
To the Graduate Council:

I am submitting herewith a thesis written by George Elliott
Moore entitled "An Analysis of Factors Affecting the Convergence
and Efficiency of an Implicit Finite Element Algorithm for Solution
of the Ouasi-One Dimensional Euler Equations." I have examined the
final copy of this thesis for form and content and recommend that it
be accepted in partial fulfillment of the requirements for the
degree of Master of Science, with a major in Engineering Science.

A. J. 'Baker' Major Professor

We have read this thesis

and recommend its acceptance:

Accepted for the Council:

The Graduate School

y



AN ANALYSIS OF FACTORS AFFECTING THE CONVERGENCE

AND EFFICIENCY OF AN IMPLICIT FINITE

ELEMENT ALGORITHM FOR SOLUTION OF

THE QUASI-ONE DIMENSIONAL

EULER EQUATIONS

A Thesis

Presented for the

Master of Science

Degree

The University of Tennessee, Knoxvllle

George Elliott Moore

June 1984



ABSTRACT

The primary purpose of this study was to assess the effects of

various terms in the formulation of a Newton matrix iteration

Jacobian on the convergence rate of an implicit finite element

algorithm for solution of the quasi—one dimensional Euler equations.

An algorithm and computer code developed by A.J. Baker and M.O.

Soliman was used as a basis for the study. In the original test of

the algorithm only monotonic convergence was achieved.

A detailed check of the algorithm derivation exposed several

errors in the original formulation and the omission of several terms

in the original computer code was discovered. A Riemann shock tube

problem was used as the primary test case with a DeLaval nozzle used

to test area dependent terms. Checking the revisions individually

gave some changes in the convergence histories of the dependent

variables, but no significant change in the overall convergence

rate. However, when the revisions were taken collectively, quadra

tic convergence was achieved with a concurrent 24% increase in

efficiency.

The second portion of this study was to determine the appli

cability of a timestep optimization procedure to the fully revised

algorithm. The optimization procedure is based on an approximately

linear relationship between the size of the timestep and the maximum

"Delta" values at that timestep.

The optimization procedure was tested on a DeLaval nozzle

operating at both subsonic and transonic conditions. The
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optimization procedure gave promising results when applied to smooth

solutions with significant increase in computational efficiency and

only minimal effects on solution accuracy. When applied to

nonsmooth (shocked) solutions the optimization procedure produced

poor results with decreases in efficiency or lose of convergence

occurring in all test cases. These results indicate that the

methods used in the optimization procedure do not model the given

situation with sufficient accuracy to properly control the

convergence.
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CHAPTER I

INTRODUCTION

The characterization of high speed fluid flow is an area of

great interest, especially in the field of aerodynamics. Basic to

these analyses are the Navier-Stokes equations. The Navier-Stokes

equations are a set of highly complex nonlinear partial differential

equations from which analytical solutions have been deduced only

using restrictive simplifying assumptions and simple geometric

boundaries. The analysis of transonic aerod3mamic flows allows few

simplifications in either the fluid properties or the geometric

boundaries of the problem making an analytical solution difficult if

not impossible. This has led to the development of numerical

approximation techniques for solution of the required equation set.

The use of discrete approximation methods has followed a corequisite

increase in the development and usage of high speed computers. The

most widely used discrete approximation methods have been the

"MacCormack Algorithm" and similar finite difference algorithms

[Roache, 1972]. In recent years the finite element method has been

gaining wider acceptance due largely to advantages in the ease of

application of irregular geometries and nonuniform meshes and impo

sition of appropriate boundary conditions.

A finite element algorithm for analysis of the three-

dimensional Navier-Stokes equations has been presented by Baker
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[1982]. This algorithm employs a tensor matrix product approxima

tion for the Newton matrix iteration Jacobian in the ultimate non

linear algebraic equation statement. The algorithm also includes an

artificial dissipation mechanism to control non-linearly magnified

oscillations in the solution. The Newton matrix iteration procedure

used for solution of the non-linear algebraic equation set has a

theoretically predicted quadratic convergence rate [Burden, et al.,

1981]. The algorithm presented by Baker [1982] achieved only linear

convergence. The purpose of this analysis is to determine which

factors in the development of the algorithm, particularly in the

development of the Jacobian, exert dominant influence on the con

vergence rate.

Many of the performance characteristics of the algorithm can be

observed using a simplified form of the basic equation set. For this

analysis the quasi-one dimensional Euler equations have been used.

The first step in this analysis was to check the formulation of the

algorithm starting with the divergence form of the Euler equations

and proceeding stepwise through the Galerkin weighted residual for

mulation and the derivation of the terms forming the F-vector and

the Jacobian. The second step was revision of the original computer

code to allow comparison of the original and revised algorithms.

The code revisions included recasting of several variables into

forms which allow direct comparison with the S3nnbolic presentation

of the algorithm. The last step in the analysis was the comparison

of solutions reflecting changes in the algorithm and coding.



Three test cases are used to provide comparison data for

several solution types. The primary test case Is the Rlemann shock

tube which has steep gradients and discontinuities Interspersed with

plateaus In a solution which can be evaluated analytically, thus

providing a good measure of solution stability and accuracy. The

other test cases are an off design DeLaval nozzle, and a subsonic

nozzle. These test cases provide discontinuous and smooth area

dependent solutions. Several parameters were compared for each

test. The parameters checked Include the maximum "Delta" values for

each Iteration, the total number of Iterations, and the CPU time for

a given solution. Also, In order to determine the consistency of

the solutions, a comparison was made of the solution Integral norms

and of the array of nodal values of solution variables.

In addition to the comparison of the algorithm formulations, a

time step optimization procedure Is developed wherein the step size

Is adjusted according to the maximum delta value from the first

Iteration and the number of Iterations from the previous time step.

With proper "fine tuning" the optimizer should provide time step

sizes near the upper limit of convergence.



CHAPTER II

THEORETICAL STATEMENT

An algorithm has been established for solution of the multi

dimensional Navier-Stokes equations. The full algorithm by Baker

[1982] was developed for the equation set governing flow of a

viscous, compressible, heat conducting fluid. Many performance

characteristics of this algorithm may be examined using a form of the

algorithm which has been reduced by assumption of inviscid flow,

i.e. the Euler equation set. The further assumption of quasi-one

dimensional flow yields the hyperbolic conservation law system in

the form [Liu, 1982].

- If- -'ll aH ■ °

L(pu) - + -al lopu pi 0"^ A If ° °

L(pe) = -f [upe + up] + (upe + up) ̂  ̂  = 0 (3)

where p is the density, u is velocity, p is pressure, e is the mass

specific total energy and A(x) is the flow cross sectional area.

Closure of the equation set is attained by inclusion of the equation

of state for a polytropic gas in the form

L(p) = p - (Y - l)[pe - l/2pu*u] = 0 (4)

where Y is the specific heat ratio.
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In order to provide a normalized solution the equation set was

nondlmenslonallzed. Reference conditions for the nondlmenslonallza-

tlon are the stagnation conditions calculated from the Initial

Inlet conditions (high pressure conditions for the Rlemann shock

tube). Two nondlmenslonal groups occur In the final form of the

equations. These are the Euler number (Pq/Pq^O^ Eckert

number (pQ/pQe^). Making appropriate substitutions Into the non-

dimensional group yields the Euler number = Eckert number

= (y - 1). The nondlmenslonallzatlon leaves equations (l)-(A) In the

form.

L(m) "If' I"® p] umA^ =0 (6)

L(g) = "If a" [*^2 ~ l)upl "<■ (ug + (y - I)up)A^ = 0 (7)

L(p) = P - [g - Y(T - l)mu] = 0 (8)

where m=pu, g=pe, and A • Details of the nondlmenslonallza

tlon are presented In Appendix B.

Representing the set of Independent variables as

q(j(x,t) ={p,m,g,p}, a compact form of equations (5)-(8) Is



3  3
L(q ) = — [uq + = 0 (9)

3t 3x a a

where are specified functions of the arguments q^ . The solution

domain, over which equation (9) Is applied. Is

X t = {(x,t):xeR^ and tt[tQ,t)} (10)

where R^ Is the one-dlmenslonal Euclidean space spanned by the x

coordinate. The boundaries of the solution domain are defined as

9i2 = 3R^ X t where 3R^ Indicates the end points of the space spanned

by the x coordinate. Problem specific boundary conditions applied

on 3R^ are of the form.

Z(q ) = a^q + a^ —^ + a^ = 0 (II)
a  a^a a 3x a

Definition of a^ In equation (11) determines Dlrlchlet and/or

Neumann conditions. The problem definition Is completed by specifi

cation of an Initial distribution q^ = q^(x,0) [Kreyszlg, 1972].

Application of the finite element method to this problem

requires establishment of a semldlscrete approximation, q^(x,t) to
the unknown exact solution, q(j(x,t), of equation (9). The approxima

tion may be constructed from members of any subspace of the Infinite

dimensional Hllbert space H^(iO [Strang and Fix, 1977]. Defining
M

the set of Interior subdomalns, R-^, such that U R^ = the
'  e' , e '

e=l

approximate soluton Is



h  "q^(x,t) 5Sq^(x,t) = U q®(x,t) (12)
e=l

and the elemental semi-discrete approximation is

q®(x,t) = {N (x)}T{OI(t)} (13)
01 k e

where {OI(t)} ,1<I<4 is the column matrix of nodal values of q^ on
e  01

evaluated at time t. The elements of {Nj^(x)} are polynomials on

X, complete to degree k and defined on to form a cardinal basis.
e

Specifically for R^
e

1 - x/hg']
{Nj(x)} = ̂  _x >

h

(1 - x/hg)(l - 2x/hg)
{N-(x)} =( 4x/hg(l - x/hg)

'  x/hg(2x/hg - 1)

where hp is the length of the subdomain (finite element) R^
^  e

[Baker, 1983A].

The method of weighted residuals is used to minimize the error

in an approximation of a given differential equation by forcing the

residual, or error, to be zero in some average sense. This is

accomplished by selecting a set of weighting functions and setting

the integral of the weighted residual to zero. The Galerkin form of

the method of weighted residuals, from which the finite element

method is derived, uses the basis function which was used to form

the approximation as the weighting function. Using this

formulation, the error in equations (9) and (11) is required to be



orthogonal to the space of functions defining [Botha and Finder,

1983]. An additional constraint Is Included In the formulation to

control nonllnearly magnified oscillations occurring In regions of

nonsmoothness. The dissipation mechanism required to control these

oscillations Is generated by requiring the nonconservatlve form of

the convectlve portion of equations (5)-(7), I.e., ^ + u "1^
to be orthogonal to the modified basis, 3^ LaGrange

multiplier set 3^ Is defined as

3^=h (v-'- 6t + v^slgn u 6x)T (14)
a  e a a

where the are artificial viscosity terms applied to the temporal

(1=1) and the spatial (1=2) derivatives of the convectlve portions

of the equations [Baker, 1982]. Combination of these linearly Inde

pendent constraints yields the finite element solution algorithm

statement In the form

32 f {N, }il(q^)dx={0} (15)
k  a

Upon defining k In equation (13), equation (15) becomes a large

order system of non-linear, coupled ordinary differential equations

on t of the form

[A] ̂ 5^+ {B(QI)} + {C} = {0} (16)



which defines the temporal derivative of the fully discrete approxi

mation. Using equation (16) In a Taylor series yields the ultimate

matrix algebra problem statement.

{FI}={QI}j^j - {QI}j - At{01) I + .... =-{0} (17)

for KI^A. For 0^0, equation (17) Is a non-linear system Indicating

the need for an Implicit Integration algorithm. Choosing 0=1/2

yields the trapezoidal rule for Integration In the form

{FI}
d{Ql}
dt

j+1

d{QlJ
dt

j

= {0} (18)

The Newton Iteration algorithm for nonlinear systems applied to

{FI} = {0}, equation (18), Is of the form

,p p+1 pU(0I)Jj+j{6QI}j^j = (19)

The superscript p denotes the Iteration at time step

s t{601} Is the Iteration vector defining the (p+1) refinement to the

solution as

p+1 p p

The Newton method Jacoblan Is defined as

(20)

[J(OI)]=
3{FI}

3{QJ}
(21)



CHAPTER III

MATRIX FORM OF SOLUTION ALGORITHM

The matrix representation of the algorithm Is presented In the

hypermatrlx symbology developed by Baker [1983B]. The hypermatrlx

construction of the spatial derivatives resulting from completion of

the Integrals In equation (15) Is of the form [AM ...], where A Is

used to represent a one dimensional solution domain and M Is the

number of basis functions occurring In the Integral. Following M

are Boolean counters which Identify each basis function as either

differentiated (1) or not differentiated (0). As an example

f^e d{Nv} T[A30101^ij ̂  ^ {N^) dx .

Two additional matrices used In this representation are Iden

tified as [A20] and [A30]. In these matrices, A and M are as pre

viously defined, but the single trailing zero Indicates that the

basis functions have been modified so that the function exists only

on the vertex nodes of the element and Is directed along an outward

pointing unit normal. A more detailed examination of the [A20] and

[A30] matrices Is given In Appendix B.

Denoting the elements of {QI} and {FI}, 1<I<4, as {R,M,G,P} and

{FR,FM,FG,FP}, the finite element algorithm statement, equation (18)

Is of the form,

{FI} = Se[{FI(he,[AM ...], {OI}e)}eJ (22)

10
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where Sg is the matrix operator projecting elemental contributions

to the global matrix statement. Evaluation of equations (5)-(8) in

equation (15) yields the following expression for {FI}^ in equation

(22).

{FR}^ = h^^[A200] + [A210]J +

At

2
\jA20] - [A210Q {M} + v2 {v}^ [A3011] {R} +

{A} ([A41000]{V}){r} = {0}

j+l.j

(23)

{m}^ = hg pA200] + VjJ [A210]] +

2
{y} pA30] - [A3010Q {M}

ipA20] - [A210]] {P} + v2 {V}T[a3011]{M} +

{A}T([a41000]{V}){M> = {0}

j+lj

(24)
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{fg}^ = pA200] + v^JA210]] iG}^^

At {V}T pA30] - [A3010]2[ i tc) + (T - l){p}i

+ -| (v}[A30I1]{g} + {a}T{.[A41000] Iv) JUg)

+ (Y - l){p}} = {0} (25)

{Fp}g = hg [A200]{p} - Qa200]{g}

- i Y (Y - 1){V}^[A3000]{m}] = {Q} (26)

In equations (23)-(26) the subscript e has been suppressed on all

matrices for clarity. The elements of (v) are the corresponding

magnitudes of the convective velocity, m/P. The elements of (a) are

the nodal values of ^n A(x). Other notations used in equations

(23)-(26) are H - {•)j and fjj+l.j E l/2fj^l
+ 1/2['Jj. Details of the derivation of equations (23)-(26) have

been presented in Appendix B.

Comparison of equations (23)-(26) with the original formulation

presented by Baker (see Appendix D) yields two basic differences.
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The first of these differences arises from the nondimensionalization

of equations (5)-(8). The Euler number and the Eckert number are

formed during the nondimensionalization and appear as functions of

the specific heat ratio, 1, on the pressure terms in equations (24)

and (25) and in equation (26). The second difference is in the pre

sentation of the non-area dependent spatial derivatives of equations

(6)-(8) evaluated in the first constraint of equation (15). The

Green Gauss divergence form of the integral in question contains a

contour integral evaluated around the element assuming an outward

directed unit normal vector [Kreyszig, 1972]. Upon evaluation of

the integral (see Appendix B) the term disappears everywhere except

at the vertex nodes of the element and, due to the outward directed

unit normal, has opposing signs at the vertex nodes. Although these

terms, involving [AMD], M= 2 or 3, did not appear in the original

algorithm presentation, they were included in the original computer

code.

The Newton matrix interation Jacobian is constructed from

equation (21) using equations (23)-(26). As in equation (22), the

global Jacobian is constructed from assembly of elemental eva

luations in the form

[J(QI)] = S^[J(he, [AM ...], {QI}]^ (27)

Evaluation of the derivatives of with respect to

yields.
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[JRR] H
3{FR}^

pA200] + vi[A210]3+ Qv}[A3011]

-| {AlO}''^ {-|}| {R}'^'[A3110]] + {A}^[A41000]{{V}

T P

{AlO}'^

j+1

[JRM]e = [A20] - [A210] + v2| {A10}''^{i}| {R}^[A3110]

t P

+ {A} [A3100]

j+1

[JRG]^ = [0]

[JRP]^ = [0] (28)

3{FM}

= -ITrF = - ̂ [A30] - [A3010]

1 P

+ SIGN(u] [A3110] + [A40001]{A>

-1 j+1
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p!^200] + v^[A210]]+
M'

({V}

T
+ {AlO} Qa30] - [A3010] + [A40001]{A}3

~r P

+ v2pV}[A3011] +1 {AlO} {|->| {M} [A3110]3
j+1

[JMG] = [0]

[JMPl =—-r[A20]
e  2 Y

[A210]] P
j+1

(29)

[JGR]
■a{FG} At

3{R} ~ 2 {A10}'i-|}{{G} + (Y - 1){P}} \jA30]
R

- [A3010] + [A40001]{A}]

~t P

+  {A10}'^{-|} I {G}'^'[A3110]
R

j+1

[JGMJe = ^ {A10}^{i}{{G} + (Y - 1){P}}'^D^30] - [A3010]

t P

+ [A40001]{A}] + v2 I {A10}^{|-} I {G}^[A3110]
j+1
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[JGG] = h pA200] + v^[A210]]+-^
e  e

{V}'^[A30] - [A3010]]

t P

+ ̂ 2 {V}'^[A3011] + {V}'^[A40001] {A)
j+1

[JGP]^ = -^ (7 - 1){V}^[A30] - [A3010]

[A40001]{A}] (30)

Y(Y - I)
-t P

{A10}^{-|}{M}[A3000]
R

j+i

[JPM] = h
e  e

7(7 - 1) {V} [A30G0]

+ {A10}'^{^}{M}^[A3000]
T P

j+1

[JPG]^ = -h^[A200]

[JPP]^ = h^[A200] (31)

where the elements of the matrices {M/R^} and {1/R} are the nodal

value of m/p2 and 1/p. Using equations (23)-(26) and (28)-(31), the

symbolic representation of the Newton algorithm is



[JRRle [JRMJe [0] [0]
[JMRJe [JMM]e [0] [JMP]^
[JGRJe [JGM]g [JGG]e [JGRJ^
[JPRJe [JPM]e [JPG]^ [JPP]e_

r r >.

