(*) = mal Zawis(t) = By () W(2)

2 7 TR LA 16 ,
- A2 {,[ﬁg:(tgk:(t)lf} wt) w10)
where | : | |
vii() = Bis{t)/|Bu()Bu(2))? (4.17)
and ' ,
ﬂq(O) = () - (4‘18)

As in Eq.(4.12), m; is the hardeming rate. 4; and ry ave temperature dependent
-material constants,

14




Other variants of the isotropic and directional hardening va.nables are described in
refs.(6-8).

4.3 Finite Element Formulation

In this section, the finite element formulation for the initial value thermo-viscoplasticity
problem (Section 4.1) is described. The development follows the approach of Ref. 11, and
the details of the weak formulation are presented there. Since the discussion presented in
Ref. 11 is for the isothermal case, this formulation extends the previous approach by the
inclusion of temperature effects.

The finite element approach approximates displacement rates within an element by
taking the displacement rates as

{u} = [N}{6) (4.19)
where [N} are the interpolation functions, and {§)} represent the nodal displacement rates.
Using the strain-displacement equations in rate form, Eq. 4.2, an element’s strain rates
can be computed from Eq. 4.19 as

{é}=[B]‘{3}. - | (4.20)

where [B] is the stram-dxsplacement wmatrix. Following usual finite alemem procedurcs, o

we can form the hmte element cquatxons for o typ:cal element as,
KOG = B+ R E) @)

where [K(T)] is the element stnﬁ'uess ‘matrix, and the terms on the right-hand side are
elerrent load vectors due to the rate of plastic strains, tcmperutuxe, suxfaw txan.txous and _
body forces, wapectxx elys These matrices are defined by '

ol = [erEome G
@) = [orEo@e e
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) = [ BIE@{a@)atdo (4.24)
() = [ [(NI{5)ds (4.25)
{Fs} = /ﬂ G[N]T{i)}dﬂ (4.26)

where (), denotes the element volume, and 9§}, denotes an element surface where
tractions are defined.

The temperature affects the viscoplastic structural analysis directly in three ways: (1)
the elasticity matrix [E(T)] and the coefficients of thermal expansion {a(T)} depend on
temperature, (2) nodal loads {Fr} depend on the local temperature rates, and (3) several
parameters (see section 4.2) in the Bodner Partom constitutive model are temperature
dependent.

4.4 Viscoplastic Solution Method

Since the present approach uses an uncoupled (sometimes called one-way coupled) for- ‘
mulation, the thermal problem is solved first followed by the viscoplastic analysis, The

transient thermal problem is solved by time marching with a time step Atr, and the nodal _

temperatures at successive times #),t;, -+ are obtained. These temperature vectors are
used as input to the structural analysis. |

The first computation in the structural analysis is to solve an initial statics problem if
- the initial temperature distribution T(x, 0) is not equal to a uniforin refexence temperature.
The results of this analysis are the initial conditions (displacements and stresses) for the
transient viscoplastic analysis. . '

The viscoplastic analysis time-marches with a time step A¢,. Experience has shown
the time step required for the structural analysis is smaller than for the thermal analysis,
i.e. At, < Ay, At intermediate times in the structural aualysis, the temperatures arve
linearly interpolated from the temperatures known at the begnmng and e end of the larger
thermal time intervals. ‘

The strategy employed in the viscoplastic algorithm is as follows: wnth the initial distri~ -
- bution of stress, temperature and internal variables specified use the equilibrium condition
 (Eq. 4.21) to obtain the nodal displacement rates. Then integrate the constitutive equa-
tions forward iu time at the eleent Gauss integration points. With updated values of
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the stress, temperature and internal variables at the new time, the equilibrium equation
is solved again. This sequence of determining the nodal displacement rates, then advanc-
ing the constitutive equations in time is continued until the desired history of the initial
boundary-value problem has been obtained.

