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* 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.1)
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.-3 tense local heating and pressures. Analysis of the flow, thermal and structural behavior
present serious computational challenges to analysts because of the inherent nonlinearities

iI in all aspects of the multi-disciplinary problems. Some of the critical computational issues

are identified in ref. 2. Critical issues include the difficulties involved in: (1) analyzing the
I viscous, compressible flow and predicting the high local aerodynmaic heating, (2) model-

ing and analyzing multi-mode umsteady heat transfer in a high temperature convectively-

cooled structure, aid (3) imnulating the transient, nonlinear thernial-structural rtsponse
for rapid temperature changes. Preliminary structural aalysis of an impingement coole d

leading edge (ref.3) showed high local plasticity that ýeriously degraded the structure's
I ldu carrying capacity at elevated teniperattuvs. A recent thernmostructural analysis with

experimental verification (ref.4) of cowl lip designs confirmed that significant inelastic ef-
ife.ts occur. in the expetinmetal study, two specimens failed due to burn-through because

of intense local heating or because of loss of cooling.
This researcd contract addresse- fuudaaiental issues relevant to the development of

hypersonic structures subject to severe thermal loads. The spcific objectives of the current

research include:

I 1. An investigation of the processe and thaories for energy trawfer between high teni-

perinture steady hypersouic flows and deformable aerodynawic structures.

!I
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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 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.

I2
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II
3 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-

3matical formulations, and computational methods needed to solve general problems of this

type.3 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

I 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

3 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-

3 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 solution of this problem is a major goal of the research.

As steps toward achieving thfis goal, the following objectives have been accomplished:

1. A formulation of a coupled F-T-S interaction problem has been established assuminig:

3 (a) the unsteady heat transfer probleOt is described by conservation of ene rgy no-

glecting uedhanical coupling terms. This assumption is known to be eawua-3 able for the materils, deformation ratws and applied heat loads encountered in

ypefrsonic structures. Nonlinear heat transfer due to temperature dependent

material properties sudc as specific heat and thenmal conductivity e included

as well as surface radiation.

(b) the structural problem is aisumed to be quasi-static and viscoplasaic. The
quasi-static asstnhption ineaas that iiertia terms in the molnentuin equations

may be neglected, and the structural problam caut be formulated as a smri-s

of equilibrium problems due to time-varying wnteperature computed front the

unsteady energy equation, The viscoplastic inodale assumes that Strain rates

are separated into elastic and plastic components. The plastic strain rate coin-

poueut is repraevuted by constitutive equaLions known as unified viscopl"atic.

3I



U
3- 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:

5 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.

(c) The flow problem is governed by the Navier-Stokes equations describing com-

pressible flow. The principal assumption made is that the fluid is a caloricallyIperfect 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 temperature and pressure

dependent, and the gas becomes chemically reactive.

2. Three finite element computer programs applicable to F-T-S interactions have been

placed into operation.

(a) A family of finite element heat transfer pogrstns capable of computing tern-

peratmes in high temperatuxc structures is now operationa. These progrium

model nonlinear conduction, radilation ad forcel convection heat traasfer in

3 coxweitiwdy cooled hypersonic structurts at elevated tempeIaturea.

(b) a twi -ttt&,asioual fiiite clemeut thenxo-viscoplastic program has been devt- .

3 Oped .-& .,•'jan is baed ot the Bodner-Paxtoxu unified viscoplastic cou•ti-

tutive model. Uighly complex rate-dependett plasticity nd Ceteep phenomeaa

at elevated temperatures can be simulated by the prograMr

The use of the Boduer-Partom theory in a finiteelement ut pgraih aus significant

advantages, but the competational effort required to solve for the state vawiables

in the coustitutive equations is extensive. Sets of "stif orditary differential

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

small steps, and hence large computer titew are needed to capture the time-

dependent phenomena. Time teps for the structural rmapse are typically

4
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I
about one-tenth of time steps required for the transient thermal analysis. This

difference in time steps requires special techniques for interfacing the thermal

and stractural 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 conservatiou 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 qua-utities is under evaluation.

3. Numerical computations have begun on a series of representative problems, Results3 of these computations are presented later in this report. The objectives of these

f,:omputations are to.