6R FR

6M FM 1
6G FG [
6P FP
J ^ J

17

(32)

Several differences can be noted between term (28)-(31) and the

Jacoblan formulation presented by Baker (See Appendix D). Three of

these changes occur in the formulation of the derivatives and are

not directly related to the changes in the formulation of

{FI} mentioned previously. The first of these changes is in the
e

differentiation of velocity with respect to density and momentum,

3{V}/3{R} and 3{V}/3{M}. The original form of these derivatives

involved functions of the elemental averages of the given variables,

i.e.

3{V}
3{M}

3{V}
3{R}

m

72
(33)

where the superscript bar indicates the elemental average of the

given variable. A closer examination of these derivatives (See

Appendix C) indicates the form should be the elemental average of

the functions of the given variables, given as

ITO ^R^ ' 3{R} ^ ^ IrZJ (34)

ndwhere {ij and 1-^} are the nodal values of the functions 1/p a
m/ respectively. The second change is in the derivative of the

absolute value of the velocity which occurs in the diffusion terms.

In the original formulation these derivatives were identical to
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those taken of the actual value of the velocity. Experimentation

with these derivatives indicates the best form for use in the dissi

pation mechanism to be the absolute value of the derivative. The

third change occurs in the derivative of the diffusion term in

{fr}^ with respect to the momentum. This term in the original for

mulation was of the form [A211]{m} which is the form that would

arise in the conservative form of the convective derivative of the

density were used. Evaluation of this term using the nonconser-

vative convective derivative yields

{v}^[A3011]{r} = I {a10}^1^1 I {r)^[A3110] (35)

Details of this derivation are given in Appendix C.



CHAPTER IV

OPTIMIZATION SCHEME

Observation of the convergence histories of transient solutions,

such as a moving shock in an off design DeLaval nozzle, indicates a

need for adjustment of the timestep size to allow for a more con

sistent convergence rate throughout the solution. A two step opti

mization scheme has been developed which should provide timesteps

that are based on the amount of change in the solution with time at

the given point in time.

The first level of the optimization provides an adjustment of

the size of the timestep after the first iteration at a given

timestep. In the Newton iteration algorithm, the values of

{601}j_j^j at the step j+1 are based entirely on the converged values

of {01} from step j. The values of {601}j_j_j are dependent solely

on the value of At [Burden, et al., 1981]. Assuming an approxi

mately linear relationship between At and {6QI}j_|_^, the maximum

value of {<50I}j^2 is forced to match a given value called DCMAX.

The percentage change between DCJIAX and the actual maximum of

{601}j-_|_j is then applied to At and to the remaining values of

{'SQI}j_|_j. The revised values of {601}^_^j are used to calculate the
values {QI}j^j which, along with the revised At, are used to calcu- •

late {601}j_^j^. In the first level of optimization, the value of

DCMAX and the initial value of At are input variables.

19
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The second level of optimization varies the value of D(J1AX at a

given timestep based on the convergence history of the preceeding

timestep. The number of iterations per timestep is given a range of

acceptability. If the number of iterations is above the acceptable

range, the value of DCflAX is decreased by a given factor. Likewise,

if the number of iterations is below the acceptable range, the value

of DCMAX is increased by a given factor. The range of acceptability

and the adjustment factors for DQMAX are input variables.



CHAPTER V

COMPUTER CODE

The computer code used in this analysis is based on programs

written by M.O, Soliman in 1979. Other than those reflecting revi

sions in the algorithm, the most notable changes have been a genera

lization of the input stream to allow one code to handle a variety

of geometries and initial conditions and revisions of array names

and methods of utilization of arrays to allow direct comparison of

the code and the algorithm. The computer code and sample input

files are presented in Appendix E.

The computer code is made up of a series of subroutines with the

main program consisting of only two executable statements. The

first sets the error message controls for the lEM 3081 and the

second calls subroutine INPUT. In subroutine INPUT all variables

required to define a specific problem are read into the program

while the data which is read is used to develop the full description

of the given problem.

The first set of data to be read in INPUT is the global solu

tion parameters such as the degree of the basis function, the number

of elements in the discretization, and the penalty constraint

parameters.

The second set of data is discretization parameters used to

develop the finite element grid and define the geometry of the

problem. The discretization parameters define "macro-elements" each

21
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of which are dlscretlzed into a specified number of elements of

either uniform or nonunlform measure. The cross sectional area at

each node Is calculated from a quadratic curve fit of the cross sec

tion areas at the vertex nodes and one Interior node of the given

macro-element. The coefficients for the quadratic curve fit are

calculated In subroutine CSAREA.

Specification for the Initial conditions of the problem are

read In the next section of Input. The first variable read In this

section (ICGEN) controls the mode of Input and generation for the

Initial conditions. When ICGEN=1, a number of regions and a

reference temperature are read. The values of density, momentum,

and pressure are then read for the specified regions. The regional

values of the energy Is calculated from the Input values of density,

momentum, and pressure. The values of these variables are assigned

to each node In the region and nondlmenslonallzed In subroutine

INIT. When ICGEN=2, a shock location and Inlet value for tempera

ture, pressure, and mass flow rate are read, and. If ICGEN=3, the

Inlet Mach number Is read Instead of the mass flow rate. The Inlet

variables are nondlmenslonallzed and Isentroplc relations are used

to calculate nodal values of the variables In subroutine ISNTRP.

The last variable for this section Is a flag for either accepting

the calculated exit pressure or reading a different exit pressure.

The remaining data read by Input are flags for setting either

Dlrlchlet or Neumann boundary conditions on each variable at the

Inlet and outlet, time Integration and optimization controls, and

output controls. The last function of subroutine INPUT Is to call
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subroutine FESOLV. Specific variable names along with definitions

and Input formats are given In program comments In Appendix E.

With the termination of subroutine INPUT, no additional user

Interface with the program occurs. The following Is a brief synop

sis of the utility of all subroutines other than INPUT. A more

complete Idea of the flow of the program may be obtained from

program comments In Appendix E.

FESOLV—called by INPUT. Controls stepwlse time Integration of the

problem and the Newton method Iteration at each tlmestep. Also

controls tlmestep optimization and solution output.

FANDJ—called by FESOLV. Generates elemental matrices from nodal

values of variables, assembles elemental matrices Into block

banded system matrices, applies specified boundary conditions

to each system matrix, and assembles block banded system matri

ces Into global matrices. Also locates maximum "Delta" values

for each variable after solution.

EIMAT—called by FESOLV. Multiplies Integer form of hypermatrlces

by appropriate coefficients and forms [AM — ] matrices.

SORT—called by EIMAT. Rearranges matrix entries computed from

block data In EIMAT Into arrays directly usable In FANDJ.

OUTPUT—called by FESOLV. Calculates solution Integral norms and

prints output of solution In Integer format. Also prints out

put Into graphics file as specified In INPUT.
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BANDET—called by FANDJ. Computes the LU decomposition of the non-

symetric banded global Jacobian matrix stored in diagonal for

mat using partial pivoting.

BANDSL—called by FANDJ. Uses back substitution to compute the

solution of the linear system using the LU decomposition of the

coefficient matrix and the right handside F.

CSAREA—called by INPUT. Uses Kramer's rule to calculate coeffi

cients for the quadratic curve fit of the input macro-element

nodal cross-sectional areas.

DETEFM—called by CSAREA. Calculates determinant of a 3x3 matrix.

INIT—called by INPUT. Generates initial condition nodal distribu

tions of pressure, density, and momentum; calculates energy and

stagnation reference states, and nondimensionalizes each

variable array on the appropriate reference condition.

ISNTRP—called by INPUT. Computes initial condition distribution

for air using isentropic/normal shock relationships with

defined cross-sectional areas and either mass flow rate

(ICGEN=2) or inlet flow mach number (ICGEN=3); calculates

stagnation reference states, and generates nodal nondimensional

variable distributions.

BLOCK DATA—stores finite element hypermatrix data.



CHAPTER VI

RIMANN SHOCK TUBE

The Rlemann Shock Tube Simulation was chosen as the primary test

case for this analysis. The Riemann Shock Tube, cf. Shapiro (1953,

p. 1007) and Schreier (1982, p. 234), provides a complex solution

structure with steep gradients and discontinuities interspersed with

planar plateau .regions. The intricacies of the solution test the

stability of the algorithm while the existence of analytical solu

tions allow estimation of the accuracy of the approximation. The

Shock Tube problem has two shortcomings which necessitate the use of

additional test cases (see CHAPTER VII). Firstly, the shock tube

involves a constant area duct and, therefore, the solution is not

area dependent. Secondly, the convergence rate is dominated by the

area around the discontinuity.

The Riemann Shock Tube consists of two chambers, separated by a

diaphragm, containing gases with differing stagnation conditions.

The starting time for the problem (t=0) is marked by the sudden

removal of the diaphragm sending a shock wave into the low pressure

chamber and a rarefraction wave into the high pressure chamber. For

this analysis the diaphragm is placed at the midpoint of a duct with

a constant cross-sectional area of unity. The duct has a unit

length which is discretized into 12'W<200 finite elements R^ of
e

uniform length h^. The initial conditions are m(x)=0, p(x)=l=p(x)

on 0<x<0.5 and p(x)=0.1 and p(x)=.125 on 0.5<x<1.0 with y=1.4. The
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stopping time for all tests Is nAt=0.14154 seconds. At the specified

stopping time the shock is centered at x=0.77 and the contact

discontinuity is centered at x=0.62. Dirichlet boundary conditions

are imposed on all variables on each end of the discretization.

The first run is a recreation of the solution from the original

formulation in the nondimensional form used in the revised computer

code. This run (RMNOl) uses a k=l, M=100 discretization with the

"numerically optimized" dissipation parameter set, = v{3/8, 0,

— 1/2
1/4} and = v{3/4, 2, 1}, v = (15) , presented by Baker

(1982). Although not numerically comparable due to different forms

of the basic equation set, the solution from RMNOl is proportionally

identical to the solution from the original computer code. The

RMNOl solution is presented graphically in Figure 1. The analytical

solution [Sod, 1978] is also presented in Figure 1.

Four series of tests have been run in order to assess the

effects of revisions on the performance characteristics of the

algorithm. The first series checks the effect of changes in terms

resulting directly from the Euler equations. The second series of

tests uses the "best case" from the first series to check revisions

in the terms of the artificial dissipation mechanism. The last two

series of tests use the fully revised formulation of the algorithm.

The third series of tests is used to determine solution accuracy and

convergence, measured in several norms, as functions of grid

refinement. The fourth series of tests measures solution accuracy

as a function of Courant number.
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Revisions to Euler Equation Terms

Four revisions have been made in terms which are derived from

the Euler equations and the equation of state. Three of these revi

sions are checked individually in this series of tests. The fourth

revision involves area dependent terms and is analyzed in

CHAPTER VII. A fourth run has been made in this series to determine

the effect of the three revisions taken collectively. The following

is a brief description of the runs in this series.

RMNOl - original formulation

RMN02 - revision to the derivatives <^{v}/'^{r} and d{v}/ct{M}.

RMN03 - inclusion of the term {A10}^tl/R)g(M}^[A3000j in
equation (31). This term had been omitted^in original

formulation.

RMN04 - inclusion of the spatial derivative term of [JRR]^,

equation (28), this term had been omitted in original

formulation.

RMN05 - revisions from the three preceeding runs taken together.

The aim of the revisions to the algorithm is to increase the

efficiency of the algorithm while maintaining or increasing the

accuracy of the solution. The energy norm defined as

h 1 I 1

''a I I E 2
•^R

(36)

can be used as a measure of the error in the solution [Becker, et

al., 1981]. Using the energy norm as a measure of accuracy for this
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series of tests Indicates that the solution is unaffected by the

revisions made in the algorithm and computer code. These data are

presented in Table 1.

TABLE 1. Accuracy and Efficiency, Riemann Shock Tube, Euler
Equation Revisions, M=100, k=l, £=0.0001.

Run

Total

Iterations

Go Step

CPU

(Normalized)

Energy Norm q

m

a M E

RMNOl 363 1.000 1.55 1.65 2.79 2.44

RMN02 362 1.005 1.55 1.65 2.79 2.44

RMN03 363 1.005 1.55 1.65 2.79 2.44

RMN04 362 1.011 1.55 1.65 2.79 2.44

RMN05 299 0.829 1.55 1.65 2.79 2.44

Also presented in Table 1 are tabulations of the total number

of iterations and the go step CPU required to reach the desired

solution. These measures of efficiency indicate that the revisions

in runs RMN02, RMN03 and RMN04 have little influence on the per

formance of the algorithm. However, the combination of these revi

sions in RMN05 produces a significant decrease in the computational

effort required for a solution. More specifically, RMN05 requires
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17.6% fewer iteration and 17.1% less CPU than the original for

mulation in RMNOl.

A more accurate assessment of the impact of the revisions is

obtained by observing the convergence history of the values

at a given time step. Tables 2 and 3 give the convergence history

for the independent variables at two consecutive time steps.

Looking at the convergence history of BMNOl it can be seen that

{R} and {P} are the variables which require the fourth iteration to

meet the critieria for convergence. Little change is seen betwen

the data from RMNOl and RMN02. A significant change occurs in the

convergence history of {P} in RMN03. The revision in RMN03 is in

the term [JM] which is the derivative of the equation of state,
e

defining the pressure, with respect to momentum. After this correc

tion the requirement for a fourth iteration is solely on {R}.

Similarly in RMN04, the revision is to the term [JRR]^ which is the

derivative of the continuity equation, defining the density, with

respect to density. After this correction the fourth iteration is

required by {P} only.

The behavior exhibited in runs RMN03 and RMN04 provides

possible explanations for the behavior of runs RMN02 and RMN05. The

revision of RMN02 affects derivatives of the velocity with respect

to density and momentum. The velocity is a dependent variable whose

derivatives appear in Jacobian terms from all of the basic equations

and, thus, the influence of the revision in RMN02 would be distri

buted among all of the dependent variables reducing the readily

observable significance of the change. All three revisions are
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incorporated in RMN05 and the effects of each revision is reflected

in the solution. The fourth iteration in RMNOl is required by both

Ir} and tp}. The revision RMN03 allows (p) to converge in three

steps and the revision KMN04 allows (r) to converge in three steps,

thus, in combination in RMN05 the convergence of the equation system

is reduced to three steps and a significant decrease in com

putational effort is realized.

Revisions to Dissipation Mechanism

Three changes have been made to terms derived from the artifi

cial dissipation mechanism. This series of tests begins with the

fully revised formulation from the preceeding series and each revi

sion is added to the previously included revisions. The following

is a brief description of the runs in this series.

RMN05 - fully revised formulation from first series of tests

RMN06 - revision to the derivative ^(v}'^[A3011] lR}/y{M} in [JRM]

RMN07 - revision to the derivatives '^{v}/'^iR} and

u

RMN08 - normalization of velocity in with respect to the

maximum velocity, i.e. V, = V,/V
■" i I i max

RMN09
\Jk L*- adjustment of optimized values of ^2 such that =

v{— — —} V = (15)"^'''^
2' 2' 4 '

Based on the experience of the first series of tests, RMN06

should produce a significant change in the terms. This is

borne out by the data presented in Tables 4 and 5 which shows a

noticable decrease in the values of {'^r) at iterations 2 and 3
max
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while other variables are essentially unchanged giving a quadratic

convergence rate in all variables. This change is also reflected in

the computational effort as shown in Table 6 with an 8.0% reduction

in the total number of iterations and a 2.4% reduction in CPU.

Comparing RMN06 to RMNOl, the original formulation, yields overall

reductions of 24.2% in the total number of iterations and 19.1% in

CPU. While realizing the significant improvement in, the convergence

rate; the accuracy of the solution, as measured in the energy norm,

is unchanged. Comparison of the graphical presentations of the

solutions of RMNOl and RMN06, Figures 1 and 2 respectively, shows

the solutions to be visually identical.

TABLE 6. Accuracy and Efficiency, Riemann Shock Tube, Penalty
Constraint Revisions, M=100, k=l, £^=0.0001

Energy Norm q

Go Step
a M E

Run

Total

Iterations

CPU

(Normalized) P m S P

EMN05 299 1.000 1.55 1.65 2.44 2.79

RMN06 275 .976 1.55 1.65 2.44 2.79

RMN07 275 .974 1.55 1.65 2.44 2.79

RMN08 275 .979 1.35 1.35 2.28 2.09

RMN09 278 .989 1.61 1.70 2.90 2.53
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The revisions in KMN07 produce almost no change in either the

convergence history or computational effort. This is expected for

two reasons. First, the revisions are based on derivatives of the

velocity in the dissipation mechanism which is attached to three of

the four defining equations, thus any impact would be distributed

between the equations lessening the apparent significance. Second

and more importantly, quadratic convergence has already been

attained except during the initial time steps (see Table 7) and the

monotonic convergence of the first time steps is attributable to the

discontinuity in the initial conditions [Chase, 1982 and Decker, et

al., 1983].

The normalization of the velocity on the dissipation mechanism

terms in SMN08 produces a degradation of the solutions as indicated

by the energy norms shown in Table 6. Graphs of the solution.

Figure 3, show that the shock has been "smeared" over several

elements indicating that the normalization of the velocity has

caused the equation system to be overdamped. In RMN09 the values of

Ct

have been reduced so that diffusion level is approximately the

same as that in RMN06. The energy norms and the graphs of the

solution. Table 6 and Figure A, indicate that the solution from

RMN06 is roughly equivalent to the solution from the original

formulation.

In one manuscript Baker (1983a) presented the conservative

form of the convective portion of the Euler euqations, i.e.