Thus, the algorithm proceeds through the following steps:

1. At time ¢, initialize 0;;, Z; for each element;

2. Calculate & = fi;(0ij, Zi) for each element;

3. Assemble and solve [K]{6} = {F} ;

4. Calculate ¢ e‘, for each element, { ¢} = [B){é};

5. Calculate &;; for each element, {¢} = [E]{¢ — ¢} - [E)aAT;

6. Calculate Z, for each element, Z; = gi{oij, Zi);

7. Integrate ¢y;, Z forward for each element to get o;; and Z; at ¢ + Al,;
8 Ift + Aty < timal g0 to 2, otherwise stop. | |

The computational method above has been presented for a constant time step At,.

-Computational experience by several investigators (see Ref. 8, 10-11) indicates that a very
small time step can be required because of the “stiff” nature of the ordinary differential

equations describing the internal state variables. To gain improved efficiency and reliability
a variable time step algorithm bas been implemented and will be deseribed, ‘

4.5 Variable Time Sté_p 'Algdrithm__

- -In the crustant time step viscoplastic algorithm the internal state variables are advanced -
-~ in time with the conditionally stable Euler forward difference nigorithm. The variable time _
“step algorithm is a modzﬁed Euler scheme usmg a truncatmn error cntmmn (Ref 12) to

adjust the time step.
For simplicity, mnsx_d-er the single ordinary differential equation,

a=fwy e




The solution is advanced using a predictor-corrector scheme. The predictor phase consists
of an Euler step:
Yerae = Ve + Aty (4.28)

rar = f(Uipant + At) (4.29)

Anq error indicator E (Ref. 12) is then computed from

|AGE a¢ = 30)]
E= 4.30
zlyt'lml ( )

The error indicator is next compared with a preset error criterion, and if the criterion is
met, the time step is sufficiently small enough to proceed to the corrector stage. Otherwise,
the predictor phase Eqs. (4.28-4.29) is repeated with a smaller txme step

The corrector phase is the modified Newton scheme,

Gew=(rhad (@3
= u Sy (43D

A flow chart depicting the adaptive scheme is shown in Fig 8. The flow chart shows
how the time step is either rcduced or mcreased delmndmg ou the errvor mdxcator, Eq ,

e 30)
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5 Viscous Flow Analysis

Finite element analysis of compressible flows is a relatively new development, but significant
progress has been made in the last few years. Computational techniques were developed
first for inviscid flows, and then the techniques were extended for viscous flows. The first
successful algorithms were explicit schemes; current research is focused on the development
of implicit schemes. In this report we describe an explicit finite element algorithm (ref. 13)
that is used to solve the Navier-Stokes equations for the external flow. A basic objective of
the flow analysis is to predict the aerothermal loads acting on the structure, i.e. the surface
heating rate, the skin function (shearing stress), and pressure needed for the thermal-
structural analysis.

5.1 Problem Formulation

A laminar compressible flow with a calorically perfect gas is assumed. The Navier-Stokes
equations are written in the conservation for,

o{U}  o{Ei-Ev} O{Fi-Fv}

N o 3 (81)

where {U} is the vector of conservation variables; {E;} and {F:} are inviscid flux compo-

nents; {Ev} and {Fy} ate viscous flux components, These vectors are given by

Wy = m pw pE)

{E}T = [pu pu?+P puww  (pEi+ P

C{BY = [ g pP 4P (pEc+PW] -
{EV}T = [0 rrdgx ’f:y o u”x&‘*‘”"'ﬂ“q&?}
{Fv} = 0 =y - Ow Uty + Vo — ¢

- where pis the fluid density, u-and v are velocity components, E, is the total energy; ovp, 0y

‘aud 73y are stress components; and g, g, are heat fluxes. In the inviscid flux compouents
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the pressure P is defined for a perfect gas as
P = (y=1)p|B: - (u* +v°)/2] (5.3)
where v is the ratio of specific heats. In the viscous terms, the stress components are

related to the velocity gradients by

0w = SUTN2ZE - 3D)

rey = TGS+ G (54)