U (a) validate the codes, and

(b) study the basic processm- that, c•haracteriz F-T-S interactions.

4. A compraeh mive literature search focused on the behavior mid inatlMlatical models

of metallic materials at elevated temperatures has been accotuplished. A signifewat

nutumber of relevant pal~rs and reports have been acquired.

5 5. Visits to Southwest Resmeh Institute and Texas A & M University have been made.

Information on recent research in wunified viscoplastic Iuatheniattikal models was ob-
tained as well as data dwcribing material behavior at elevaited temperatures. Imple-

Uelntation of these theories into fiuite element codes ww discused.

I
I..•
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II
1 3 Thermal Analysis of Hypersonic Structures

3 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 shownIin 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 forced convection.

The representation of the heat transfer in the coolant passage is the critical step in the

heat transfer analysis. There are two basic re-presetations that can be employed. The

first, denoted here as the engineering mode1, is based upon a numaber of Assumptions that

greatly sinljplify the problem into a single energy ,quatiou with a specified mass flow rate.

Detailed computation of thle fluid velocity comlnments and temperatures is not required.

The second repr.sentatiox idealizes the ctolant flow as a continutu model, and the paxtial

3 differential equations describing conservation of ma.s, uoinunwr and energy are Solved

simultanotusly to obtain fluid velocity and temperature distributions. This latter modil is

I "the most accurate, but it is also considerably more expensive than the engigneering model.

As a first step towards understanding flow-thernal-struccural interactions chaatcristic of

I hypersonic structurps the engineering heat transfer models einployntd.

S 3.1 Engineering Model for Coolant Passages

The basic featur., of the engineering model can be developed from the idealization shown

in Fig. 3. A segment of the coolant passage of width t is shown; for simplicity, only the

upper oe-dhalf of the coolant passe with the aerodynamic kiu is' shown. The engineering

formulation (ref.3) is based on the following aumptiols:
!6
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I
1. The thermal energy state of the fluid is characterized by the fluid bulk temperature

TF which varies only in the flow direction, i.e. TF(x, t).

2. The flow is represented by the mass flow rate rh in the coolant passage specified by

Ma = PFAFVF where PF is the coolant density, AF is the cross-sectional area of the

I coolant passage, and VF is the coolant mean flow velocity.

3. A convection coefficient h is defined such that the heat flux 4F transferred between

the structure and the coolant may be expressed as

= h(Ts - TF)

where Ts(x, t) denotes the structural temperature at the fluid-solid interface.

I 4. T"he 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,

I AD

i where D is the hydraulic diameter of the coolant pwsage, and kF is the thersma

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

fluid thermal parameters may, in general, he tmperature dependeut.

With these assuxaptions, eiew balances oMI the aerodynamic skiW and coolant give the

3 governIng coaservation equations..

Fluid: 0 " 0Th .. O___ a3 * -(4' r + ~ - wh(Ts - Zr) + ppvrAr 0(31

SlC 0 (L-A OT2s) + h tý -'r)+ eel' + 4ss~ (3.2)

wherw the subsCripts F and S deinote the fluid and solid, respectively, hI these equatiotns,

c denotes specific heat, a is the Stcfan-ioltzmaara constant, and e is the suref mninwivity.

Because of the temperature dependence of the thermnal paraanert-ns d the radiatiota teram

Eqs. (3.1) and (3.2) constitute a nnluiear set of partial differential equations.

The heat exchanger fins are not included explicitly in this model. however, the heat

S transfer between the heat exchanger flus can approximately be taken into colsideration

* "though the use of an effective width w which reprents.the area over which the conVective%

heat exch age ocurs.

t7
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II
E 3.2 Finite Element Formulation

I A typical finite element representing Eqs. (3.1) and (3.2) is characterized by fluid and

fluid-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

I T= [N(x)]{Tp}

uT = (N(x)]{TsT (3.3)

where [N(ix)] are the element interpolation functions. Following usual finite element pro.