^  definition of the dissipation
mechanism. The terms presented in that manuscript are those
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derived from the nonconservative form. The spatial derivative terms

of the dissipation mechanism using the conserviative convective

derivatives are of the form

{v}jA3011]{q^}^ + {?^}JA3110]{V}^ (37)

This form of the diffusion term is used in RMNIO. The graphical

presentation of the solution RMNIO, Figure 5, shows extremely poor

coherence of the solution in the low pressure region beyond the

shock. The behavior of solution RMNIO indicates the nonconservative

form of the convective derivative to be the correct form for the

disspation mechanism.

Efficiency and Accuracy—Fully
Revised Formulation

Two series of tests have been performed to check the performance

characteristics of the fully revised formulations. The first series

of tests measures the change in the accuracy with respect to grid

refinement. The second series measures the change in the efficiency

with respect to the time increment (Courant number). The first

series of tests applies a Courant number of 0.18 over a discretiza

tion range of 12'»M^200. A Richardson extrapolation step [Botha and

Finder, 1983] at the standard end time confirms that the digit of

significance is unaffected by the temporal truncation error asso

ciated with the Courant number, as required for estimation of semi-

discrete approximation error. Convergence characteristics, measured

in and E, for k=l solutions are presented in Figure 6. The data
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obtained in these tests are in substantial agreement with data

obtained from the original formulation [Baker, 1982]. Assuming slope

distinctions between dependent variables to be insignificant, the

nominal convergence rate is approximately 2/3, indicating qualita-

t h
tive agreement with a p order accurate different scheme, or

symbolically.

... (38)

where p=2 and c^'^f(h) for sufficiently small h [Baker, 1982]. As

possible additional methods for estimating solution accuracy, the

and norms have been calculated. However, no discernable pat

tern has been found in these data, presented in Tables 8 and 9.

1  /N

TABLE 8. Solution Norm | | | | gU, Riemann Shock Tube, k=l, £=0.001,
Courant No. = .18,

Element

Dependent Variable

Measure

h
e

Density Momentum Energy Pressure

5.0 E-03 0.2279 0.0149 0.2216 0.2142

1.0 E-02 0.2316 0.0146 0.2251 0.2178

2.0 E-02 0.229 0.0142 0.222 0.215

4.0 E-02 0.224 0.0134 0.216 0.209

8.33 E-02 0.244 0.012 0.235 0.228
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*  O

TABLE 9. Solution Norm | | q(^ | | Riemann Shock Tube, k=l, e=0.001,
Courant No. = .18.

Element

Independent Variable

Measure

h
e

Density Momentum Energy Pressure

5.0 E-03 0.5709 0.107 0.5586 0.5387

1.0 E-02 0.5779 0.107 0.5658 0.5462

2.0 E-02 0.5740 0.107 0.5618 0.5429

4.0 E-02 0.5659 0.107 0.5535 0.535

The second series of tests applies a range of time integration

increments to the standard test case of k=l, M=100, £=0.001.

Primary factors determining solution efficiency are the discreti

zation, the integration time step, and the convergence level. Data

from these tests, presented in Table 10 indicates computational

effort can be cut approximately in half by doubling the Courant

number (time step). After this point, diminishing returns are

encountered as the number of Newton iterations per timestep to attain

the desired level of convergence increases. Also as the Courant

number increases the effect of the temporal truncation error

increases and the accuracy, as measured in the energy norm, is

degraded with the most serious deterioration of the solution
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occurring in the region between the shock and the contact discon

tinuity (see Figure 7). Similar behavior was observed by Baker

(1982) using the original formulation.
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CHAPTER VII

DeLAVAL NOZZLE

A second test case is required for analysis of the performance

characteristics of the finite element algorithm due to three pro

perties of the Riemann Shock tube problem. The first of these

properties is the lack of area dependence of the shock tube. The

shock tube is described over a constant area duct, thus after non-

dimensionalization the tube has a unit area throughout. The area

terms are of the form f(q^)dlogA/dx, which equals zero when A is

constant. One revision to the algorithm is the inclusion of area

terms omitted from the original algorithm but the impact of this

revision would not be evident in the shock tube solution as the term

would be zero. The second property of the solution is nonsmoothness

over the time period of interest. A discontinuity is introduced as

an initial condition and is maintained as a shock throughout the

given interval. Although some smearing of the shock occurs, the

convergence rate is dominated by the area surrounding the shock.

The third property of the shock tube is that the solution does not

converge toward steady state conditions in the time interval of

interest. The second and third properites have no direct bearing on

the analysis of algorithmic changes, but do make analysis of the

timestep optimization technique difficult. In order to circumvent

these properties a DeLaval nozzle, or converging-diverging duct, has

been used [C.F. White, 1979, pp. 513-546].

50
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The nozzle being analyzed is a 1.00 foot duct which has been

discretized into M=100 finite element of uniform measure

h^=0.01 feet. The nozzle inlet is 0.1 feet long (1<M<10) with a

constant nondimensional area of 5.82183. The throat (area=1.000) is

located at x=0.50 feet. The nozzle outlet is 0.1 feet long

(91^<100) with a constant area of 1.16820. The inlet of the nozzle

has been chosen such that, with choked flow, the inlet Mach number

is 0.1. This provides an approximation of a reservoir, thus

allowing stable subsonic calculations. For on design exit pressure,

the outlet Mach number is 1.49.

Revision of the Algorithm

In the original formulation of the Jacobian, three terms depen

dent on pressure and area have been omitted. The terms in question

T
are derived from the term {A} ([A41000]{V}){P} in {FG}. The terms

in [JGR] and [JGM] were omitted from the original presentation of
e  e

the algorithm [Baker, 1982]. The third term, in [JGP] , was
e

included in the algorithm but was omitted from the original computer

code.

Four sets of runs were made to determine the affects of inclu

sion of the area terms in the Jacobian. Two of the tests are sub

sonic with Dirichlet boundary conditions on the pressure, density,

and energy at the inlet and on the pressure at the outlet. All

other variables have Neumann constraints. Initial conditions for the

two subsonic sets are the same with an inlet Mach number of 0.10, a

throat Mach number of 1.0, and an outlet Mach number of 0.61. The
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other two tests are off design supersonic, with Dirlchlet conditions

on all variables at the inlet and on the pressure at the outlet.

For inlet conditions, a shock is set at node M=85 (M =1.4).
a

The first set of runs (SSSOlO and SSS020) are stationary

solutions, i.e. the final solution should match the initial

conditions. The convergence histories of the two runs in the set

at two consecutive timesteps are presented in Table 11. These data

indicate that the effect of inclusion of the area terms in the energy

derivatives of the Jacobian is insignificant. The accuracy of the

final solutions of the two runs, as measured in the energy norm, are

identical (see Table 12).

The second set of runs MSSOlO and MSS020 are transient solu

tions which use the same initial conditions as the first set except

that the pressure on the outlet node is reduced by 5% at

t=0 seconds. Convergence histories of the two solutions, presented

in Table 13, again show an insignificant impact from inclusion of

the terms in question. The accuracy of the final solutions is

unchanged between the two runs (Table 12). Thus the data from the

second set of runs supports the conclusion from the first set of

runs. Data from the steady state and transient off design super

sonic test cases, presented in Tables 12 and 13, exhibit the same

behavior as the subsonic cases.

Performance of Timestep Optimizer

An assessment of the utility of the timestep optimization is

based on data from five test cases, each requiring three solutions.
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The first of the three runs for each test case (XXXOO) does not use

the optimization procedure. The second run (XXXOl) uses the first

level of optimization in which the maximum value of {6QI} is

linearly extrapolated to a predetermined fixed value (DCJiAX). The

third run (XXX02) uses the second level of optimization in which the

maximum value of {dQI} is linearly extrapolated to a value which is

adjusted according to the number of iterations from the previous

timestep. For all test cases the adjustment parameters for the

second level of optimization are a 10% increase in DCMAX if the

number of iterations is less than three and a 33.3% decrease in

DCMAX if the number of iterations is more than four. All test cases

have been run to approximately steady state conditions.

The first two test cases are based on a DeLaval nozzle running

at subsonic conditions. The first test case (SSS02I, 0<I<2) is a

stationary solution with the flow having a Mach number of one at the

throat. The second test case (MSS02I, 0<I<2) uses the same initial

conditions as the first case except the exit pressure is increased

by 5% at t=0.0 seconds. Data from these runs, presented in

Table lA, indicate that a significant reduction in computational

effort is realized by the implementation of the optimization

procedures. In the stationary solution the value of DCMAX is 0.001

for the first level optimization, and the same value is used ini

tially in the second level optimization. On the first level optimi

zation the total number of iteration required to reach the desired

solution (see Table 14) was decreased by 61%. Moving to the second

level optimization, the decrease in total iterations was 715 in
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the transient solution with DCMAX=0.005, the number of iterations

was reduced by 38% on the first level of optimization.

Implementation of the second level of optimization brought the total

reduction in the number of iterations to 42%. The third test case

(SSOOII, 0<I<2) is a DeLaval nozzle running on design. The value of

DCMAX is 0.001 for the first level of optimization and the same

value is used initially in the second level. The first level of

optimization decreases the number of iterations by 74%. With the

second level of optimization the decrease in iterations becomes 81%.

In all cases the accuracy, as measured in the energy norm,

remains approximately the same; however, a slight decrease in

accuracy and a decrease in the number of significant digits, as

measured in the Richardson step, occurs as the number of time step

decreases due to increases in the temporal truncation errors [Strang

and Fix, 1973]. Differences in the significant digits in MSS021 and

MSS022 seems to indicate a departure in the trend toward fewer

digits of significance with fewer total iterations, see Table 14.

Explanation of this behavior is found by observation of the con

sistency of the number of iterations at individual time steps

throughout the solution. The more consistent solution, MSS022,

maintains three or four step convergence throughout most of the

solution. The less accurate solution, MSS021, has a more variable

rate of convergence with two up to eight steps required to achieve

the desired level of convergence as the solution progresses.

The inconsistency in the convergence rate under the first level

of optimization should only occur in transient solutions. By
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Introducing a discontinuity in the initial conditions, the solution

is required to change significantly over a short period of time

indicating a need for small timesteps. As the solution progresses

toward steady state, the solution undergoes less change over a given

time interval and larger timesteps may be used. Thus, while opti

mized solutions in steady state offer a trade off between the digits

of significance in the measures of accuracy and the computational

effort required for a solution, the optimized transient solution

achieves the more consistent solution with the fewer total

iterations. However, the differences in the accuracy are, at least

for the given solutions, esoteric, as the results of the most

accurate solution (no optimization) and the least accurate solution

(level 2 optimization), presented in Figures 8 and 9, exhibit no

visually discernable differences.

Two additional test cases for the optimization procedure are

based on supersonic off-design nozzle flow. The first test case

(SSH03I, 0<I<2) is a stationary shock occurring at Mach number 1.40

with the exit pressure set to maintain the shock at that level. The

second test case (MSH03I, 0<I<2) uses the same initial conditions as

the first test case, except the exit pressure is increased by 5.8%

forcing the shock back to a Mach number of 1.3. Accuracy and effi

ciency data from these cases are presented in Table 15.

Data presented in Table 15 indicates no positive results for

the off design supersonic test cases. For the subsonic test case,

the unoptimized solution (SSS030) required 564 iterations over
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250 timesteps to reach an end time of 0.0125 seconds. Using the

first level of optimization (SSS031), the solution required 605

iterations, an increase of 7.3%, eventhough a slight decrease, 3.2%,

occurred in the number of time steps. The accuracy, as measured in

the energy norms, remained unchanged except for a loss of one to two

digits of significance in the optimized case. No solutions could be

obtained from the second level of optimization. In the unoptimized

run, the solution is essentially stabilized after 0.002 seconds

which takes 40 time steps. The first level optimized run stabilizes

at approximately the same time, but in run SSH031, 220 timesteps are

required to reach 0.002 seconds. Graphical presentations of the

stationary shock solutions were identical and results from SSS030

are plotted in Figure 10. The shock in Figure 10 is centered at the

correct point (x=0.73) and is smeared over three nodes with some

minor oscillations in the region upstream of the shock.

The unoptimized solution for the moving shock case (MSH030),

required 250 time steps and 855 iterations. The first level of

optimization (MSH031) produces a significant increase in com

putational effort with the number of timesteps increasing by 64%

to 411 and the number of iterations increased by 53% to 1312. The

second level of optimization (MSH032) reduced the number of

timesteps by 12% from the unoptimized run to 220, but the number of

iterations increased slightly to 866. The energy norms for the three

solutions remain nominally the same except for changes in the number

of significant digits. No discernable differences occur in the

graphical presentations and results from MSH030 are plotted in
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Figure 11. The maximum Mach number for this solution should be 1.3

with the shock centered at x=0.63. In Figure 11, the shock is cen

tered correctly but is smeared over four element with a maximum Mach

number of 1.24. The solution could probably be sharpened with

adjustment of the penalty constraint parameters.

Several characteristics may be observed in the trends in

the convergence histories of the individual timesteps. In the unop-

timized solution the initial timesteps require a relatively large

number of iterations with the number of iterations per timestep

decreasing as the solution progresses toward steady state, thus a

major controlling factor in selection of a fixed size timestep is

the convergence of the first timestep. Using the first level of

optimization the change in the number of timesteps follows a pattern

exactly opposite of that in the unoptimized solution. With the

maximum value of {"SQI} fixed (DCMAX) the number of iterations per

timestep increases as the solution proceeds. The size of the

timestep also increases with increasing time. Two interconnected

problems are encountered in trying to use the first level optimizer.

First, as the stepsize increases and the solution advances toward

steady state the fixed value of DCMAX must be small because little

change is occurring in the solution, and, at the large time steps,

the collected data indicates a decreased convergence rate. Second,

as the fixed value of DCMAX is decreased to accommodate conditions

near steady state, the initial time steps must become very small,

and the accleration of the latter stages of the solution is negated

by the excessive number of timesteps required for the initial stages
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of the solution. The second level of optimization has a framework

which would appear to counteract the problems encountered in both

the unoptimized case and the first level of optimization by

adjusting the size of DCMAX and, thus, the size of the time steps.

Based on the moving shock run (MSH032) the basic idea of the second

level optimization appears to work with Courant numbers in excess of

10,000 being attained. In MSH032 a three step convergence is main

tained throughout a major portion of the solution. As the solution

nears steady state the number of iterations starts to increase and

this causes DQIAX to be decreased controlling the stepsize and pre

serving convergence. The number of iterations per time step

increases at a slow steady rate in MSH032 and the second level opti

mized works well; however, the stationary shock solution (SSH032)

undergoes a rapid increase in the iterations per timestep, the value

of DCMAX is not allowed to adjust, and convergence is lost.

From the presented data, the idea of an optimization scheme

based on these concepts holds some promise. However, the scheme

analyzed requires a priori knowledge of the solution behavior as

well as experimentation with the input variables controlling the

optimizer in order to obtain a solution. The solutions presented

have offered savings in computation effort only for smooth

solutions. The lack of applicability of the given optimization

scheme indicates a need for development of a more exact relationship

between timestep size and DCMAX before the idea can be implemented

in generality.



CHAPTER VIII

•  SIWMARY AND CONCLUSIONS

Herein are presented a summarization of the major findings and

conclusions of this analysis along with suggestions for further

research.

1. An implicit finite element algorithm for solution of the

quasi-one dimension Euler equations was developed by A.J.

Baker and a computer code for verification of the utility

of this algorithm was developed by M.O. Soliman, Although

accurate solutions were obtained, the Newton matrix itera

tion method provided only monotonic convergence, while

quadratic convergence is theoretically predicted.

2. After a step by step derivation of the algorithm, several

errors were discovered in the original presentation of the

terms forming the Jacobian. Also, examination of the ori

ginal computer code exposed several terms which were

omitted from the coding.

3. Taken individually, none of the revisions to the algorithm

and code exert a significant influence on the overall con

vergence rate of the equation system. When the changes are

applicable to a specific independent variable, the impact

o"f the change is seen primarily on that variable. Changes

to a dependent variable cause only minor changes in
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convergence, but the changes are distributed to all inde

pendent variables.

4. Taken collectively, the revisions give a quadratic con

vergence rate for the system of equations and the effi

ciency of the algorithm is increased by 24%. This indica

tes that the overall accuracy of the Jacobian is of greater

importance to the convergence than the accuracy of any par

ticular term.

5. The accuracy of the solutions obtained from the fully

revised formulations is equivalent to that obtained from

the original formulation. Also, behavior of the accuracy

and efficiency of the revised formulation with respect to

changes in grid refinement and Courant number is unchanged.

6. No interpretable information has been obtained from the

and solution norms.

7. The conservative form of the penalty constraint term

yields unstable solutions.

8. Stable subsonic solutions for a converging-diverging nozzle

under both steady state and transient solution were

obtained. The subsonic solutions require an approximation

to a reservoir at the inlet, with Dirichlet boundary con

ditions on density, energy, and pressure at the inlet and

on pressure at the outlet. All other variables have

Neumann boundary conditions.
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9. Stable transonic solutions for a DeLaval nozzle were

obtained for on-design conditions and both steady state and

transient off-design conditions. Boundary conditions for

transonic flows are Dirichlet on all variables at the inlet

and Dirichlet on pressure at the outlet for off-design

conditions. All other variables have Neumann boundary

conditions.

10. Using optimized values of from the Riemann shock tube

test case produces significant smearing of shocks and

deterioration of peak values in solutions for the

converging-diverging nozzle. This indicates a need for

adjustment to the penalty constraints to the lower level of

diffusion.

11. The timestep optimization procedure produces promising

results when applied to smooth (subsonic and on design

transonic) solutions, with Courant numbers in excess of

10,000 occurring under certain near steady state

conditions.

12. When dealing with highly nonsmooth (off design transonic)

solutions, implementation of the timestep optimization pro

cedure is difficult, or in certain cases, impossible, and

poor results are obtained from the cases in which con

vergence is maintained. Close examination of the cases

which lose convergence show that the optimizer is behaving

properly, but it cannot respond sufficiently to maintain

convergence.
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13. The basic framework of the timestep optimization procedure

appears to be sound, but the method used for variation of

the timesteps does not model the actual situation

adequately.