= T2 -5Y)
where T is temperature. The heat fluxes are computed by Fourier’s law
& = k(T)%T;
aT (63)
@& = "k(T)g;j’
The temperature dependent viscosity is computed from Sutherland's law, and the thermal

conduetivity is computed assuming a Prandtl number, Pr = 0.72.
" Byuation (5.1) is solved subject to appropriate initial and boundary conditions. Con-

" sider a domain € bounded by & swface 2. The initial conditions consist of specifying
~ the distributions of the conservation variables at time 2650, Typical boundary conditions
" may include: (1) specifying all conservation variables for supersonic inflow on a seguent e
“of the boundery 8%y, (2) requiring that V. #t = 0 on a symmotry plane, 9 (Vis the

" velocity vector, and # is & unit normal vector) aud specifying the heat flux normal to the
surface 90, be zero, (3) using appropriate boundary conditions on a outflow surface o,
“and (4) specifying V =0 and the surface temperature T on aerodynamic surfaces, 9.

On supersonic outflow surfaces, the finite clement formulation supplies appropriate natural
boundary conditions cousistiug of suface integrals of Hux compouents. S




5.2 Taylor-Galerkin Algorithm
For simplicity the solution algorithm will be given for the single scalar equation,

6u

B 3 (E} Ev)+ %(F; -Fy)=0 -(5.6)

where the variables, u, E1, F}, Ev, and Fy are analogous to the corresponding vector quan-
tities in Eq. (1). Let {u}™ denote the element nodal values of the flow variable u(z,y,t) at
time ¢,. The time step At spans two typical times ¢, and t,4, in the transient response.
The computation proceeds through two time levels ¢,,4 and tny1. At time level ¢4,
values for u that are constant within each element are computed explicitly. At time level
tas1, the constant element values are used to compute nodal values for u.

Time Level toe}

A constant,element value uaﬂ is-computed from

Auﬂ* /iN]dA{u}“ A []u [%A]dA{EI"‘EV}ﬂ o
+/ [8N] dA{r, Fv}"] “

 where A dmotes the ares of elcment §,, and [N ] ase the element. mtu*;wlaﬁma fun«twns. o
' Quantxtxes such as {E;}“ reprasaut nodal values at mx.e t,..

_ 'Tmn. Level ¢,

~ Nodal vaium are computed from .

| lMl{u}"f‘==l@ii‘vu}%{ﬂx}"*%-{Rz}"‘**.+"-{1?a}'?'+-{_f?4}“' ks
| M= L REIEITE R | B9
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and

{Rl }n+%

At [ /0 e {"g: } dAEM? ¢+ / { }dAF;‘*f] (5.10)

(R} = —At j (N}ds [z(E,)"““hm(F,)"**] (5.11)
(R} = -At [/ﬂ { }[NldA{Ev}"-i- / {aN ][N]dA{Fv}] (5.12)

{&)"

Il

At /a o NYNIAS ({EV)? +m{Fv)) | (5.13)

In Egs. (5.11) and (5.13), ! and m are the components of a unit vector normal to the
boundary. The load vectors {Ra} and {J3} represent natural conditions and are evaluated -
on ourflow surfaces. ’

The mass matrix [M)], Eq. (o 9), is diagonalized to vield a “lumped mass matrix”
preducing an explieit scheme where the new nodal values can be computed dzrealy fwm

Eq (5. 8).

5.3 Aecrothermal Loads

- Accurate computation of surface quantities such as keat fluges is an important objective of

the viscous flow analysis. By Pourier’s law, heat fluxes may be computed from tamperatwe

- derivatives at the fluid/solid interface. In typical elements, temperatures vary lineaxly, and o
. teiperature gradionts noral to the jatexface are coustant. Heat fluses computed from
these derivatives are not. sufficiently accurate, and conservation is ot guaranteed. As

an alternate appmm:h, a finite elermont scheme based on Bq.(5.8) is used. This latter 7
approich does wot require the compumxan of tempasature dmvames, and conservation -
is guamnhwd - '