I cedures (ref. 5), the discritized equations for an element of length L may be derived in the

forn

1. 0 Cr+ ft+[K C,+KA+Kr- -KIki 71p (34

where the element capiitance matrices. axe given by

[cy] jppopAri{NI[IN*ldx

I ICA jpscsAs{YIIN-Id

I uaud the kicmut couductuwow uatriceo arC

lick) ]wh(NV)Ij+dx

tprc+j 1A8 {-,,dx} ["j],

S

I •uJt,•



The element equations given in Eqs. (3.4) show that the coolant passage model can be

regardek2 -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)

a mass-transport 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 (CF] as well as conductance matrices [IK,] and [KF]. The

surface convection element represents the convection heat exchange between the coolant

fluid and the solid; it does not have a capacitance matrix, but it has a conductance matrix

[KIh] 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 tnsteady thermal analysis is nonlinear because of temperature dependent thermal

properties and surfare 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.

f9



1 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 onI 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-I fort (ref. 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 alloys 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-viscoplastic3 response of a turbine blade under simulated flight conditions. In another recent finite

element application (ref. 10), the Bodnet-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 tile finite el-

S ement zpproaeh developed in reference 11 for the isothermal case is extended to include
thermal effects. The behavior of a therno-viscoplastic structure subjected to aerodynamic

heating is analyzed assuining that: (1) therino-leachavical coupling it tile conservation
of ener&y equation can be neglected, (2) the structural respons-e is quasi-static, and (3)

deformations are infinitesimal. With these assumptious, an unsteady thermal analysis may

be perorined first to deterrniine the temperatures. Then, using these tempetratures, the

structure's viscoplastie response is determined. The solution is thus obtained by sepa-

rately olviig initial boundary value problems for first the thermal auid then the structural

response,

I
I
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I

I 4.1 Initial Value Viscoplasticity Problem

I []Consider a viscoplastic structure occupying a region f2 with boundary M•. The behavior

of the structure is described by the following system of differential equations:

1. Equilibrium in rate form, &•jd + bi = 0 (4.1)

where aq is the stress tensor, bi are the body forces per unit volume, and the sum-

mation convention is employed.

1 2. Kinematic relation for velocity gradients,

1
2 = +(u + ýJ'i) (4.2)

I
where eij is the total strain and superscripts E and P denote elastic and inelastic

strain components, respectively. The displacement rates are iui.

3. Constitutive relations

fi j - (oai, Z,) (no sum) (4.3)

i = gij, Zk) (no sum)

I where EAit is Hooke's tensor of elasticity parameters, and ak is a tensor of thermal

expatsion panauetexs, and &T represents the rate of the change in temperature from

a refenence temperature. Both Eiqk and aki are temperature dependent. The con-

stitutive functions axe fqj mid gi where Z4 represents internal state variables. These

I functions tud state variables characterize the viscoplastic response of the material.

I . The description of the problem is completed by prescribing the boundary and initial

conditions,

ti on OS1I (4.4)
S • . O'O

U!1
I



I

where Ui are prescribed surface displacement rates, n1 are the components of a unit nor-

mal vector, and -i are prescribed surface traction rates. The initial conditions include

specifying the displacements, btresses and internal state variables, i.e.

.. u,(x, 0), ai(x, 0), Z,(x, 0).

4.2 Constitutive Model

I 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

internal state 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 compoient, the isropic form of the Prandtl-Reuss law

is assumed

I0 (4.5)
•kki = 0 A>o0

iwhere Sjj are the deviotoric stress components Siven by

I (4.6")

•iP- 0 denotes. plastic iucompressibility.

1 2. IMinematic Equation s, t

Squaring Eq.(4.5) leads to(47
A 2• = Dl/J2 (4.7)

• ~ ~ ~ . U hr • aJ r h tan't and deviatoric str ess iavariants. The deviatoric

U -stress invaruant is
J2 =js,•sij (4.S)

12I
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I
i The relation governing inelastic deformations is the "kinetic equation", and the form

taken by Bodner-Partom isI
I D= D' exp[-(Z2/3J2)"] (4.9)

I 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

I
if '2Dx 32n (4.10)

3. Evolution Equations of Internal State Variable,

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

I Z=ZI+ZD (4.11)

The evolution equation proposed for the isotropic hardening component (ref.- 6) isI
3M Z'() m1[z,- ZA()w#(#) - A4Z[ (4.12)

I

13
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I with the initial condition, Z'(O) = Zo. In the first term, Z, is the limiting (saturation)

value of Z', m, is the hardening rate, and the plastic work rate isU
Wp = aij4 (4.13)

I which is taken as the measure of hardening. Z2 is the minimum value of Z' at a

given temperature, and A1 and r, are temperature dependent material constants.