14. Results of this analysis indicate a need for further

studies in the following areas:

a. The revisions studied in this analysis should be pro

jected into the multidimension algorithm from which the

quasi-one dimensional algorithm was derived.

b. The penalty constraint parameters should be reevaluated

to determine optimum values for the revised

formulation. Also, additional studies should be made

of the mechanism by which the penalty constraint

operates.

c. A more exact model of the relationship between the

delta values from the first Newton iteration and the

size of the timestep should be developed for implemen

tation in the timestep optimizer.

d. The fully revised formulation should be projected onto

an adaptive grid.

e. The applicability of the and solution norm as a

measure of accuracy should be determined.
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APPENDIX A

NCMENCLATURE



a  boundary condition coefficient; sound speed

A  cross-sectional area; one-dimensional hypermatrix prefix

C  coefficient; matrix; Courant number

e  specific total energy

f  function of known argument

F  finite element matrix; discrete solution equation system

g  total energy

G  finite element matrix

h  element measure

H  Hilbert space

;  index

j  index

J  Jacobian matrix

k  cardinal basis degree

a  summation index; differential operator

L  differential operator

m  momentum

M  number of finite elements spanning r"

n  unit normal vector; dimension of space

N  finite element cardinal basis; discrete index

p  pressure; iteration index

q  generalized dependent variable

Q  generalized discrete dependent variable

r" spatial domain of differential operator

Re Reynolds number

S  finite element assembly operator
e

78
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t  time

velocity vector

u  convection velocity

Cartesian coordinate system

a  dependent variable reference

3^ Lagrange multiplier set

T  ratio of specific heats; parameter

3  partial derivative operator

3R boundary of solution domain

6  Kronecker delta; parameter

6Q iteration variable

A  mesh measure; increment

t  specific internal energy; isotropic dissipation function;
parameter

V  dissipation parameter

p  density

2  summation operator

!i2 solution domain

Superscripts;

h  solution semi-discrete approximation

o  initial condition reference, stagnation conditions

p  iteration index

T  matrix transpose

1,2 dissipation parameter reference

^  ordinary derivative

*  nondimensional variable
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Subscripts;

e  element reference

l,j,k tensor indices

j  time step index

k  degree of polynomial

o  reference state

a  dependent variable index

Notation;

{  } column matrix

[  ] square matrix

U  union

n  intersection

£  belongs to

norm



APPENDIX B

DERIVATION OF MATRIX FORM OF F



The following Is a step by step derivation of the matrix form

of the nonlinear algebraic equation set formed by substitution of

the discrete approximation of equations (5)-(8) Into the theoretical

form of the finite element algorithm, equation (15).

Continuity Equation

The continuity equation Is given In the form

Mp) .||-+ Pua' = 0 (IB)

where A - . The form of the continuity equation remains
dx

unchanged after nondlmenslonallzatlon. The element semldlscrete

approximation of the continuity equation Is obtained by making the

substitutions:

p (x,t)={N (x)}^{R(t)} , u (x,t)={N (x)}'^{V(t)} , and
6  tC 0 0 K 0

A (x)i{N (x)}'^{A} , and Is of the form
0  iC 0

i.<p'') -

(N^}^R)e{N^)^V)^^{N^)^A)e (2B)

Identification of the Independent variables has been dropped for

convenience. Equation (2B) Is then substituted Into the first

constraint of equation (15) yielding

82
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+ -3^{N, }^{R} (N }^{V}
3x k e k e

+  ̂{N^}^{A}] dx (3B)

The following algebraic manipulations are performed on equation (3B).

r {N^)L(p^)dx =/
^ R ^ R

e  e

(N^K{V)^^UN^){N^)'^J{E)J<i.
R
e

with {V}^{N^}{N^}''^{R} = {N^}^{M}

Ri - - -
e  e

implementing the Greene-Gauss form of the divergence theorem

[Kreyszig, 1972] on the second term of (4B) gives
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/ 51 ®k ■^ ( '"k' ■ J
e  \ e

R
e

Using Baker's hypermatrix nomenclature, equation (5B) reduces to

J ^{N^}L(pe)dx = h^[A200]{R}^ + 1^^
Ri - = - ^RJ

e  e

- [A210]] {M}^ + {A}^[[A41000]{V}j{R} (6B)

The second term in equation (6B) is a contour integral around a

given element as shown in Figure Al. The integral can be written in

the form

i2

The definition of the problem as quasi-one dimensional dictates that

no changes occur in the y-direction; therefore, the integrals 1-2
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and 3-4 are equal, i.e.J ~j
equation (7A) thus reduces to

(SB)

This equation indicates that the integral is evaluated only at the

end points of the element. With the cardinal basis functions of

degree 1 and 2 defined as,

{N,(x)} = ̂  ' ^'"e
1-x/hp
x/hg

{N2(x)}
(l-x/he)(l-2x/hg)
4x/hg(x/hg)
x/hg(2x/hg-l)

(9B)

evaluation the first integral at x=0 and the second integral at

x=h yields for k=l
e

Rft 0

T —J
1j{0,l} dx

Jfldx
1 0 ■ 4•  j 0 o"

_ 0 0 _
dx + /

_ 0 1_
dx
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~ 1 o" ~ 0 0~
-1-

_ 0 0_ _ 0 1_

-1 0

0  1

i  [A20]. (lOB-a)

A similar substitution using k=2 yields

-1 0 0

0  0 0

0  0 1

=  [A20]2 (lOB-b)

Substitutions (lOB) into (6B) gives the symbolic form

R

{Nj^}L(p^)dx = h^[A200]{R}^ -I- pA20] - [A210]]

+ {A}^([A41000]{V}){R} (IIB)

A

A

Am

L
>

71

Figure A1

Evaluation of the second constraint of equation (15) requires

the use of the nonconservative form of the convective derivative of

the density defined as

(12B)
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The elemental semi-discrete approximation of which is

Defining the dissipation parameter 8^ as

8p=h^(v^ 6t + sign u 6x)i (l^B)

and substituting (13B) and (14B) into the second constraint of

equation (15) and simplifying yields.

? /* 7{N, }L^(p )dx = h r }.^{N }^{R} dx
pj I k ^ e e RJ„edx k3t k e

Rg

+ h v2 f ^{N }{N }^{V}^{N }^{R}dx
e  R ̂  dx k k ox k

Rg

'Re

6  f V{N Il'^Cp )dx = h vl[A210]{R}'^
p J I k e e R e

Re

+ v2 {V}[A3011]{R} (15B)
R  6

The summation of equations (IIB) and (15B), using the summation in a

Taylor series and using the trapezoid rule for integration yields

the final form of the term {FR} as
e



{R}g = pA200] + v^^[A210]]
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At pA20] - [A210]] {M} + v2 {v} [A3011 ] {R}

+ {A} [[A41000]{V}J{R> = {0} (16B)

j+l.j

A reduction in computational effort can be achieved by the sum

mation of frequently used matrix pairs prior to the assembly

operation. One such pair exist in equation (16B). The matrix pair,

[A20]-[A210], has two possible steps which may be used to reduce the

computation time. Firstly, the matrix [A20] is of a form which will

allow cancellation of all terms except those contributed by the ter

minal nodes of the discretized region. This allows a redefinition

of the [A20] matrix in the form

[A20]1 ^
0

6
enH'

,  [A20]2 =

-6

6^
0

0  0

0  0

0  6
em-*-

(17B)

where 6 ^ is the Kronecker delta and e is the number of the element
ei

such that l<e<M. Secondly, the summation of the matrix pair can be

defined as

[D2MAT] = [A20] - [A210] (18B)

Substituting equation (18B) into (16B) gives a symbolic represen

tation of {FR} in the form
e
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{FR}g = \ pA200] + vJ[A210]] {R}^^

+ -^ Qd2MAT] {M} + v2{v}^[A3011] {R}

+ {A}^([A41000]{V}){R}] j " ̂0^

Momentum Equation

The momentum equation is given in the form

3  3 ^
L(pu) = + —[upu + p] + pu^A (20B)

This equation is nondimensionalized with reference to the initial

stagnation conditions by making the following substitutions

t* = t-Y . X* = I" , p* = , u* = ̂  , A* = ̂  ,L  L Pq Bq

9  L 3 3 , 3 * _ _P * e3t* " a^ 3t ' 3x* " ̂3x ' P Pq ' ̂ ®0

The nondimensional form of the momentum equation is

T ^ ^ J.N 3p*u* , 3u*p*u* , Pq 3p* , j. j.2a4. /-oodnL(P*u*) = -1^ + + r-5^+P*"*^A* (22B)
PQ^O

where Pq/Pq^q Euler number. Given that a^ = YPq/Pq » the

Euler number reduces to 1/y « Upon substitution of the reduced form

of the Euler number and dropping the superscript asterisk, equation

(22B) is left in the form
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L(Pu) = ■*" (23B)

defining mspu yields

L(m) = If + 3~["m ■•" + umA (24B)

The elemental semldlscrete approximation of equation (24B) Is

+  (25B)

Substitution of equation (25A) Into the first constraint of equation

(15) and simplifying gives

Rg Re

+ T^({V}^{N, }{N, }^{M}^ + 1{N
ox^ e k k e T k e'
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Kg

'"e A,
Ke

= h^[A200]{M}^ + ̂ V}^(^^{Nj^}{N^}{Nj^}^).ndx

Re

+ (. (N, }{N,_})-ndx
dx k k

-/,i
ke

+ {A}'^( [A41000] {V}^){M}^

h^ [A200] {M}^ + -ndx

-  [A3010]J{M} + Qa20]-[A210]] {P}

+ {A}^([A41000]{V}^){M}^ (26B)
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Using the same arguments presented for the contour integral in the

continuity equation (7B), the second term of equation (26B) can be

evaluated for k=l in the form

dx

JI dx dx

(o

{N- }{N }{N }'^)«ndx =
ax i l l

(1
.{o

=  [A30]^ (27B-a)

Similarly for k=2

-^{N-}{N-}{N.}^)^^dx
dx ^ ^

-1

1"

=  [A30]. (27B-b)
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Substituting (27B) into (26B) gives

r  {N^}L(in )dx = h^[A200]{M/ + {V}^ Qa30]-[A3010]] {M}^J^e e e e e

+ [2[A20]-[A210]] {P}^ + {A}^([A41000] (28B)

The convective derivative of the momentum equation is of the

form

L'^Cm) + If + <4^

The elemental semi discrete approximation is

Defining the dissipation parameter as

B =h (v^ 6t + sign u 6x)l (3IB)
u  e M M

and substituting (30B) and (31B) into the second constraint of

equation (15) and simplifying yields

e

+ h V2 /* [/{N }J{N >^{V} ̂ {N }^{M} dx
e M J I ^dx k k e<3x k e
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' Kg

/ , tdl«k»'V>,(N^)'^{N^)<ix(M),
w

= v^[A210]{M}^

h  > r . }^{\ }dx {M}eM ^ dx kdx k <

f  }L*^(n) )dx = h vWa210]{M}'Ml / k ^ e e M"- ' e
' K£

+ v^{V} [A3011]{M}
M e e

(32B)

The summation of equations (28B) and (32B), using the summation

in a Taylor series and using the trapezoid rule for integration,

yields {FM} in the form
e

{FM}^ = h^ pA200] + v^[A210]3 {V}^ [;[A30]

- [A3010]] (M) + iQA20] - [A210]] {P}

+ v2 {V}[A3011]{M} + {A} ([A41000]{V}){M. (33B)

j+1. j

Using the definition in (18B) and similarly defining
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[D3MAT] = [A30] - [A3010] , (34B)

a more computationally efficient form of is

{FM}^ = |^[A200] + v^[A210]] [D3MAT] {M}

+ ■^[D2MAT]{P} + v2{v}^[A3011] {M}

+ {A}^([A41000]{V}){M}] (35B)

Energy Equation

The energy equation is given in the form

^-Cpe) = ■*" ® (36B)

Using the stagnation reference conditions specified in (21B), the

nondimensionalized form of the energy equation is

L(p*e*) = + •r^*p*e* + —^ T^*P* (u*P*e*at* 3x* PqSq dx*

Pfi u*p*)A* (37B)
^0^0

where Pq/Po®o Eckert number. Making the substitutions

^o/pQ ~ ^ ^0 ~ Eckert number reduces to (y-l).
Substituting the reduced Eckert number, letting g=pe, and dropping

the superscript asterisk leaves the energy equation in the form
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L(g) = (T-l)-^P + (ug + (Y-l)up)A (38B)

The elemental semldiscrete approximation of equation (38B) is

+ (y-1){\}^{V}^{Nj^}^{P}^)^{N^}^{A} (39B)

Substitution into the first constraint of equation (15) and

simplifying gives

y^,(N^)L(8^)dx

+ ( Y-1) (Nj^ {V {N^ {P }^ {A} J dx
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+ f + (T-l){P}}dx
Re

^ K a

+

'Re

+ (Y-l){P>}dx

^ Rc

Re

-/ ,WkH3|(\))t\>^akJtiG}^ + (Y-i)(p}^)
* Rg

+ {A} ([A41000]{V}^){{G}^ + (T-l){P}g}

f I {Nj^}L(g^)dx = h^[A200]{G}^ + {V}^ Qa30]-[A3010]] {{G}^
Re

+ (Y-l){P}gl + {A}^([A41000]{V}^)i{G}^ + (Y-l){P}i (40B)

The convective derivative of the total energy is of the form

I."(8) - If + >41
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and the elemental semidiscrete approximation is

Defining the dissipation parameter 8^ as

8^ih (vj!; 6t + sign u 6x)i (^3B)
G  e G G

and substituting (42B) and (43B) into the second constraint of

equation (15) and simplifying yields

^ T? ^
e

Re

^ Re

h vl[A210]{G}'^
e G e

+ v2{V}'^ r {N }-^{N }j^{N }'^dx{G}
G  eJ^i kdx kdx k (
' Re
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^g/ = h^vi[A210]{G/
^ A

+ v2{v}^[A3011]{G}
G  e e

(44B)

The summation of equations (40B) and (44B), using the summation

in a Taylor series and using the trapezoid rule for integration

yields the final form of {FG} as

PA200] + vl[A210]] {G}^^

At {V} Qa30] - [A3010]] {{G} + (Y-1){P}}

+ v;^{V}^[A3011]{G} + {A}^([A41000]{V}t{G}
G

+ (T-1){P}}

j+l»j

(45B)

Substituting the terms defined in (17B) and (34B) and factoring

common terms yields the form

{FG}e = h^ pA200] + vl[A210]3 {G}^^ + {V}^ pD3MAT]

+ [A40001]{A}] {{G} + (T-1){P}}

+ v2{V}^[A3011]{G>
G

(46B)

j+l.j
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Equation of State

The equation of state is given in the form

L(p) = P ~ (T-l)[Pe - |l3u-u] = 0 (^7B)

Using stagnation reference conditions specified in (21B), the non-

dimensionalized form of the equation of state is

L(p*) = p* - j[-|-^Jp*u*-u*] (48B)
^0 0

where the nondimensional groups are the inverses of the Euler number

and the Eckert number is previously defined. Making appropriate

substitutions and dropping the superscript asterisk leave the

equation of state in the form

1..,.. .V . (49B)L(p) = P - [g - ■2Y(Y-l)mu]

The elemental semidiscrete approximation of equation (49B) is

Mp,) -

- ■|-Y(Y-l){\}^{V}g{N^}^{M}^] (50B)

Substitution into the first constraint of equation (15) and

simplifying gives
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- jY(Y-l){\}^{V}g{N^}^{M}^] Jdx

- jY(Y-l) J , {Nj^}{V}g{N^}{N^}^{M}^dx]
Re

+ J Y(Y-l){V}g f ̂ {Nj^}{N^}{N^}'^dx{M}^
w R_

/ {N, }L(P )dx = h [A200]{P} - h [A200]{G}
I k e e e e f

+ -f-Y(Y-l) {V} [A3000] {M} (5IB)

Since there is no convective derivative involving pressure and no

derivatives occur in the equation of state, the form of {FP}^ is

identical to (51B). Factorization of common terms gives the final

form

{FPjg = hg pA200]{{P}g - {G}g} + yY(Y-l){V}g[A3000]{M}2 (52B)



APPENDIX C

DERIVATION OF MATRIX FORM OF JACOBIAN



The following is a step by step formulation of the derivatives

which form the Newton Matrix Iteration Jacobian. The derivatives of

each of the equations, are taken with respect to the indepen

dent variables, yielding a total of 16 derivatives.

Continuity Equation

The following derivatives are developed using the form of

{FR} presented in equation (16B). The first derivative is taken
e

with respect to density {R}.

3{FR} _ diKh

At pA02] - [A210]]|||]-+ v2^({v}[A3011]{R}j3  , rT7i

+ -5|5j({A}^([A41000]{V}){R}] (IC)

-I j+1

The values of {•}j are fixed and thus their derivatives are zero;

therefore, these terms are omitted in this presentation.

[JRR^] = h^ pA200] + vi[A210]]+ Qa20]-[210]3 {0}

+ V,
R

{V}[A3011]|||i+ (o}[A3110]|^

{A}"^ ([A41000]|[||-) {R} + {A}^[A41000]{V}||||

103
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= h [^[A200] + v^[A210]]+ v2 Qv}[A301I]

- {AlO}^ I 1-f} I [ASllO]^
R

+ {A}^[A41000][{A10}^i4}]^R> + {A}^[A41000]{V)

[JRR] = h pA200] + v^[A210]]+-^ v2 pV}[A3011]

- {AIQ}"^ ! [-^] \ {R)^[A3I10]n+ {A}^[A41000]1{V}
R

{A10}^i-4}{R}1
R^

(2C)

The matrix derivatives used in the preceeding formulation are

elemental averages of the given nodal functions* Three derivative

forms are illustrated in the preceeding formulation. The first

is the derivative of one independent variable, {R,M,G,P}, with

respect to a different independent variable. The example in

{JRR} is 9{M}/3{R}. Since momentum is not a function of density
e

the derivative at each node is zero, and the elemental average is

zero. The second form is the derivative of an independent variable

with respect to itself. The derivative of any function with respect

to itself is a constant [Thomas, 1972] taken to be one, thus the

elemental average of 9{R}/3{R} = 1. The third form is the deriva

tive of a function with respect to an independent variable. The
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example from {JRR} is 3{V}/9{R}. Where, for a given node, =

m /p . Thus taken at a specific node
n  n

3u 2

~ "arT^™ /P )3p 3p ^ n n
n  n

3  r 1|
~ °n3p '^P ■'

n  n

3u

^  - /fn3p n n
n

Therefore,

3{V}

^RT -
e

where 1 is the vector of nodal values of the function m/p^ and
r2'

{AID} is a column matrix which defines an elemental average, i.e.

for k=l,2.