© We will illustrate the appmsch for suriace ket Huxes, but skin mc&ién can lm compuwd
in a simifar fashion. For heat fluxes, we wse the conservation of energy equation assuining
the computation has reached steady state, i.e. {u}™™ = {u}*. On no-slip boundary

suxfm.es where sonmal i.eat ﬂums ape o lx. computcd Eq (5 8) reduces to

{N}+{R} = 9_

99
el -




since the inviscid fluxes in the energy equation are zero on the no-slip boundary. Substi-
tuting for {R3} using Eq. (5.10) and evaluating {R,} at the surface produces

/(,,Q{N HN)ds{g.} = L , {%%} [N]dA{Ev}

(5.14)
- {%%} (NVA{Fy}

where {¢.} are nodal heat fluxes for an element. To aid in the computation, the coefficient
matrix for {gs} in this equation can be diagonalized to produce an explicit scheme for

directly computing the nodal heat fluxes.




6 Recent Numerical Results

Presentcd here are some recent numerical results illusirating progress in code develop-
ment and progress in understanding basic F-T-S interaction phenomena for hypersonic

structures.

6.1 Thermo—Viscoplastic Structural Computations

6.1.1 Simplified Mod~l

To gain a preliminary understanding of the behavior of a convectively cooled structure
subjected to convective heating, a simple 1D bar model was investigated. A segment (Fig.
9a) of the aerodynamic skin is modeled assurning uniform temperature. The coolant is
assumed to have a constant, specified temperature, and the skin is heated convectively.
A strong time variation of the convection coefficient, (Fig. 9b) simulates the passage of
a moving shock. The resulting transient temperature and bar compressive stress exhibit
features to be expected in a more complex model.

The transient temperature history (Fig. 10a) shows a rapid rise following the sudden
increase in the convective coetficient, and then a smooth decay after the large convective
healing is removed. The convective cooling causes the temperature to return quickly to
equilibrium. The initial rapid increase in temperature causes the bar to yield in com-
pression very early in the response (Fig. 10b). After the temperature begins to decay
at ¢ = 0.5, the stress rapidly changes to tension hence as the temperature returns to
equilibrium a large residual tensile stress vemains in the bar, The tensile stress is induced
because the initial high temperature causes the bar to expand which induces compressive
yieldi-ng. This yielding tends to permanently shorten the bar, However, the bar's fixed
end boundary conditions prohibit the bar from changing in length so that a tensile stress
develops as the material cools.

In the initial viscoplastic analysis a fixed time step of 0.001 5 was used, and 1200
tisme steps were required for the analysis. The varisble time step algorithm was then
implemented, and the problem was resolved. Fig. 10c¢ shows the history of the variable
time step and indicates that the new analysis vequired only 213 steps — a substantial
savings. The figure shows that in the “Hlat” part of the stress response a laxge tisne step
‘was used, but near ¢ = 0 and again at ¢ = 0.5 when the stress is changing rapidly, small

“time steps ave needed to capture the response accurately. Tlis example showe that the

adaptive tinie step algoritham is an important step towards producing an cfficient, sccurate
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solution.

6.1.2 Convectively Cooled Structure

A more realistic 2D model of a convectively cooled hypersonic structure is shown in Fig,
11. The model represents a segment of a convectively cooled structure such as a wall
of a scramjet engine fuel injection strut. The finite element thermal model (Fig. 1la)
includes: (1) conduction heat transfer in the aerodynamic skin and primary structure, (2)
convective heat transfer between the walls of the coolant passage and coolant, (3) mass
transport convection in the coolant which has an unknown bulk temperature, and (4)
surface radiation on the aerodynamic skin. The aerodynamic skin is uniformly convectively
heated over its length, and superimposed on the uniform heating is a local, intense heating
simulating a transient shock. The transient heating is induced by the time-dependent
convection coefficient shown in Fig. 11b. Thermal properties and data are tabulated in
Table 1. The properties are representative of a high temperature nickel superalloy.