.I The evolution form of the directional hardening component (ref.6) is defined as

ZD(t) = ,#ij(t)uj(t) (4.14)

where uij are the direction cosines of the current stress state,

"I =|u~ -- ,C)[k,••,• (4.15)

The evolution equation for Pil(t) has the samue general foru as that for isot'ropic3 hardenhig but has tensorial character,

-AAi (z 3u,(t) - ,(t)jW,(t)

I - ~ { [~ Z, )it)J~(.6

I .Where
vii = ,(t) W/PkI,,,(0)•(•] (4.1,7)

pq(O) 0 (4.18)

As in Eq.(4.12), m 2 is the hardening rate. A2 and r2 are temperature, dependent3 niaoriul constants.

14

I



I

I Other variants of the isotropic and directional hardening variables are described in
res.(6-8).

4.3 Finite Element Formulation

I 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

S{t4} = [],}(4.19)

where (N] are the interpolation functions, and {f} represent the nodal displacement rates.3 Using the strain-displacement equations in rate form, Eq. 4.2, an element's strain rates
can be computed from Eq. 4.19 asI

II {•} = I{,} (4.20)

3where [B] is the strain-displacement matrix. Following usual finite element procedures,

we can forn the fiinite element equations for a typical element as,

I I(T)J{6} ={F,,} + {fP} + {Pao} + {F8, (4.21)

where [K(T)] is the element stiffaess matrix, and the terms on the right-hand side are
elehe-nt load vectors due to the rate of plastic strains, temperature, staufae tractions and

I iody forces, resip-,ctively. The-e matrices are defined by

i frY= '[BJTI(T)][BJdS, (4.22)
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I{tT} = j [BrE(T)]{ci(T)}A~dfl (4.24)

m{F} =fn', (4.25)

I{F 8 } = [~~d (4.26)

where Q2 denotes the element volume, and fl8, 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 {o(T)} depend on
temperature, (2) nodal loads {FT} 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

I 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 At2 ', and the nodal
temperatures at successive times ti, t2, are obtained. These temperature vectors are
used as input to the structural analysis.

The first computation in the structural manlysis is to solve an initial statics problem if
the initial temperature distribution T(x, 0) is not equal to a uniform reference 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 At,. Experience has shown
the time step required for the structural analysis is smaller than for the thermal analysis,
i.e. At, < Atr. At internediate times in the structural analysis, the temperatures axe
linearly interpolated from the teuicprattwes known at the beginning and end of the larger
thernul time intervals.

The strategy employed in the viscoplastic algorithm is as follows: with 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 in time at the element Gauss integration points. With updated values of

16I!
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I 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-

I ng 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 t, initialize aqj, Zi for each element;

I 2. Calculate 4 = fj(oij, Zk) for each element;

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

4. Calculate iij for each element, { i} = [B]{6};

5. Calculate &,i for each element, {&) = (E] i - P} - [E] aT;

6. Calculate Z for each element, Z, = gi(aij, Zk);

7. Integrate iij, Z forward for each element to get urj and Zi at t + At,;

8. If t + Ats < tfj,,a go 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 vawiables. To gain improved efficiency and reliabilityB a variable time step algorithru has been implemented and will be described.

4.5 Variable Time Step Algorithm

.•i the celustant time step viscoplastic algorithm the internal state variables are advanced

in time with the conditionally stable Euler forward difference algorithm. The variable timeus- iein W 1)t

step algorithit is a modified Euler scheme using a truncation error criteon (RW. 12) to

adjust the time step.