{AlO}^ = j{_l} , {A10}2 = -I I 4 ^ (5C)
Only one other nonzero derivative of the third form occurs in the

formulation of the Jacobian. That is the derviative 3{V}/3{M}.

Again taking the function at a specific node
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9u -1 nin _ 9 n
9m 9m P
n  n n

1  9m
n

p  9m
n  n

9u ^
n  £

3®n " (6C)

Expanding to an elemental average,

W - Ifte

With the preceeding explanations the formulation of the remaining

terms in the Jacobian becomes a simple exercise.

The development of the term requires the use of an

alternate form of one term of equation (16A). This substitution is

{A}^[A3100]{M} = {A}^([A41000]{V}){R} (8C)

using the revised form, {JRM}^ is derived as follows

9{FR} 31^1

= "e -STOT

+ ̂
2
|:[A20]-[A21oQ|^
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= l^h [A200] + v^[A210]] • 0 + pA20]-[A210]

+  |:{V)^[A30U)^„J + {R)'^[3110l|gi

+ {A}'^[A3100]

[JUM]^ = pA20]-[A210] + v2{a10}^ | | {R}^[A3110]

+ {A}'^[A3100]]

Using definition (18B), equation (9C) reduces to

[JEM] . 4|:ID2MAT] + v2{A10)^ I li) | (R)'^[A3U0]

+ {A}^[A3100]3[

The continuity equation does not involve the energy, or the

pressure {P} ; therefore, the derivatives of {FR} with respect to
^  e ®

these values are zero or,

9{FR}

e

3{FR}

[JRP]^= = [0]
e
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Momentum Equation

The derivative of {FM} with respect to {R} is
e  s

3{FM}

"TOT = "e D^^OOl + vi[A210]n|M

At Qa30]-[A3G10]] {M}J

i|:(A20]-[A210l]|{|}

+ V,
M

3  r rTT.T({V}
 3{R}

[A3011]{M}J

+ j^UA}^([A41000]{V}){M)

= h pA200] + vi[A210]-0

At {V}^ pA30]-[A3010]]|{||

+ {M}^ Qa30-[A3010]] |{|y + \ Q^^O]

-[A210]]-
3{R} M

{V)[A30Ulig}

3{V}+ {M}[A3110]-^ + {A}^[AA1000]|^{M}
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2
Qa30]-[A3010]]

- v2{A10}^ I 1-y} I {M}'^[A3I10]
M  ' r2' '

- {A10}^{-|}{M}^[A4001]{A>
R^

Factoring Common Terms

At M, ,„-,T[JMR] = - -^{A10}^1-|}{M}^ pA30]-[A3010]

+  sign (u) [A3110] + [A40001]{A} 1 (13C)
M

Further simplification using definition (34B) gives

[JMR] = - -^{A10}^i-|}(M}"^ Qd3MAT]

+  sign (u) [A3110] + [A40001]{A} 1 (l-^C)
M

The derivative of {FM}^ with respect to {M}^
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3{FM}
pA200] + v^[A21C]]

At

TO)
{{V}"^ pA30]-[A3010]3 {M}

+ ipA201-lA210a|g}

+ jf|y[{A}^([A41000]{V}){M}

= h pA200] + v^[A2100+ At {V}^ pA30]

-[A3010O|{|f+ {M}'' Da30]-[A3010]|^3{V}

+ ipA20]-[A210O .0 + v2 Qv}^[A3011 ]-^

+ {M}^[A3110]-^+ {A}pA41000]|^{M}

+ {A}^[AA1000]{V}|^
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= h pA200] + v^[A210Q+ {V}^ Qa30]

-[3010]^+ {A10}^||-}{M}^ pA30]-[A3010]]

+ v2 pV}^[A3011] + {AlO}'^ I I {M}' [A3110]]

+ {A}^[A41000]{A10}^i^}{M}
RJ

+ {A} [A41000]{V>

Factoring connnon terms

= h pA200] + v^[A210]]+-^ i{V}

+ {A10}^|^}{M}}^ pA30]-[A3010]]

+ v2 pV}^[A3011] + {AlO}^ I I {M}pA3110]]

+ {{V} + {A10}^l|-}{M}}^[A40001]{A>
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pA200] + v^[A210]]+ {{V}

+ {A10}^{^}{M}y Qa30] - [A3010] + [A40001]{A}]

+ v2 pV}^[A3011]+ {AlO}^' I t^}| {M}^[A3110]]T I il" (15C)

Further simplification using definition (34B) gives

pA200] + v^[A210]]+ ̂ {{V}

+  pD3MAT] + [A40001]{A}]

+ v2 [;{V}^[A3011] + {AlO}'^' I 1^} I {M}'[A3110]]Ti ll. (16C)

The term {FM} does not depend on the energy, {G}, and therefore,
e

the derivative of {FM} with respect to {0} is zero, i.e.
e

fTMri -^tFM} _[JMCJe" [0] (17C)

The derivative of {FM} with respect to {P} is
e
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3{FM}

" •'e D'^^OO] + vllA21O]]0}

At -^UV}^ [;[A30]-[A3010]] {M}J

K[A20]-[A210Q|{|j

^^{A}^( [A41000] {V}) {M>

=  pA200] + VjJ[A210]] .0 + -^ {V}^ Qa30]

-[A3010]]|^+ {M} Qa30]-[A3010]]|^3{V}

ipA20]-[A210]]|{|i

+ V/
M

{V}^[A3011]-^p-^ {M}^[A3110]||^

+ {A}^[A41000]|||j-{M} + {A}^[A41000]{V}|||i

= [0] + ■^QA20]-[A210]]

+ v2Q0] + [0]:l+ [0] + [0]2
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[JMP]^ = ||Qa20]-[A210]] (21C)

Substituting (18B) yields

[JMP]^ = |^[D2MAT] (22C)

Energy Equation

The derivative of {EG} with respect to {R} is
e

Qa30]-[A3010]] {{0}

+ (Y-1){P}} + v4^|^{v}'^[A3011]{G}J

+  [{A}^([A41000]{V}Ji{G} + (T-l){P}i
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=  pA200] + vl[A210]] -0 + -^ {V}^ Qa30]

-[asoioQ (T-i)-^] + Ug}

+ (Y-1){P}}^ D^30]-[A3010]3|g|

+ {V}^[A3011]|^+ {G}^[A3110]|||^

+ {A}^[A41000]||||{{G} + (Y-1){P}}

+ {A}^[A41000]{V}(|^+ (Y-l)|^j

At

2
{V}'"^ pA30]-[A3010]3 -0 - {A10}''^{-^}t{G}

+ (Y-1){P}}^ [[[A30]-[A3010]

+ v| pV}[A3011] -0

- {AlO}'^ I I {G}^[A3110]]

+ -{A10}'^{^}{A}^[A41000]{{G} + (Y-1){P}}

+ {A}^[A41000]{V}«0
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At

2
{A10}'^t-|}t{G} + (Y-1){P}}' Qa30]

R

•[A3010] + v2{a10}^ I {G}^[A3110]

+ {A10}'^{-4}{{G} + (y-1){P}}^[A40001]{A.

IJGR]^ - - ̂ {A10}'^i:^}i{G} + (Y-1){P}}^ Qa30]-[A3010]

+ [AA0001]{A}] + v|{A10}''^ I {p} I {G}^[A3110] (230)

Further simplification using definition (34B) yields

[JGR]^ - - Caio)^1-4H«5} + (r-i){P))''Ddsmat]
R'

+ [A40001]{A}] (24C)

The derivative of {FG} with respect to {M} is
e



117

3{FG}

"TBT " '■e
a(G)

■3Tm}

At ^[{V}^ Qa30]-[A3010]] {{G}

+ (Y-1){P}}J + vJ^({V}^[A3011]{G}J

+ ■^|^({A}^[A41000]{V}Jt{G} + (Y-1){P}}

h  [][A200] + vl[A210]] -0 + -^ {V}"^ Qa30]

-[A301oQ (|gi+ (r-i)|§f) + IIG}3{p}

- (Y-1){P}}^ Da30]-[A3010]] 3W

+ v2((v)[A30Ui|^+ {G}[A3110]|i|}j

+ {A}^[A41000]|^{{G} + (Y-1){P)}

+ {A}'[A41000]{V}t|^+ 9{P>^
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At

2
Qa30]-[A3010]-0 + {A10}'^t^}{{G}

+ (T-l){P}r [I[A30]-[A3010]]

+ v2({v}[A3011]-0 + {AlO}'^ I i|-}| {G}^[A3110]

+ {A10}^i^}t{G} + (y-1){P}}^[A40001]{A}
R

+ {A} [A41000]{V}«0

At

2
{A10}^{i}i{G} + (Y-1){P}}^ Da30]-[A3010]]

+ v2{a10}^ I I {G}^[A3110]

+ {A10}'^ti}i{G} + (T-1){P}} [A40001]{A.

Factoring common terms

[JGM]^ = ̂ {A10}^ii}{{G} + (T-1){P}}^

+ [A40001]{A}3 + v2{a10}''^ I l|-}| {G}''^[A3110] (25C)

The derivative of {FG} with respect to {G} is
e
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3{FG} a{G}[JGG]^- = hg pA200] + v^[A210]3

At Qa30]-[A3010]] {{G}

+ (Y-1){P}}J + vJ^UV}^[A3011]{G}

+ g^({A}^[[A41000]{V}Ji{G} + (Y-l){P}lj

= h pA200] + v^[A210]]+ {V}^ pA30]

-[A30101] (01+ + ilG)9{P}

+ (Y-1){P}}' pA30]-[A3010]:l|^

+ v2[{V}^[A3011]|{|i+ {G>^[A3110]|i|ij

+ {A}^[A41000]|^{{G} + (Y-1){P}}

+ {A}^[A41000]{V}[-^+
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= h pA200] + v^l[A210]]+ {V}^ Qa30]

-[A3010]] (1+0) + {{G} + (T-1){P}}^ [I[A30]

-[A3010Q '0 + v2[{v}'^[A3011]

+ {G}^[A3110]-0J + {A}^IA41000]-0"i{G}

+ (Y-1){P}} + {A} [AA1000]{V}(l+0)

= h Qa200] + v^[A210]]+ {V}^ QA30]

m

-[A301oQ+ v2{v}[A3011] + {V} [A41000]{A)

Factoring common terms

[JGG] = h pA200] + v^[A210]]+-^
e  e

{V}^ Qa30]-[A3010]

+ [A40001]{A}~I + v2{v}'^[A3011] (26C)

Substitution of (34B) yields

[JGG] = h pA200] + v^[A210]]+-^
'e e

{V}''^ Qd3MAT]

+ [A40001] {A}] + v2{V}''^[A3011] (27C)
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The derivative of {FG} with respect to {P}
e

3{FG}

At ^({V} Qa30]-[A3010]] {{G}

+ (Y-l){P}}j + vJ^[{V}^[A3011]{G}]

7

a{p}
{{A}'^([A41000]{V})i{G} + (T-1){P}}J

= h pA200] + v^[A210]] -0 + -^ {V}'^ Qa30]

-[A3010O i|{ff +

+ (Y-1){P}}'' DA30]-[A3010]|g

+ {A}^[A41000]|||ii{G} + (Y-1){P}}

+ {A}''^[A41000]{V}(|^ + (Y-l)|^



122

At

2
{V}^ [3[A30]-[A3010]] (0 + (T-1)) + {{G}

+ (Y-1){P}}''^ |2[A30]-[A3010]] -0

+ {A}^[A4100]-O-jCG} + (T-1){P}}

+ {A}^[A41000]{V}(0 + (T-1))

2
(T-1){V}''^ Qa30]-[A3010]

+ (t-1){A}^[A41000]{V}3I

Factoring common teirms

[JGP]^ = ■^T-1){V}''^ Qa30]-[A3010]+[A40001] {A}^ (28C)

Substitution of (34B) yields

[jGP]^ = pD3MAT] + [A40001 ] {A}2[ (29C)

Equation of State

The derivative of {FP} with respect to {R} is
e

3{fp} aj'pi (j-frl

e
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h^[A200]-0 - h^[A200]'0

+ ̂J(Y-1)[{V}^[A3000]|||^

+ {M}[A3000]|^J

Th Y(Y-1)UV>''^[A3000]-0
2 e

- {AI0}'^i-^}{M}^[A3000] J

[JPR] = - ih Y(Y-l){A10}''^i-^}{M}^[A3000] (30C)
■■ -"e 2 e R.t

The derivative of {FP} with respect to {M} is
e

9{FP} a;p"i airl

e

+ Yhj(Y-l)-^Uv}^[A3000]{M}J

h^[A200]«0 - h^[A200]'0

+ jhj(Y-l)i{V}^[A3000]|m

+ {M}^[A3000]|g}j

jh^Y(Y-l)l{V}''^[A3000] + {A10}''^i-}{M} [A3000]J

[JPM]^ = jhj(Y-l)t{V} + {A10}^{i}{M}}'^[A3000] (31C)



The derivative of {FP} with respect to {G} is
e

9 {FP } a/pT. S-fpl-

= -W = ̂ ef^200]|{ff - hJA200]|^
e

+ jY(Y-l)^^l{V}^[A3000]{M}J

= h [A200]'0 - h [A200]
e  e
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+ JY(Y-1)1{V}^[A3000]|||^+ {M}'^[A3000]|||ij



APPENDIX D

ORIGINAL ALGORITHM



Presented here are the specific matrix forms of the solution

algorithm for the dimensional Euler equations presented by Baker

[1982, pp. 41-43].

{FR}^ = |2h^[A200] + vl[A210]]

+ •^Qa210]{M} + v2{v}'^[A3011]{R}

+ {A}^([A41000]{V}){R}] = {0} (ID)

{FM}^ = |2h^[A200] + v^[A210]]

+ ̂  pV}'^[A3010]{M} + [A210]{P} + v2{v}'^[A3011] {M}

+ {A}^([A41000]{V}){M}] j = {0} (2D)

{FG}^ = |^h^[A200] + v1[A210]3

+  [[{V}^[A3010] [{G} + {P}J + u2{v}^[A3011] {G}

+ {A}'^([A41000]{V})UG} + {P}]] j+i,j "

{FP} = h [A200]{P} - h (Y-l)r[A200]{G}
e  e e ^

- Y(V}''^[A3000]{M}] = {0} (^D)

The elements of the Newton algorithm Jacobian are derived as

126
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3{FR}_ rT-oni _ u TAonm j- MlrAOim -i- —[JRR] = h v|t{V}^[A3011]^[A200] + vi[A210] + —

- =|{R}^[A3110]j + {A}^[A41000][{V}

-

(5D)

T  -iP[JRM] = -|pA210] + v2[A211] + {A} [A3100]J (6D)

[JRG] = 0 (7D)

[JRP] = 0 (8D)

i  [JMR] = - Qa3010] + v2[A3110]

+ [A40001] {A}J (9D)

[JMM] = h [A200] + Vj;^[A210] + Qa3010]

v2[A3011] + [A40001]{A}]

+  Qa30I0] + v2[A3110]

V

+ [A4000I]{A}J (lOD)

[JMG] = [0] (IID)

[JMP] = ■^[A210] (12D)
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=  [JGR] = - [;{G}^([A3010] + v2[A3110]

+ [A40001]{A}) + {P}^[A3010]^^_|_^
(13D)

[JGM] = Qg}^([A3010] + v2[a3110] + [A40001]{A})

+ {P}^[A3010]] ,
3+1

[JGG] = h [A200] + vl[A210] + Qa3010]

(14D)

+ v2[A3011] + [A40001]{A}] .
j+1

(15D)

[JGP] = [][A3010] + [A40001] {A}]' (16D)

a{FP}

3{R}
E  [JPR] = - i=fj{M}''^[A3000]

-1 3+1

(17D)

[JPM] = {V}''^[A3000] + (.4j{M}^[A3000] (18D)

j+1

[JPG] = - h^(Y-l)[A200]

[JPP] = h^[A200]

(19D)

(20D)

In equations (5D)-(20D) the superscript bar on the terms m and

p indicate elemental average values of the given variables.



APPENDIX E

LISTING OF COMPUTER CODE



c

c

c

c

c

c

c

c

c

c

c

c

c

CMC : Q 1 D N S

tt IMPLICIT FINITE ELEMENT PENALTY ALGORITHM t*

tt FOR THE QUASI 1-DIMENSIONAL NAVIER-3T0KE3 EQN3.

INCLUDES

MIXED SUBSONIC/SUPERSONIC FLOWS

LINEAR AND QUADRATIC CARDINAL BASIS

PENALTY FORMULATION FOR NON-SMOOTH STABILITY

FULL NON-LINEAR NEWTON ITERATION

FULL BLOCK BANDED JACOB IAN

THETA IMPLICIT INTEGRATION IN TIME

AUTOMATED INITIAL CONDITION GENERATION

AUTOMATED DUCT GEOMETRY SPECIFICATION

NON-UNIFORM DISCRETIZATIONS

MAIN

CALL ERRSET ( 207? 500? -1j 0, 217 )

CALL INPUT

STOP

END

130
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SUBROUTINE INPUT

C

C  ESTABLISH PROBLEM DEFINITION

IMPLICIT REAL*8(A-Hj0-Z)

C 0 M M U N / TI 'f L / TITLE (2 0 )

COMMON/DATA/ CHID» CHIP? THETA j DCIMP? EPS.. CHIMIN.. DQMAX. DQFCTU j

1  DQFCTD.PEXIT.

2  ANU2RFJANU2MF!ANU2GFJ

3  ANUIRFjANUIMFjANUIGF.

4  ANU2RJ?ANU2MJjANU2GJj

5  ANUlRJ.'ANUlMJjANUlGJ

COMMON./ARR A VS./ RH01(201) jXMOMl (201.m61 (201 PR'S 1 (201.) j

1  RHU0(201 .> J XMOMOC 201.1 .« G0( 201) .»PRS0(201) ?

2  OMAT ( 9.) . FR (201) j FM (201) ? FP (201) .. FG (201) j RHT (S04 )

CCMMUN/MULT./ X ( 201) . XP (10) . YP (10) j XM (10) . YM (10 ) .