In the plane strain finite element model, the primary structure and aerodynamic skin
have unit thickness, but the heat exchanger in the coolant passage has a thickness of 0.1
in, to provide an effective structural stiffness. The wall segment has fixed displacement
boundary conditions at the left and right ends. Data for the Bodner-Partom viscoplastic
model are tabulated in Table 2.

The thermal response of the wall segment is shown in Fig. 12. Figure 12a shows the
time history of o point on the aerodynamic skin directly under the transient heating; Fig.
12b shows contours of temperatures at ¢ = (.53 when temperatures are maximum. The
temperature history is qualitatively similar to the results obtained in the 1D model showing
the rapid skin temperature rise and fall with the simulated shock heating, The temperature
contours show relatively steep thermal gradients induced by the local heating, and that the

* coolaut substantially limits the extent of the induced high temperatures, Thus the high

temperatures are confined to the aerodynamic skin, and the primary structure experiences
ouly small terperature changes. The temperature gradients in the skin particularly at
the coolant-skin interface ave not predicted with high accuracy because of the engineering
model of the coolant heat transfer. However, local temperature levels in the skin are
reasonably accurate since net energy transfer to the coolant is rmodeled satisfactorily. |

Stress histories at three points through the skin thickness are shown in Pig. 13. The
stress histories follow the temperature, and under thie intense local heating stresses ave
very sinilar to the results obtaiued from the 1D model. At this location the skin yields -




through most of its thickness. After the heating ceases there is a rapid decay of stress, and
under the intense local heating there are residual tensile stresses.

The viscoplastic stress histories are compared with stresses predicted assuming elastic
behavior in Fig. 14. The elasticity assumption is clearly not permissable because predicted
stresses are too high, and, of course, no residual stresses are predicted. Deformations (not
shown) predicted by the elastic model are also too small.

The two dimensional character of the stress components ¢, and ¢y are shown in Figs. 15
and 16, respectively. The stress distributions are shown at three times (¢ = 0.1s,0.5s, 1.0s)
in the response. The stresses at the ¢ = 1.0s are the residual stresses. The figures show
that in addition to the high o, stresses induced in the skin that cause yielding, there are
also high stresses in the heat exchanger region. Although the structural model of the heat
exchanger region is crude, high tensile stresses o, can potentially cause a bond failure at
the heat exchanger/skin joint. Such a failure would cause a loss of heat transfer between
the skin and heat exchanger resulting in excessively high skin temperatures. This is a -
possible failure mode that needs further investigation.

The deformed structure and principal plastic strains at ¢ = 0.5s are shown in Fig,
17 and 18, respectively. Peak deformations are relatively small, but the effect of internal
coolant pressure was neglected. The effect of this pressure on deformation and plastic
strain needs to be evaluated.

6.2 Flow Computations
6.2.1 Flow Over Flat Plate

To validate the viscous flow code and to assess mathematical models for artificial dissipation
the problem of supersonic flow over a flat plate was solved. This problem has been solved
by several investigators starting with Carter (NASA TR R-385) who obtained a numerical
solution using a finite difference scheme. The problem statement is shown in Fig. 19a.
The mesh from adaptive refinement of the finite model is shown superimposed on density
contours in Fig. 19b. Temperature profiles at the exit plane are shown in Fig. 19c.
The temperature protiles shown are, in general, not representative of high speed flows
because of the high wall temperature boundary condition. In reviewing the results from
several different artificial dissipation models, the McCormack-Baldwin model gives slightly
superior results to those obtained with Lapidus dissipation, but it is more expensive since
it vequires extraction of second derivatives of the pressure. The successful solution of




the Carter problem demonstrates that the basic algorithm is working effectively, but work
remains to be done to validate the code for higher Mach number flows with stronger viscous

effects.