Fort simplicity, consider the single ordinary differentialequation,

A•I(9 , (4.27)
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I
3 The solution is advanced using a predictor-corrector scheme. The predictor phase consists

of an Euler step:

Yi+A6 = Yt + At~t (4.28)

|y•+,• = f(ytP,&t + At) (4.29)

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

E t (- - y*)I (4.30)

The error indicator is next compared with a preset error criterion, anod if the criterion is

met, the time step is sufficiently small enough to proceed to the corrector stage. Otherwise,

I the predictor phase Eqs. (4.28-4.29) is repeated with a smaller time step.

The corrector phase is the modified Newton scheme,

I
=(, t + g,+.,)/2 (4.31)

I , y, + Atoxv (4.32)

I A flow chart depicthig the adaptive scheme is shown in Fig. 8, The flow chart shows

how the time step is either reduced or increased depending on the error indicator, Eq.

(4.30).
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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

3 heating rate, the skin function (shearing stress), and pressure needed for the thermal-

structural analysis.

E •5.1 Problem Formulation

A laminar compressible flow with a calorically perfect gas is assumed. The Navier-Stokes

equations are written in the conservation form,I
o{U} OfE,- Ev0 O{Fr - Fv}

at + OX + Cj 0
I

3 where U) is the vector of conservation variables; {E, mand (P.,) are inviscid flux compo.

nents; {Ev} and {Fvl are viscous flux components. These vectors are given by

3 {U[P , p pu PEI

S{E,}T = u pul + P puv (pE, + P)u]

| [pv pvu pvi + P (pE, +P)vJ (5.2)

{ Ev' O= TO Uo, + V,7 'V -+qr

1 {Fy} [0 -Thy Oyu U.zy +VO'YY qu]

3 where p is the fluid density, u and v are velocity components, E, is the total energy; or, ouv

and r•, are stress components; and q,, q. are heat fluxes. In the inviscid flux compo.ents

19~
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I the pressure P is defined for a perfect gas as

I P = I )p(Et - (u2 + v')/21 (5.3)

|II
where 7 is the ratio of specific heats. In the viscous terms, the stress components are

fe3,ted to the ve,.,,,+'g, graco•..n hv

_= 2s(T)(2" u ?))

Ir ., = ;A(T)(•' OX).(54

T)(2v - On)

I where T is temperature. The heat fluxes are computed by Fourier's law

* (3.5)
qv =T

The temperature dependent viscosity is computed from Sutherland's law, and the tberazal

fl conductivity is computed assuming a Pra•idtl number, Pr = 0.72.

Equation (5.1) is solved subject to appropriate initial and boundary conditions. Con-

sider a domain 0 bounded by a surface OfM. The initial conditions coisist of specifying

the distributions of the conservation variables at time zero. Typical boundary conditions

I may include: (1) specifying an conservation variables for supersonic inflow o0. a segmtent

of the boundary 8fl4 , (2) requirihg that ii = 0 on a symmetry plate, 0% (V is the

"velocity vector, and A" is a unit normal vector) and specifying the heat flux normal to the

3-surface I0 1 -be zero, (3) using appropriate boundary conditions on a outflow surface 00i%,

and (4) specifying V = 0 and the surface temperature T on aerodynanuic surfaces, 8S14.

On supersonic outflow surfaces, the finite element formulation supplies appropriate natural

- boundary conditions consistig of surfage integrals of flux components.

20I
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II
I 5.2 Taylor-Galerkin Algorithm

For simplicity the solution algorithm will be given for the single scalar equation,

au 0 0
Tt + Ci - E,,) + !(Fi - Fv) = 0 (5.6)

where the variables, u, E,, F1, Ev, and Fv are analogous to the corresponding vector quan-

I tities in Eq. (1). Let {u}" denote the element nodal values of the flow variable u(x, y,t) at

time t,. The time step At spans two typical times t,, and t,+1 in the transient response.

The computation proceeds through two time levels t,+j and t,+1 . At time level t"+,

I values for u that are constant within each element are computed explicitly. At time level

tn+,, the constant element values are used to compute nodal values for u.U
Time Level t4. j

A constant element value u'0 , is computed from

2 O
Io L

4fl+I. L A Fo_

where A delotes the area of element 0., aid [NJ are the elemet iawrpolatiou function.

Quantities SU& as (El reprasont nodal values at. time t,.