1  PRG( 10) >XMN(201) . AR£A(201) . I ST ART (4 ). I STOP (4 .V

COMMON/ARRAYi/ IPRTU(201).NEM(10)«NFIX(2)

COMMON./IARRAY./NDCFELjNTMATi-NTMATR.NELEIi. ISRC

1  NINBL:RjNINBCM?NINBCG..NINBCp!'

2  NOUBCR.' NOUBCM.. N0UBC6 »NCUBCP

COMMON / IDA r,/ NBANDf NNODE) INODEjKj IPRNT.. IMPLOT .-XI jNPR'j ICGEN..
1  NITHAX. IPRMP.NBANDl. IRMX. IMM.X j IPMX. IGMX? lOPT . NITLO..
2  NirHljH.UMAX.NREG.ISHK

CCMMON/SUI TCH/i DUDRM > IDS > IAR j JPM j JR'R > JRM

COMHON./NUNiUM/TZERO j RHOZRO • PZERO. GZERO.. CSNDO.. TIMZRO. ASTAR ..
XHZERO.. XMDOTO.TEMPIN.PRSIN.XMDOT

C

C  FOLLOWING 3 STATEMENTS ARE REQUIRED TO R•U^T UN DEC-IO
L-

C  OPEN ( UNIT = 5.FILE='-INPUT»DAT'■ »DEVICE='DSK' )
C  OPEN (UNI r = 6..DEyiCt='DSK'' )
C  OPEN (UNIT=9»DEyiCE='DSK')

CX-X-X-X~X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-.X-X-X-X-X-X-X-X-X
c

C  READ TITLE X
c

C  INPUT FORMAT (20A4) X
C  X
CX-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X
c

iJ

READ(5.. 110) TITLE
URIT£(Sj120)TITLE

C
CX-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X
C  X
C  READ GLOBAL SOLUTION PARAMETERS X
C  X
C  K = DEGREE OF FINITE ELEMENT CARDINAL BASIS X
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C  NELEl = NUMBER OF FINITE ELEMENTS IN LUSCRETIZATION X

C  (MAX=200) X

C  NPR = NUMBER OF MACRO-ELEMENTS IN IHSCRETIZATION X
C  IDS = SWITCH FOR FORMULATION OF PENALTY CONSTRAINT X
C  0 -- NONCONSEROATIVE X

C  1 -- CONSEROAriVE X
C  X
C  INPUT FORMAT (1515) X

C  X

C  ANUlUl = INITIAL-VALUE PENALTY CONSTRAINT MULTIPLIERS X

C  ANU2QI = BOUNDARY-VALUE PENALTY CONSTRAINT MULTIPLIERS X
C  SPECIFY VALUES OF ANUl FOR OFj U=DENSITY. X

C  MOMENTUM? AND ENERGY

C  SPECIFY VALUES OF ANUl FOR UJ. U=DENSITY? X

C  MOMENTUM?ENERGY X
C  SPECIFY VALUES OF ANU2 FOR OF? U=DENSITY? X

C  MOMENTUM?ENERGY X
C  SPECIFY VALUES OF ANU2 FOR OJ? Q=DENSITY? X

C  MOMENTUM? ENERGY X
C  X
C  INPUT FORMAT (5D15.5) X

C  X
cx-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x

y

L-

WRITE(6?130)

■3j

WRITECS?140)
WRITE(6 ? 310)K ? NELEl? NPR ?IDS
WRITE(6?250)
READ(5?330)ANU1RF?ANU1MF?ANU1GF
WRITE(6 ? 330)ANUlRF ? ANUlMF ? ANU1GF
WRITE(6?270)
READ(5? 330)ANUlRJ ? ANUlMJ ? ANUlGJ
WRITE(6?330)ANUIRJ?ANU1MJ?ANU1GJ
WRITE(6?260)
READ(5 ? 330)ANU2RF ? ANU2MF ? ANU2GF
WRITE(S ? 330)ANU2RF ? ANU2MF ? ANU26F
WRITE(6?2S0)
READ(5 ? 330)ANU2RJ ? ANU2MJ ? ANU2GJ
WR ITE ( £ ? 330 ) ANU2R J • ANL(2M J ? ANU2G J

L-

cx-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x
C  T
C  READ DISCRETIZATION PARAMETERS X
C

C  XP = MACRO-ELEMENT VERTEX NODE COORDINATES X
C  YP = FLOW AREA AT MACRO-ELEMENT VERTEX NODE X
L' XM = MACRO-ELEMENT INTERIOR NODE COORDINATE
C  YM = FLOW AREA AT MACRO-ELEMENT INTERIOR NODES
C  FRG= GEOMETRIC PROGRESSION FACTOR TO DEFINE A
C  NON-UNIFORM DISCRETIZATION WITHIN EACH
C  MACRO-ELEMENT
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C  A

C  INPUT FOKHAT (5D15,5) X

C  X

C  NEM = NUMBER OF FINITE ELEMENTS TO BE GENERATED WITHIN X

C  EACH MACRO-ELEMENT X

C  ' X

C  INPUT FORMAT (15) X

C  X
cx-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x

L-

NN0DE=K*NELE1+1

WRITE(9j100)NN0IiE

IN0DE=NELE1+1

NBANIi=2^K+l

•  • READ(5 j 330)(XP(J),J=1? NPR)

READ(5j330)(YP(J)»J=1-NPR)

REAr!(5j230) (XM< J) ? J=2.NPR)

READ (.5 5 330) ( YM (J) > J=2. NPR)

READ(5 j 330)(PRC(J)? J=2 j NPR)

READ(5 j 310)(NEM(J).J = 2 j NPR)

WRITE(6j350)

WRITE(6 » 330)(XP(I)»I = 1»NPR)

W RI r E ( 63 6 0 )

WRI TE(6» 330)(YP(I)jI = 1j NPR)

W K i I E ( 6.» 3 7 0 )

WRITE(6 ? 330)(XM(I)»I=2 j NPR)

'3S<

i330)<YM(I)jI=2»NPR)

WRtTE(S.390)

WRITE(6 ? 330)(PRO(I).1=2 j NPR)

U R I I E (6.» 4 0 0)

WRITE(6?310)(NEM(I)jI=2jNPR)

NEL1=I

X(1)=XR(1)

AREA(1)=YP(1)

DO 40 IPR=2jNPR

CALL C S A R E A (X P (I P R -1) ? X M < IP R).' X P (I P R) ? Y P (IP R -1) y Y M (I P R ) J

*YP(IPR)"CljC2jC3)

3UM=1.ODOO

INM=K*NEM(IPR)

DO 10 1=2.INM

10 SUM = SUMiPRG(IPR)**(I-l)

R£CAL£=(XP(IPR)-XP(IPR-1))/SUM

NEL1=NEL1+1

NEL2=NEL1+K*NEM(IPR)

J = 1

DO 30 I=NEL1.NEL2

J=-J f 1

20 X(11=X(I-l)+RSCALE*PR6(IPR) (J-2)

30 AREA(I)=Ci+X(I)^C2 + X(I)*X(I)));C3

40 NEL1=NEL2-1

IF(K ,EQ» DGO TO 60
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no 50 i=i>iNonE

50 X(I)=X(2*I-1)

60 4STAR=Aft£A(l)

no 70 I=2.NN0nE

70 IFCaREACI) .LT, ASTAR)ASTAR=AREA(I)

no 80 I=ljNNOnE

so AREA(I)=AREA(I)/ASTAR

c

cx-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x

C  X

C  INITIAL CONniTION GENERATION X
C  X

C  ICGEN = INITIAL CONDITION DEFINITION MODE X

C X

0  INPUT FORMAT (1515) X

C  X

C  1 — READ INITIAL CONDITIONS FOR EACH REGION OF X

C  DISCRETIZATION X

C  NREG =NUMEER OF REGIONS IN DISCRETIZATION X

C  (MAX» 4) X

C  TEMPIN=REFERENCE TEMPERATURE X

C  X

C  F0RMAT(I5j3D15.5) X

C  X

C  ISTART=FIRST NODE IN REGION X

C  " I3T0P =LAST NODE IN REGION X
C  RHO =DENSITY IN REGION X

C  XMOM =M0MENTUM in REGION X

C  PR'S =PRESSURE IN REGION X

C  X

C  F0RMAT(2I5»3D15.5) X

C  X

C  2 — CALCULATE INITIAL CONDITIONS GIOEN INLET X

C  MASS FLOWRAIE AND INLET TEMPERATURE AND X

C  PRESSURE X

C  X

C  3 -- CALCULATE INITIAL CONDITIONS GIOEN INLET X

C  MACH N0» AND INLET TEMPERATURE AND PRESSURE

C  ISHK =NODAL LOCATION OF SHOCK X

C  FOR SUPERSONIC ON DESIGN USE LAST NODE

C  FOR SUBSONIC ON DESIGN USE THROAT NODE

C  T£HPIN=TEMPERATURE AT INLET X

C  PRSIN =PRESSURE AT INLET X

C  XMDOT =INL£T MASS FLOW RATE(ICGEN=2) X

C  XMN(1)=INLET FLOW MACH N0t(ICGEN=3) X

C  X

C  F0RMAT(I5j3D15,5) X

C  X

C  IPEXIT = FLAG FOR EXIT PRESSURE 3PECIFICATION(ICGEN=1j2)X

C  . 0 -- USE EXIT PRESSURE CALCULATED BY X
C  I. C. GENERATOR X

C  1 — READ SPECIFIC EXIT PRESSURE X
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C

C  INPUT FORHAT (5D15.5) X

C  X

C  X
cx-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x~x-x-x-x-x-x-x

c

REAri(5j3iO)IC6EN

WRITE(6j43"0)

URITE(6j310)ICGEN

GO TO (525.530..535) jJCGEN

525 READ(5 j 4 70)NREG ? TEMP IN

WRITE(6..490)

WRITE(6j470)NREGjTEMPIN

URX ftCA.SOO)

DO 540 1=1.NREG

READ ( 5. 4S0 ) I START (I) p I STOP (I).. RHO»XMOM j PR'S

WRITE (6» 480 ) I START (I) . I STOP (I) . RHO j XMOM.. PRS

RHOO(ISTART(I))=RHO

XMOMO(ISTART(I))=XMOM

540 PRSO(ISTART<I))=PRS

CALL INIT

IPEXIT=0

GO TO 550

530 IFCICGEN .EQ. 2)READ(5j470)ISHKjTEMPIN?PRSIN.XMDOT

WRITE(6.510)

WRITE (61.470) ISHK j TEMPI N j PRS IN» XMDO T

GO TO 545

535 IFdCGEN »EQ. 3) READ (5> 470) ISHK, TEMPIN j PRSIN» XMN (1)

WRITE(6.520)

WRITE(6..470)ISHK»TEMPINjPRSINjXMN(i)

545 CALL ISNTRP

REAIi(5j100)IPEXIT

WRITE(6»560)

WRITE(6.100)IPEXIT

550 P£Xir=PRS0(NN0DE)

IFdPEXIT ,E0. 1)READ(5!.330)PEXIT

PRSO(NNUiTE)=PEXIT

NNOril=NNODE-l

URITE(6d40)

WRITE(6d30)PEXIT

IF( XMN(NN0D1) .GT, l.OD 00 .AND. PRSO(NNOIil) .GT, PEXIT)

t  GO TO 90

c

CX-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X
y*

C  BOUNDARY CONDITION DEFINITION X

C  X

C  SET INLET BOUNDARY CONDITIONS X

C  X

C  NINBCR = DENSITY X

C  NINBCM = MOMENTUM X

C  NINBCG = ENERGY X
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C  NINBCP = PRESSURE X

C  0 — NEUMANN CuNIilTONS X

C  1 -- DIRICHLET CONDITIONS X

C  X

C  SET OLITLPT BOUNDARY CONDITIONS X

c  y

C  NOUBOR = DENSITY X

C  , NOUBCM = MOMENTUM X

C  NCUBCG = ENERGY X

C  NOUBCP = PRESSURE X

C  X

C  0 — NEUMANN CONDITIONS X

C  1 -- DIRICHLET CONDITIONS X

C  DIRICHLET PRESSURE BOUNDARY CONDITIONS SET AT OUTLET X

C  IN OUFPUr IF MACH NO. GREATER THAN 1 X

c  ■ ' x

C  INPUT FORMAT (1515) X

C  X

CX-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X~X-X-X-X-X-X-X-X-X-X-X-X-X-X

c

1=0

R E A D (5 j 310) NIN B C R j NIN B C M j NIN B C G j NIN B C P

READ(5.310)NOUECR j NOUBCM.NOUBCG»NOUBCP

WRITE(6.150)

WRITE(6.310)NINBCR,NINECM j NINBCG,NINECP

W R11 E (6 • 15 D)

URITEC 6 j 310 .) NOUBCR j NOUBCM»NOUBCG» NOUBCP

C

CX-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X~X-X-X--X-X-X-X-X~X~X-X-X-X-X-X-X-X

C  X

C  READ TIME INTEGRATION CONTROLS X

C  X

C  CHIO = TIME STATION AT WHICH SOLUTION IS STARTED X

C  CHIF = STATION AT WHICH TIME INTEGRATION IS STOPPED X

C  DQMAX = EXTREMLIM VALUE FOR FIRST NEWTON ITERATE X

C  (P=lfI0PT=2..3) X

C  DQFCTLI = FACTOR FOR INCREASING DQMAX(I0PT=3) X

C  DQFCTD = FACTOR FOR DECREASING DQMAX(lOP1=3) X

C  X

C  INPUT FORMAT (5D15,5) X

C  X

C  THETA = IMPLICITNESS FACTOR FOR TIME INTEGRATION X

C  0.0 — EXPLICIT EULER X

C  0.5 — TRAPEZOIDAL RULE X

C  1.0 — BACKWARDS EULER X

C  DCIMP = INTEGRATION INITIAL STEP SIZE X

C  EPS = NEWTON ITERATION CONVERGENCE REQUIREMENT X

C  CHIMIN = MINIMUM ACCEPTABLE INTEGRATION STEP SIZE X

C  (CALL EXIT IF ITERATION UNSTABLE) X

c  ̂

C  INPUT FORMAT (5E15.5) X
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C  lOPT = FLAG FOR TIME STEP EXTREMIZER X

C  0 — EXTREMIZER OFF X

C  1 -- DOMAX FIXED X

C  2 -- fiUMAX ADJUSTED BY CONVERGENCE RATE X

C  NITMAX = MAXIMUM ALLOWED NUMBER OF ITERATIONS AT ANY X

C  riME STEP (PRINT ERROR MESSAGE AND EXIT) X

C  NITLO = NUMBER OF ITERATIONS FOR INCREASING DQMAX X

C  NITHI = NUMBER OF ITERATIONS FOR DECREASING DQMAX X

C  X

C  INPUT FORMAT (1515) X

C  X
CX-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X

C

R£AIi(5j330)CHI0jCHIF?DQMAX>DQFCTUjDQFCTD

URITE(6»240)

URITE(6j330)CHI0jCHIFjDQMAX.DQFCTUjDQFCTD

READ ; 5. 330) THETA»DC IMP,. EPS ? CHI MIN

WRI TECS'300)

WRITE(6'330)THETA j DCIMP,EPS» CHIMIN

READ(5 j 310)I OP T.NITMAX j NITL 0»NITHI

WRITE(6'290)

WRITE (6» 310) I OP TNITM AX j NITLO' NITHI

CHIO=CHIO/TIMZRO

CHIF=CHIF/TIMZRO

DCIMP=DCIMP/TIMZRC

CHIMIN=CHIMIN/TIHZRO

C

cx-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x-x

C  X

C  DEFINE OUTPUT CONTROLS X

C  X

C  IPRMP = NO. OF INTEGRATION STEPS BETWEEN OUTPUT PRINTS X

C  IPRNT = PRINT FLAG X

C  0 — PRINT ALL INTERMEDIATE STEPS X

C  1 — PRINT DATA REFLECTION AND SOLUTION ONLY X

C  IMPLOT = OUTPUT FLAG FOR MULTI TIME STEP PLOTS X

C  0 — OUTPUT FOR FINAL STEP ONLY X

C  1 — OUTPUT FOR INTERMEDIATE STEPS ALSO

C  X

C  INPUT FORMAT (1515) X

C  X
CX-X-X-X-X-X-X-X-X-X-X-X-X~X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X-X
p

READ(5'310)IPRMP jIPRNT»IMPLOT

y R11 E (3 • 3 2 C )

WRITE(6.310)IPRMP.IPRNT.IMPLOT

WRI IE < 6 . 410) ( X (I) .' I = 1 I NODE )

WRITE(S.420)(AREA(I).1=1.NNODE)

W RIT E ; S f 4 4 0) TIT L E. K. N N 0 D E j T H E T AD Q M A X

IFCIPRNT .EQ. 0) URITE(6.450)

CALL FESOLV

V
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C  FOLLOWING TERNS REQUIRED FOR USE ON DEC-IO

C

C  CLOSE (UNIT=5)

C  CLOSE (UNI1=6)

C  CLOSE (UNIT=9)

RETURN

90 WRITE(6 j 460)PEXIT j PRS0(NN0D1)j XNN(NNODI)

STOP

100 FORMAT(15)

110 FORMAT(20A4)

120 F0RMAT(////j28Xj20A4i.//j2SX.20A4)

130 F0RMAT(//j10X, INPUT DATA REFLECTION %%',//)

140 F0RMAT(2X»'KjNELE1»NPRjID3' )

150 FuRMAT(/»'NINBCR NINBCM NINBCG NINBCF")

155 FORMAT(/y'NOUBCR NGUBCM NOUBCG NOUBCP')

160 FORM AT (/ ,2%,'I DODRM -1DS j IAR, JPMJRR »JRM '' )

170 F0RMAT(/j1X>'NFIX' )

100 FORMAT ( /.. 2X - '■ IPRTQ (I) ' )
220 F0RMAT(/j3X.'RHOl(I) ' )
230 F0RMAT(/j3X» 'PHI(I) ' )
24(? F0RMAT(/j4X. 'TIME INITIAL'» 4Xj ' TIME F INAL ' ? 6X» ' DQMAX ' • 9X ?