6.2.2 Boundary Layer Flow

To further evaluate the viscous flow code, a high speed boundary layer flow over a flat
plate is currently being analyzed. The problem statement is presented in Fig. 20a. The
temperature profile at the inflow plant is shown in Fig. 20b. The profile shown is repre-
sentative of high speed flows and must be predicted accurately for wall heating rates to be
predicted well. An important role of this problem is to provide insight into the effect of
artificial dissipation on the temperature distribution and the wall heating rates. Artificial
dissipation tends to cause boundary layers to be too thick, distorts temperature profiles
and can adversely affect wall heating rate predictions. The computed temperature profile
at the outflow plane in Fig. 20b shows only small effects of artificial dissipatior;, but heat-
ing rates (not shown) computed from this solution are below the expected values. Work
on this problem is in progress. The results so far indicate that as the level of artificial
dissipation is reduced, the wall heating rates will improve in accuracy. Successful comple-
tion of this problem will mean that the integration of the flow analysis with a deformed
structure can be initiated,
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7 Research Forecast

In this initial contract year, the basic computational schemes for solving a strong F-T-S
interaction problem have been developed assuming structural temperatures are below the
melting point. In the next year, a major goal will be to integrate the components to solve
a problem with a complete F-T-S interaction. Specific objectives for the next year are:

1. Further enhancement of the thermo-viscoplasticity code to provide:

(a) adaptive mesh refinement
(b) inclusion of state variables in the constitutive model to incorporate material

damage

2. Further development of the viscous flow code to predict aecrodynamic heating rates,
surface pressures and shearing stresses.

3. Development of a mesh movement algorithm for interfacing flow meshes with the
mesh for the deformed structure.

4. Numerical solutions for:

(a) thermo-viscoplastic response of a convectively cooled structure with damage
predictions for multiple loading cycles.
(b) more difficult viscous flow problems with flow recirculations

Development of thermal-structural formulations for metallic materials where tem-
peratures can exceed the melting temperature.

.C;t

6. Presentation of a paper at the 30th AIAA Structures, Structural Dynamics, and
Materials Conference to be held April 3-5, 1989 in Mobile, Alabama.
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Figure 1: Estimated National Aerospace Plane Surface Temperatures (NASA TM §9143) .
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Figure 18: Principal Plastic Strain in 2D Model at ¢'= .33
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: ~ Figure 19: Supe:sochxscous Flow Over Flat Plate (Carter Problem)
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Table 1: Data for Thermal Problem
1. Skin and primary structure

p=0.283 b, /in3

Temperature Dependent Conductivity and Specific Heat

T [°R] 0 500 1500 3000
K [BTU/ins-R] 1.23x104 18x10¢ 325x104 6.0x104
Cp (BTU/1b,-R]  0.12 0.135 0.177 0.26
2. Coolant .
' m =716 103 toy, / sec
Cp=348 ~ BTU Ib,-R
T, = 665 R

h w6.2x10_'? ' ~BTU/s m~-
- 3. Surface convection

T.=5M5 R
h = 60x10% . BTu/s-w*-R

. ﬁ\ddmoml b attime 0 <tS 05500

08 x<hl: hg=0
01 % x<02 bigg asoxw—}axs | uﬁ%ao%@g} BTU/s-in®-R
02< xS 03: liggg =0 " " o

o= masaxms BTU/s-int-RY
& =08 :
&=08



Table 2: Data for Viscoplastic Analysis

Model Constants for superalloy B 1900 + Hf

1. Temperature - independent constants
D,= 1.0x10*  sec-!

Zy = 3000 MPa
Z; = 1150 MPa
r; =

rn =2

my = 0 MPa-!
m, = 0

2. Temperature - Dependent Parameters

T °C] <760 871 982 1093

n 1055 1.03 0.850 0.70

Z,=Z, [MPa] 2700 2400 1900 1200

Ay [sec'l] 0 0.0055 002 0.25

A, [seci] 0 0 0 0

Elastic constants

E = 1987 x 105 + 1678T - 0.034T2 + 1.143 x 105 T f{MPaj -
G = 8650 x 104 - 17.58 + 002321 T2 - 3464 x 10 T® {MPa) .
(with temperature in °C)
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