Time Level t,,+
"Nodal valus are computed from"

[�--�{�,("= MJ()" + JA,}etI + +1{2A})• + {Z) (5.8)

S[MJ = (4V {,V[NJJlA (3.9)
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Hand
I t J j- dE~ O.- dX 7  (5.10)

= lone {N)ds [icmYP4 + m(Fz] 5.11

* {~~R31" n -t KI { } NjdA{Ev 1n + I {P~}[~AF)n] (.2

*~~ At{)[ýSPEb +m{Fv)2v (5.12)

on ourfiow surfaces.

The mass matrix (MJ, Eq. (5.9), is diugonalized to yield a "lwnped mass tuatrix"

Producing an excplicit schleme where the new noda values can be computed directly froma

Eq. (3.8)#

I.. 5.3 Aerotlionual1 Loads

Accurate computation of sudface quanktities- such, as heat fluxes-- is anu im1portant objecxtive ofU the viscous flow analysis. B~y Fourier's law, hieat fluxes may be coinputed fi-ro teuiperatureUderivatives 4t the fluid/solid in trface. Ia typical ehnuonits, teprt svary lilearly, mnd

ttnnpcraturc gradiolts' nortual to the interface acontt.Heat flux-s co inpuwed from
:thewe dazivatives -are 110t sutlicietitly accurate, and coUServation is 'not guaraniteed. As.Iall alternlate approatc, a finite Aelniwnt sclutnw based on Eq.(5.3) is tsc4 This latter

apIpro4Ich does not reqVuir the Comu4UbiOU of temperature derivativdsv and conservtion

isguarantec.VA

W~e ill ill1ustrate the apptoach for surface beat fluxes, but skin frictin ca be confIe

In a Similar fasion. Wvr heat fluxei., we use the conseCrvationl of enerby equationl assumoing
the computation hiks reached Steady State, iLe. (is)"" I " Onl no-slip. boundary

surfaces where normnal heat fluxes are to be computed., Eq. (5.8) reduces to

Irrq++1a 4 =0



I

since the inviscid fluxes in the energy equation are zero on the no-slip boundary. Substi-
tuting for {f 3} uRsing Eq. (5.10) and evaluating {R 4} at the s"-face produces

1 fj{N}[N~ds{q.} = fJE { J [N]dA{Ev}

I ~~~, + L j{ [N~dA{ Fv} (.4

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

I directly compvting the nodal heat fluxes.

2
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I 6 Recent Numerical Results

Presentcd here are some recent numerical results illustrating prog:ess in code develop-

ment and progress in understanding basic F-T-S interaction phenomena for hypersonic

structures.

6.1 Thermo-Viscoplastic Structural Computations

I 6.1.1 Simplified Mod,1

To gain a preliminary understanding of the behavior of a convectively cooled structure
subjected to convective heating, a simple ID bar model was investigated. A segment (Fig.
9a) of the aerodynamic skin is modeled assuming 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 coefficient, and then a smooth decay after the large convective
heating 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 tenperature begins to decay
at t = 0.5s, the stress rapidly dhanges to tension hence as the temperature returns to
equilibriun a large residual tensile stress remnains in the bar. The tensile stress is induced

I because the initial high temperature causes the bar to expand which induces compressive
yielding. Thlis yielding tends to penranently shorten the bar. However, the bua'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 aialysis a fixed time stop of 0.001 s was used, and 1200
time steps were required for the analysis. The variable time step agolitlul was then

implemented, and the pivblenm was resolved. Fig. lOc shows the history of the variable
time step and indicates that the new analysis requtired only 213 steps - a substantial
savings. The figure shows that in the "flat" part of the stress response a large time step

was used, but near t = 0 and again at t = 0.5s when the stresis is changing rapidly, small
time steps are nmeded to capture the response accurately. This example shows that tlie

I adaptive time step algorithtu is an imlvpowit step towards producing an efficient, accurate

24I
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I solution.

I 6.1.2 Convectively Cooled Structure

A more realistic 2D model of a convectively cooled hypersonic structure is shown in Fig.

1 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. 11a)

I 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 axe tabulated in

Table 1. The properties axe 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

Uboundary 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 a point on the awrodynamic skin directly under the transient heating; Fig.