1  'DGFCTU'»9Xj 'DQFCTD' )
250 F0RMAT(/6Xj 'ANUlRF'j1 OXj'ANUIMF'?lOX» 'ANUlGF ' )
260 FORMAT(/6X. 'ANU2RF'»lOX ? 'ANU2MF ' j1 OX ? ' ANU2GF ' )
270 FORMAT(/6X» 'ANUlRJ'»1 OX»'ANUlMJ'j1 OXj 'ANUlGJ' )
2S0 F0kMAT(/6Xj 'ANU2RJ' jIOXj 'ANUOMJ' ..IOXj 'ANU2GJ' )

290 F 0 R M A T (xM X » ' 10 P T J NIT M A X 5 NIT L 0»NI T HI')

300 F0RMAT(/.5Xj 'THETA' jllX. 'DCIMP'i.l2Xj 'EPS' »9X> 'CHIHIN' )
310 FORMAT(1515)
320 FORMAT(/, ' IPRMP?IPRNT»IMPLOT ' )
330 F0kMAT(5D15.5)

340 FORMAT( 6X?'PEXIT' )
> 6 X ?350 FORMAT(/'

3 6 0 FORMAT(/? 6 X > 'Y P'
370 FORMAT (/.6X.i 'XM'

380 F0RMAT(/!6Xf 'YM')
390 FORMAT (x^6Xj 'PRO')

400 FORMAT (/I.6XI. 'NEM')
410 FORMAT (IHl»lOX. 'AXIAL DISTANCE ' j ./>( 1X j SD16 , 6) )

420 FORMAT(//»SXj 'C» S» AREA'»/j(IXjSDl6»6))
430 FORMAT(,/i.lX» 'ICGEN' )

4 40 F 0 R M A T(1H1J 2 8 X.2 0 A 4 J/»
1  35Xj '*<: degree OF FINITE ELEMENT BASIS = ■' jI2j/j
2  35X.'*:* NUMBER OF NODES IN DISCRETIZATION = ' ..I5j/.

3  35X> '«4; THETA = ' ? F6 . 4 j / j 35X j ' DQMAX ='jD12.4j/)
450 FORMAT (//5X ' NODAL COORDINATES ' .. / )
460 FORMAT(////./?lX. 'ONE DIMENSIONAL ASSUMPTIONS VIOLATED. ' j

1/.1Xj 'GIVEN EXIT PRESSURE • - ?D15.6 .

2' . IS LESS THAN THE CALCULATED EXIT PRESSURE» 'j D1 5 . 6
3'UrrH SUPERSONIC OUTLET CONDITIONS? MACH NUMBER ='?D15,6)

470 FORMAT(I5?3D15.5)

480 F0RMAT(2I5-5r!i5,5)
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4? 0 FORMAT (./2X» ' NREG j TEMP IN')

500 FORMAT (■ ./2X j ' ISTART ? ISTOP ? RHO »XMOM - PRS '

510 FQRMAT(/2X» 'ISHKjTEMP IN»PRSINjXMDOT ')

520 F0RMAT(/2Xj 'ISHK»TEMPIN,PRSINjXMN(1) ' ;
560 F0RMAT(/2X» 'IPEXIT')

END
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C

c

SUBROUTINE FESOLV

NEWTON ITERATION (J'^DELTAQ = -F) AT TIME STATION Jfl

IMPLICIT REAL*8(A-HjO-Z)

COMMON/DATA/ CHIOjCHIF»THETAjDCIMPjEPS»CHIMIN?DQMAX?DQFCTU-

1  DQFCTDjPEXIT.

2  ANU2RF»ANLi2MF?ANU2GFi.

3  ANUIRFjANUIMFjANUIGFj

4  ANLI2RJ»ANU2MJ>ANU2GJj

5  ANUlRJ.ANUiMJjANUlGJ

COMMON/ARRAYS/ RHOl(201)? XMOMl(201)j G1(201)? PRSl(201)»

1  RHOO (201). XMOMO (201). GO ( 201) .. PRSO (201) .

2  0MAT(9) ,FR(201) i.FM(201) ,.FP(201) jFG(201) ? RHT(S04 )

COMMON/MULT/ X(201)jXP(10)? yp(10)« XM(10)» YM(10)?

1  PRG(10)» XMN(201)j AREA(201)jI START(4)?I STOP(4)

COMMON/ARRAYI/ IPRTQ(201).NEM(10).NFIX(2)

COMMON/IARRAY/NDOFELjNTMAT.NTMATR.NELEI.ISRC

1  NINBCR.NINECM.NI NEC G > NINECP.

2  NOUBCR.NOUECM.NOUECG ? NOUECP

CuMMON/1 DAT/' NBAND ? NNUDE > I NODE ? K j IPRNT«IMPLOT. XI. NPR ICGEN.

1  NITMAXjIPRMP.NEANDl.IRMX.IMMX.IPMX?IGMX.lOPT.NITLO.

2  NITHI.H.yMAX.NREG,ISHK

COMMGN/SWITCH/ID'v'DRMi. IDS. lAR . JPM. JRR. JRM

COHMON/NONDIM/TZERO.RHOZRO.PZERO.GZERO.CSNDO.TIMZKO.ASTAR.

1  XMZERO.XMDOTO.TEMPIN.PRSIN.XMDOT

COMMON/U E R M A X/ IJ B10 M X > U E11M X

COMMON/MAT/ A200E(9).A201E(9).A21OE(9).A21 IE(9) .

1  A3000E(27).A3001E(27) .A3010E(27)fA3100E(27).

2  A3011E(27)5A3110E(27).A3101E(27)jA30E(9).

3  A40000(IS).A40001(16) jA40010(16).441000(16).

4  Q40001(S1).A10E(3)

DIMENSION ORHOCOl) .UXM0M(201) ..UPRS(201) .UG(201)

DIMENSION QQRHO (201). lJUXMOM (201). UUPRS (201) . UUG (201)

DIMENSION IJ0EL(201) .TEMP(201)

IPMIJLT=1000

NriGFEL = KTl

OBTAIN INTEGER HYPERMATRIX DATA FROM BLOCK DATA AND

DIVIDE BY COMMON DENOMINATOR

CALL ELMAT

INITIALIZE SOLUTION PARAMETERS

ro=CHIO

rF=CHIF

H = DC I HP

LXYZ=-1

,.J F IM = 0

KPIM=0
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NIT0TL=0

IRCHriS=0

no 10 i=ijNNonE

UUXMOM(I)=XMOMO(I)

!jLiPRS(I)=PRSO<I)

LIUG(I)=GO(I)

(.iaF;HO(i)=F;HOO(i)

UXMOM(I)=XMOfiO<I)

UFRS(I)=PRSO(I)

UG(I)=GO(I)

QRHO(I)=RHOO(I)

RH01(I)=RH00a)

XHOHl;'I)=XMOHO(I)

Gl(r)=GO(I)

10 PRSl(I)=PRSO(I)

Nr-:ANDl=NBANri-l

IFdPRMT .Efi, 0)

C  IFCIPRMP ,GT. 2) URITE(4.1190)

TCHI=CHIO*TIMZRO

TnCIMP = DCIMP^:TIHZRO

URITE(6j200)TCHIjTriCIMp!TIMZR0

C

C  OUTPUT niSCRETE SOLUTION INITIAL CONDITIONS

C

CALL OUTPUT

IFdOPT »EQ, 2)DQMAX=riQfiAX/DQFCTU

C

C  SET UP FOR FIRST ITERATION AT TIME STEP J+1

C

20 T1 = T0-I-H

TIME1=T1*TIMZR0

HTIME=H^:TIMZR0

JPIM=JFIM+1

KPIM=KPIM+1

UMAX=O.ODOO

DO 30 I=1jNN0DE

yEL=XMUHOd)/RHOOd)

IF (UMAX dT , DABS (UEL) ) UMAX=yEL

Xni"jMld)=XMOMOd.>

PRSld)=PRSOd)

Gld)=GOd)

30 RHOl d)=RH00d)

IF(UMAX ►LT. 0dD00)UMAX = l .ODOO
IF! [OPT .NE. 2) GO TO 35
IFddT dT. NITLO)DQMAX=DQMAXIDC!FCTU
IF-:NIT ,GT. NITHI)DQMAX=DQMAX/DQFCTD

35 NIT=1

C  EXECUTE FIRST NEWTON ITERATION TO DETERMINE DELTAQ AT J-fl
C

NITOTL^NITOTLfl

CALL FANDJ(H j LXYZ» DELRMX? DELMMX j DELPMX,DELGMX dl.NIT)
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WRITE(6j40)

40 FORMAT(IX)

IFdOPT .EQ, 0)00 TO 60

DELQ=DMAX1 (DAE:3(DELRMX) diAES(DELMMX) j

%  DABS(DELGMX).DABS(DELPMX))

T1=T1-K

QDEL=DQMAX/DELQ

H=H*ODEL

T1=T1+H

TIME1=T1*TIH2R0

HTIME=H^:TIMZR0

DELRMX=DELRMX;*QDEL

DELMMX=DELMMX*QDEL

DELGMX = DELGMX;'):QDEL

.OFLPMX=DELPMX:«tQDEL

J=-3

no 50 1=1jNNODE

J = -.J 4

RHOl (I) =RH00 (I) +GIDELif:RHT ( J)

XMOMl(I)=XMOMO(I)+QDEL*RHT(J+1)

61 (1) = 00 (I) +C!DEL*RHT ( J+2)

50 i-'KSl (I) =PRSO (I) +QD£L*RHT ( J + 3)

60 URITE (6 J190) TIMEl j HTIME j NITi- DELRMX j IRMX j DELMMX j IMMX j DELGMX j

4: IGMX.DELPMX.IPMX

C  EXECUTE REMAINING NEWTON ITERATIONS TO NITMAX OR EPS

C

DO eo I=2jNITMAX

NIT = I

NIT0TL=NIT0TL+1

CALL FANDJ(HJLXYZJDELRMXJDELMMX*DELPMXODELGMXjTIjNIT)

URITE ( 6 190) TIMEl J HTIME ? NIT. DELRMX * IRMX * DELMMX * IMMX * DELGMX j

%  IGMXjDELPMX*IPMX

IF(DAES(DELRMX) .GT» EPS) GO TO 35

IF(DABS(DELMMX) .GT. EPS) GO TO 85

IF(DABS(DELPMX) .GT, EPS) GO TO 35

IF(DABS(DELGMX) .GT, EPS) GO TO 35

GO TO 90

35 IF(I .EQ, NITMAX)60 TO 240

30 CONTINUE

90 CONTINUE

C

C  NEWTON HAS CONVERGED TO EPS. PRINT OUTPUT IF DESIRED

C

if-:ti .gt, tf) go to lOO

IF(DABS(TF-T1) .LT. CHIMIN) GO TO 100

IF(JPIM .LT, IPRMP) GO TO 120

JP1M=0

100 IF',IPRMP .GT. 2) WRITE(S»230)

XMOMAX=0.0

DO 110 I=1*NN0DE

IFCDAESCXMOMKD/RHOKI) ) .GT. XMOMAX) XMGMAX=
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1DABS(XM0H1(I)/RH01(I))

110 CONTINUE

U RIT E (6 j 210 ) TI ME 1 j HTI ME, TI ilZRO j N no TL j KPIM

C

C  COMPUTE NORMS AND OUTPUT DISCRETE SOLUTION

C

CALL OUTPUT

120 CONTINUE

IFdl .GT. TP) 60 TO 150

IF(DABS(TF-T1) ►LE. CHIMIN) GO TO 150

IF(H ,LT. (TF-T1))G0 TO 130
H=TF-T1

I0PT=0

IMPL0T=1

C  SOLUTION STEP COMPLETE. SET UP ARRAYS FOR NEXT TIME STEP
C

130 T0=T1

DO 140 I = nNNODE
UUXMOMCI)=UXMOM(I)

UUPRS(I)=UPRS', I)

UUG(I)=UGTI)

QQRHO(I)=ORHO(I)
UXMOM(I)=XMCMO(I)
UPRS(I)=PRSO<I)

UG(I)=GO(I)

QRHO(I)--:RHOO(I)
XMUM0(I)=XM0M1(I)

PRS0(I)=PRS1(I)
G0(I)=G1(I)

140 RHCO{I)=RH01(I)

GO TO 20
C

C  RETURN TO FIRST ITERATION AT NEXT TIME STEP
C

150 CONTINUE

IFCIRCHDS .GT, 0) 60 TO 180
C
C  IF FINAL TIME IS REACHEDj HALVE TIME STEP AND

C  CALCULATE RICHARDSON STEP SOLUTION
C

ISO H=H/2.D00

DO 170 I=1.NN0DE
XMOMO(I)=UXMOM(I)
PRSO(I)=UPRS(I)
G0(I)=U6(I)

RHOO(I)=QRHO(I)

XM0M1<I)=UXM0M(I)
PRS1(I)=UPRS(I) ^
GU I) = U6(I)

170 RHOl(I)=QRHG(I)

IRCHIiS = IRCHDS + l
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IHPLOT^O

JPIM=0

KPIrt=0

NIf0TL=0

IPPMP=2

GO TO 20

ISO CONTINUE

F;ETURN

240 yRITE(6i.250)KPIM

STOP

190 FORMAK 2X ? DIG . 3 j 2X > D10. 3? 13 j 4 (Dl 5 ,5»15) )

200 FORMAK iX>'TIME = ' KH 0 ,3 lOX j ' STEP SIZE = 'jDS.3.

ilOXj'TIME ZERO ='»ri8,3)

210 FORMATdHl jOIX.'TIME = ' . DIG . 3 > 6X. ' STEP SIZE = '-DS.S?

liX.'TIME ZERO ='»£i8.3j6Xj'ITERATIONS = ' 13 jSX j ' STEPS = '?

213)

220 FORMATdHl)

230 FORMAT(//)

250 F0RMAT<////7T0Xj'MAXIMUM NUMBER OF ITERATION EXCEEDED AT'?

t  'TIME STEP NO. ',15)

END
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SUBROUTINE FANDJ(DCHIj LXYZ j DELRHX j DELHMX? DELPMX j DEL6HX ?

1  TIjNIT)

C

C  FORMATION AND ASSEMBLY OF NEWTON ALGORITHM RIGHT HAND
C  SID£(-F) AND BLOCK BANDED JACOBIAN<J)

C

IMPLICIT REAL-*S(A-HjO-Z)

COMMON/DATA/ CHIOjCHIP»THETAjDCIMP>EPS»CHIMINjDQMAX<DuFCTU;

1  DQFCTDjPEXIT..

2  ANU2RF>ANU2MFjANU2GFJ

3  ANUIRF.ANUIMF'ANUIGF.'

4  ANU2RJjANU2MJ?ANU2GJj

5  ANUlRJj ANU1MJ..ANU1GJ

COMMON/ARRAYS/ RHOl(201)»XMOMl(201)jGl(201)-PRSl(201)»

1  RHOO (201) XMOMO (201) . GO (201) > PRSO ( 201) •

2  OMATC?)?FR(201)7FM(201)jFP(201)jFG(201)jRHT(804)
COMMON/MULT/ X(201) > XP(10)-YP(10)> XM(10)? YM(10)j

1  PRG(IO)JXMN(201)fAREA(201)»ISTART(4)jIST0P(4)

■  C 0 M M 0 N /■ A R R A YI / IF' R T Q (2 01) r N E M (10 ) ,. N FIX ( 2)
CCMMON/IARRAY/NDOFEL'NTMATjNTMATRjNELEIjISRC

1  NI N B C R NIN B C M J NIN B C G . NIN B C P .
2  NOLIBCRjNGUBCMjNOUBCGjNOUBCP

COMMON/1 DAT/ NBAND j NNODE j INODEj K j IPRNT j IMPLOT j XI .• NPR j ICGEN >
1  NITMAXi. IPRMPjNBANDI J IRMXj IMMX j IPMX j IGMX j IOPT j NITLO »
2  NITHI. H. UMAXNREG»ISHK

C 0 M M 0 N / S WIT C H /1D y D R M JID S f IA R J J P M J J R R J J R M ■
COMMCN/NCNDIM/TZERO..RHOZRO.PZERO>GZEROjCSNDOjTIMZROjASTAR?

1  XMZEROjXMDOTO»TEMPINfPRSINjXMDOT
C 0 M M 0 N / LI B R M A X / U B10 M X ? Li B11M X
COMMON/MAT/ A200E(9)jA201E(9)?A210E(9)>A21IE(9)?