12b shows contours of temperatures at t = 0.5a when temperatures are maximum. The

Itemperature history is qualitatively similar to the results obtained in the ID 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

coolant substantially limits the extent of the induced high temperatures, Thus the high

temperatures are confined to the aerodynamic skin, and the primary structure experiences

only small temperature changes. The temperature gradients in the skin particularly at

the coolant-skin interface are 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 energ' transfer to the coolant is modeled satisfactorily.

3 Stress histories at three points through the skin thickness are shown in Fig. 13. The

stress histories follow the temperature, and under the intense local heating stresses are

U very similar to the results obtained from the ID model. At this location the skin yields
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I
I 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 q. and a are shown in Figs. 15

and 16, respectively. The stress distributions are shown at three times (t = 0.1s, 0.hs, 1.0s)

in the response. The stresses at the t = 1.0s are the residual stresses. The figures show

I that in addition to the high a., 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 a. 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 t = 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.

I 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

E 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 profiles shown are, in general, not representative of high speed flows

3 because of the high wall temperature boundary condition. In reviewing the results from

several different artificial dissipation models, the Mc Cormack- Baldwin model gives slightly

3 superior results to those obtained with Lapidus dissipation, but it is more expensive since

it requires extraction of second derivatives of the pressure. The successful solution of

I
26I

I



I
I 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.

I 6.2.2 Boundary Layer Flow

To further evaluate the viscous flow code, a high speed boundary layer flow over a flat

I 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 profileE 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

I 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-

I tion of this problem will mean that the integration of the flow analysis with a deformed
structure can be initiated.

I
I
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I 7 Research Forecast

I 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

I 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

I (b) inclusion of state variables in the constitutive model to incorporate material

damage

I 2. Further development of the viscous flow code to predict aerodynamic 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:

I (a) thermo-viscoplastic response of a convectively cooled structure with damage

predictions for multiple loading cycles.

I (b) more difficult viscous flow problems with flow recirculations

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

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.

2I
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II EQUILIBRIUM SURFACE TEMPERATURES
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Figure 1: Estimated National Aerospace Plane Surface Temperatures (NASA TM 89143)
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Table 1: Data for Thermal Problem

-i 1. Skin and primary structure

p = 0.283 Ibm / in3

Temperature Dependent Conductivity and Specific HeatI
T [OR] 0 500 1500 3000
K [BTU / in-s-R] 1.23 x 104 1.8 x 104 3.25 x 10-4 6.0 x 104

- Cp (BTUI/Ibm-R] 0.12 0.135 0.177 0.26

" I 2. Coolant
S=7.16 10. Ibm sec3 Cp 3.48 BTU Ibm R
T = 665 R
h =6.2xl0"3  -BTU/s 2-R

3 •3. Surface omvetion

T4. a5345 R3 • 5 6.0x.10S $3Tuts-if-k

Adb• otiol h atixc0&tUs5•s

0.< x<0.k: 0
0.1 6 x <0.2: h 3.0 -.100w.s BTU/s-inZ-R

0.2 ., .-d 0A.: ". a0 =0....

B4. Suaw. ~ia doo

5 ".30633x 10-5 . BTU is - R4
0.8
=0.8
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Table 2: Data for Viscoplastic Analysis

Model Constants for superalloy B 1900 + Hf

1. Temperature - independent constants

Do = 1.0 x 104  sec -1
Z, = 3000 MPa
Z3 = 1150 MPa
r = 2

r2= 2

mi = 0 MPa-'

m2 = 0

2. Temperature - Dependent Parameters

T [C0] < 760 871 982 1093

n 1.055 1.03 0,850 0.70
Z2 = Zo [MPa] 2700 2400 1900 1200

A, [sec 1] 0 0.0055 0.02 0.25

A2  [sec41] 0 0 0 0

3. Elastic constants

E = 1.987 x 105 + 16.78T - 0.1034T 2 + 1.143 x 10-5 V f[MPa]

0 = 8.650 x 104 - 17.58 + 0.02321 T2 - 3.464 x 10-S ' [MPa]

(with temperature in C):

51