1  A3C00E ( 27) . A3001E( 27) ,. A301OE(27) j A31OOE (27) j
2  A3011E(27),A3110E(27)jA3101E(27)»A30E(9)j
3  A4000()( 16) . A40001 ( 16) J A40G10( 16) >441000( 16) -
4  040001(31)>A10E(3)

DIMENSION 0RH0(201)>UXM0M(201).UPRS(201)>UG(201)
DIMENSION QQRHO(201)? UUXMOM(201)? UUPRS(201)? UUG(201)
DIMENSION LiUEL(201) .TEMP(201)
DIMENSION DSMAT(SS44).INK804),SMAT(18492)
DIMENSION SJRRnCOS) .SJMM( 1005) .SJGG( 1005) jSJPPC 1005)
DIMENSION S J R M(10 0 5).S J M R( 10 0 5).S J M P(10 0 5)
DIMENSION SJGR( 1005).SJ6M(1005).SJGP(1005)
DIM E N S10 N S J P R (10 0 5) . S J P M ( 10 0 5). S J P G ( 10 0 5)
DIMENSION XMOMJl(3).XMOMJO(3).ALGARE(3)
DIMENSION AyELJl(3).AyELJ0(3)
dimension SxMJ0(3) .SXMJl(3)
DIMENS ION PRSJO(3).PRSJl(3)> DELJO(3).UELJl(3)
DIMENSION RH0EJ0(3).RHOEJl(3).GELJ0(3).GELJ1(3)
DIMENSION AR401(27)

DIMENSION D2MAT(9).D3MAT(27).X210E(9)
DI ME NSI ON T''~r ( 3). XFR ( 3) . TFM ( 3) . XFM ( 3) . TFG ( 3) ? XFG ( 3) . EPF ( 3)
DIMENSION eJRR(9)jEJRM(9).EJMR(9).EJMM(9).EJMP(9)
DIMENSION EJGR(9).EJGM(9).EJG6(9).EJGP(9)
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DIHENSION EJPR(9)jEJPM(9)jEJPG(9)jEJPP(9)

DIMENSION DFRJO (9) j DFRJl (9) DFM JO ( 9 ).j DFMJl (9) j DFP (9 )
DIMENSION DFGJ0P(9) jDFGJ1P<9) jDFGJ06(9) ..DF6JiG(9)

DIMENSION XJRR(9) .XJRM(9) ..XJMR(9) »XJMMV(9) iiXJMMM(9)
DIMENSION XJGG(9)?XJGR(9).XJGM(9)

C

c  SWITCHES FOR CHANGING FORMULATION OF JACOBIAN

C

C  IDUDRM = SWITCH FOR FORMULATION OF DU/DR AND DU/DM

C  0 — ORIGINAL

C  1 — REVISED

C  lAR = SWITCH FOR INCLUSION OF AREA TERMS IN JGPj
C  JGRj AND JGM

C  0 -- NOT INCLUDED

C  1 -- INCLUDED

C  JPM = SWITCH FOR INCLUSION OF MOMENTUM TERM IN JPM
C  0 — NOT INCLUDED

C  1 — INCLUDED

C  JRR SWITCH FOR INCLUSION OF SPATIAL DERIVATIVE
C  TERMS IN JRR

C  0 -- NOT INCLUDE

C  1 -- INCLUDED

C

C

C

c

SET JACOBIAN PARAMETERS AT CORRECT VALUES

IDVDRM=1

IAR = 1

JPM=1

JRR = 1

C

C  SET UP ASSEMBLY PARAMETERS

DyiiRM=FLOAT<IDVDRM)

DCH£TA=DCHIS:THETA

DC0MTA=DCHI*(1.0D00-THETA)

DELRMX=O.ODOO

riELMMX=O.ODOO

DELPMX=0»0DO0

D:l'LGMX--0. ODOO

NK0UB=NBAND'4:NN0DE

DO 10 I=1.MTMAT

D3HAT<I)=A30E(I)-A3010E(I)

10 CONTINUE

L.-

C  ZERO OUT PREVIOUS DATA

C

DO 20 I=1jNR0WB

SJRR(I)=O.ODOO

SJMM(I)=0.ODOO

SJGGd )=OfODOO

SJRM(I)=O.ODOO
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SJHR(I)=0,ODOO

SJMP< i)=o»orioo

S J G R (I) = 0 10 D 0 0

3JGH<I)=0»0D00

sjGpa)=o»orioo

3JPR(I)=0.0ri00

sjpM(i)=o»ortoo

SJPG(I)=0,ODOO

20 SJPP(I)=0,0D00

DO 30 I=1>NN0DE

FM(I)=0,OriOO

FP(i)=o»orioo

FG(I)=O.ODOO

3 0 F R (I) = 0» 0 D 0 0

C

C  START BASIC ELEMENT LOOP TO FORM -F AND J
1.:

DO 150 IEL=1jNELE1

JK0UNT=(IEL-1)*K

DELTXE=X(IEL+1)-X(IEL)

BARM=0.0D00

BARR=O.ODOO

EM2=0.()D00

S1R=0»0 D 0 0

C

C  INITIALIZE ELEMENT WORKING ARRAYS

C

DO 40 K1=1»ND0FEL

JK=JKOUNr+Kl

RHOEJO(K1)=RHOO(JK)

RH0EJ1(K1)=RHG1(JK)

IF(K »EQ» 1) BARR=BARR+0,5D00-^!RH0EJl(Kl)*(l,D00-DyDRM) +

1  AlOE(K1)/RHOEJ1(K1)^DODRM

IF<K »EQ, 2) BARR=BARR+A10E(K1)*RH0EJ1(K:1)*(1,D00-DVDRM) +

1  A1OE(K1)/RHOEJ1(K1)*DVDRM

XMOMJO(Kl)=XMOMO(JK)

XMOMJl(K1)=XM0M1(JK)

IF(K .EQ. 1) BARM=BARM+0»5D00*XM0MJ1 (Kl )^:(1 .DOO-DyDRM) +
1  A10E(K1)*XM0MJ1(Kl)*DyDRM/<RHOEJl(K1)*RH0EJ1(K1))

IF(K ,EQ, 2) BARM=BARM+A10E(Kl)*XMOMJl(Kl)4:(l,DOO-DyDRM.U
1  A1 OE (K1) *XMOM J 1( K1) :^:DyDRM/ (RHOE J1 (K1) )|:RHOE J 1( K1) )

y£LJO(Kl)=XMOMO(JK)/RHOO(JK)

VELJI(K1)=XH0M1(JK)/RH01(JK)

aLGARE(K1)=DLGG(AREA(JK) )

GELJO(Ki)=60(JK)

GELJl(Kl)=Gl(JK)

PRSJOCKl )=PRSO(JK)

PR3J1(Kl)=PRS1(JK)

SXHJl(Kl)=DSIGN(1.ODOOj XMOMJl(Kl))

SXMJO(Ki)=DSIGN(1.ODOO ? XMOMJO(K1))

40 CONTINUE

B A R 2 = B A K RtSARR
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EH2=E:ARM./EAR2^c (11 DOO-DUriRM)+BARH:^DMriRH

B1R=( 1 »riOO-riV£iRH)/BARR-fEARR*riyDRM

SBh'2=HSIi3N<l ,0D00»BM2)

SE1R = D31GN(1, OBOO > B1R)

UBRFC1=0225D00

IXi: = l

no 50 Kl = l.-NriOFEL

AOELJO(K1)=DABS(UELJO(K1)/MMAX)

IF(AUELJO(Kl) .LT» O.IBOO) 1X1=0

AUELJ1(K1)=DABS(VELJ1(K1)/OMAX)

IF(AyELJl(Kl) .LT» O.IBOO) 1X1=0

50 CONTINUE

C

C  PERFORM HYPERMATRIX MULTIPLICATION CLOG(AREA)3*1A410003
C

L=0

IF(K ,EQ, 2) GO TO 70

no 60 1=1»NTHAT

AR401(I)=O.ODOO

no 60 J=ljNnOFEL

L = L + 1

AR401(I)=AR401(I)+A40001(L)*ALGARE (J)

60 CONTINUE

60 TO ?0

70 DO 80 I=1?NTMAT

AR4Ol<I)=0»0n00

no so J=l,NnOFEL

L = L + 1

AR401(I)=AR401(I)+Q40001(L)*ALGARE ( J)

SO CONTINUE

90 CONTINUE

IF(lEL.EQ»NELEl)nSMAT < NTMAT)=D3MAT(NTHAT) +1,ODOO

C

C  ZERO ELEMENT ASSEMBLY MATRICES

C

DO 100 I=1»NTMATR

IK=(I-l)*NnOFEL

nFRjo(i)=o.onoo

nFRJi(i)=o»onoo

DFMJO(I)=0,0D00

DFMJK I) =0^01100

DFGJ0P(I)=0,0n00

nFGJiP(i)=o.onoo

nFGJOG(i)=o,onoo

DFOJ1G(I)=0»ODOO

riFpi: I) =0.0000

XJRK(I)=0.0n00

XJRM(I)=O.OnOO

XJHR(I)=O.OnOO

XJMMU(I)=O.OnOO

x-jMmm (I) = 0. onoo

LJPM'I)=0.onoo
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EJPR( I) =0.01100

EJGP(I)=O.ODOO

XJGG(I)=O.ODOO

XJGRCI)=O.ODOO

XJGMd )=0.0D00

D2MAT(I)=0,0000

DO 100 j=l)NriOFEL

.  Kl=IKfJ

C

C  PERFORM PREMULTIPLICATION OF [A3—-] MATRICES

C

D2MAT(I)=D2MAT(I)+D3MAT(K1)

DFR JO (I) =DFR JO (I) +ANU2RF1: (A3011E (Kl) *AVEL JO ( J) +

t  IDS*A3110E(K1)-^VELJ0( J) ) +

t  AR401(K1)*VELJ0(J)

DFRJK I) =IiFRJl (I )+ANU2RF:* ( A3011E( Kl) )t:AVEL J1 (J) +

t  IDS*A3110E(K1)*yELJl(J))F

t  AR401(K1)*VELJ1(J)

DFM JO (I) =IiFM JO (I) -f ANUOMFi: ( A301 IE < Kl) :^:AVEL JO (J) t

t  SXMJO( J)*IDS)CA3110E(K1 )*VELJO( J) ) +

t  (D3MAT(K1)+AR401<K1))^OELJO(J)

DFMJl(I)=DFMJ1(I)+ANU2MF*(A3011E(Kl)*AyELJl ( J) +

t  S X H J 1( J) ̂: ID S * A 3110 E (K1) ] E L J1 (J) ) +
t  (D 3 M A T(K1)+ A R 4 01(K1))^ 0 E L J1(J)

DFGJOP(I)=DFGJOP <I)P(D3MAT(Kl)+AR401CKl))*VELJO(J)

OFGJIP(I) =riFG J1P(DP (Ii3MAT(K1) PAR401 (Kl) ) ̂OEL J1 (J)

DFGJOGCI)=DFGJ0G(I)PANU2GF*(A3011E(K1)*AUELJO(J)P
:j; I DS*A311OE (Kl) ̂cVEL JO ( J)) P

(D3MAT(K1) PAR401 (Kl)) *VELJO( J)

IiFGJlG(I)=DFGJlG(DPANU2GFI(A3011E(Kl )*AVELJ1( J)P

¥  ID S ¥ A 3110 E < K1)* 0 E L J 1( J)) P

i- (D3MAT(K1 )PAR401(K1) )^:0ELJ1 ( J)

DFP(I)=riFP(DP0.2SD00A:CELTXE*yELJl(J)*A3000E(Kl)

X JRR (I) = X JRRCI) P (ANU2R J* (AVEL J1 (J) ̂:A3011E (Kl) P
10 S ̂ 0 E L J 1( J) ̂: A 3110 E (K1) ) P A R 4 01 (K1) )|: 0 E L J1 ( J) -

*  BM2SRH0EJ1 ( J)^:( (3BM2*A3110E(K1 )P

t  IDS*A3011E(K1))*ANU2RJPAR401(Kl)))*JRR

X JRM (I) =X JRM (I) P A31OOE (Kl) :PALGARE ( J)

P  P(1-IDS)*B1R*SB1R*A3110E(K1)*RH0EJ1(J)IANU2RJ

XJMR(I)=XJMR(I)-BM2*((D3MAT(Kl)PAR401(Kl))*XMOMJ1(J ) P
t  ANU2MJ*(SBM2:<:A3110E(K1 )*XM0MJ1 ( J)P

P. ni3PA3011E(Kl )PDABS(XM0MJ1 ( J) ) ))

XJMM'v'( I) =XJMMV(I) P ( D3MAT( K1) PAR401 (Kl) ) POEL J1 ( J) P
;p ANU2MJii:(IDSPA3110E(Kl)*MELJl( J)P

P  A3011ED;l ):):A0ELJ1 ( J) )

X JM M M(I)= X J M M M(I)P B1R P((0 3 M A T(K1)P A R 4 01(K1))P X M 0 M J1(J)P
4' ANU2MJ*(SB1R*A3110E(K1 )*XM0MJ1 ( J)P

*  ID3l:A3011E(Kl )PDAB3(XM0MJ1 ( J) )) )

EJPMc D=EJPM<I)PDELTXE*0.28D00P(yELJl(J)P

*. JPMPBIRPXMOMJI (J) )*A3000E(K1)

EJPR( I)=EJPR( I )-DELTXEP0.23D00*BM2!i:XM0MJl ( J)PA3000E(K1)

FJGP(I;=£JGP(I)PDCHETAPO,PDOOPOELJ1(J)P(D3MAT(Kl)P
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*  IAR»:AR401(K1) )

X J6G (I) =X J6G (I) -I- (D3MAT (K1) +AR401 (Kl) ) J1 (J) +

t  ANU2G J* (iri£*A3110E( Kl) ̂VEL J1 ( J) + A301 lE(Ki ) *AVEL Jl( J) )
X JGR (I) =X J6R (I) + (ri3MAT< Kl) +AR401 (Kl) +ANU2G J* (A311OE (Kl) ̂:SB«2 +
t  iriS:^A3011E(J)))*GELJl(J) +

*  0.4DOOii;PRSJl(J)i:(ri3«AT(Kl) + IAR*AR401 (Kl) )

X JGH (I) =X JGM (I) + ( D3HAT ( Kl) +AR401( K1) +ANU2G J;|: (A311 OE (K1) tSBl Ri
it; IDS*A3011E( J)) );):6ELJ1( J) +

t  0.4D00!|:PRSJ1 (J)*<D3i1AT(Kl ) + IAR!t:AR401 (Kl) )

100 CONTINUE

DO 110 I=1jNTMATR

X210E(I)=-D2HAT(I)

110 CONIINUE

no 120 I = l.NIiOFEL

ZERO OUT ELEMENT ASSEMBLY MATRICES

TFR(I)=O.ODOO

XFR(I)=O^ODOO

TFM<I)=0,0D00

XFH(I)=0.0D00

TFG(I)=O.ODOO

XFG(I)=0»ODOO

EFP(I)=0»0D00

no 120 J = l.NIiOFEL

Kl=(J-1)*ND0FEL+I

JK=JKOUNT+J

PERFORM POST MULTIPLICATION OF CA2—3

AND PREHULTIPLIED CA3 —3 MATRICES

TFR(I)=TFR(I)-DELTXE*(A200E(K1) + IXI#ANU1RF^:X210E(K1) )^:

*  (RH01(JK)-RH00(JK) )

XFR(I)=XFR(I)-DCHETA)):(D2MAT(K1)*(XMOM1(JK)+XMOMO( JK) ) +

t  DFRJl (KDitiRHOl ( JK)+DFRJ0(K1)*RH00( JK) )
TFM(I)=TFM(I)-DELTXE*(A200E(K1)+

IXISANU1 MF*X21 OE (K1)) * < XMOMl ( JK) -XMOMO (JK))
XFM(I)=XFM(I)-DCHETA!i:(D2MAT(Kl)*(PRSJl( J)+PRSJ0(J) )/1.4D00-}'

t  DFMJl(Kl)*XM0M1(JK)+DFMJ0(K1)*XM0M0(JK) )

TFG(I)=TFG(I)-DEL TXE*(A200E(Kl) +

IXI .CANU1 GF*X21 OE (K1)) * (• G1 ( JK) -60 (JK))

XF6( I) =XFG (I) -DCHETA^; (DFGJOG (Kl) tGO (JK) + DF6 JIG (Kl) :CG1 ( JK) +
t  ( DFGJOP(K1)*PR3JO(J)+DFGJ1P(K1)*PRSJ1(J))tO.4D00)

EFP(I)=EFP(I)-DELTXE*A200E(Kl)*PRS1(JK) +

DELTXE*.61 (JK ) •.♦:A200E (Kl) -DFP (K1) *XM0M1 ( JK )
E J R K(K1) = D £ L T X E *(A 2 0 0 E(K1) +1XI* A N U1R J * X 210 E(K1))P

*  DCHETA*XJRR(K1)

EJRMCKl )=nCHETAiC(D2MAT(Kl ) + IDS*ANU2RJ*A211E(Kl ) + XJRM(Kl) )
EJMP{K1)=DCHETA#D2MAT(Kl)/1.4D00
e:jmr(ki )=pcheta*xjmr(ki )
£ J M M (K1) = D E L T V E * ( A 2 0 0 E (K1) 11X U A N Li 1M F * X 210 E (K1) ) +

?; DCHETA* ( X JMMV (K1) +X JMMM (K1) )
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EJPPCKl )=riELTXE*A200E(Kl)

EJPG(K1)=-DELTXE*A200E(K1)

EJGG(K1) =DELTXE*(A200E(K1) +1XI*ANU 16J^!X21OE(Kl) ) +

t  DCHETA^XJGGCKl)

£JGR(Kl)=-IiCHETA*B«2!|:XJGR(Kl.'

EJGH(Kl)=DCHETA)f:BlR*XJGM(Kl)

120 CONTINUE

DO 130 I = l.'NriOFEl.

C

C  ASSEHBLE BLOCK BANDED GLOBAL JACOBIAN

P
u-

JI = JK0LINT+I

KISS=Jl!t:NBANril-K

DO 130 J=1»ND0FEL

I3=KIS3+JK0UNT+J

IE = H(,J-1)-^:ND0FEL

SJRR(IS)=SJRR(IS)+EJRR(IE)

S JNN (I S) =S JMH (I S) +E JMM (IE)

SJGG(IS)=SJGG(IS)+EJGG(IE)

3 JRM(IS)=S JRH(IS)+EJRM(IE)

SJMR(IS)=3JMR(13)+EJMR(IE)

3JMP(IS)=3JNPCIS)+EJMP(IE)

SJGR(IS)=SJ6R(I3)+EJGR(IE)

3JGM(13)=3JGN(13)IEJGM(IE)

3JGP(13)=3JGP(13) + EJGP(IE)

3JPR(13)=3JPR(13) + EJPR(IE)

3JPM(13) = 3JPH(13)+EJPM(IE)

SJPG(13)=3JPG(13) + EJPG(IE)

SJPP(13)=3JPP(13) + EJPP(IE)

130 CONTINUE

DO 140 I=1.ND0FEL
r

C  ASSEHBLE BLOCK FORMATION OF RH3

C

JI=JKOUNT+I

FH(JI)=FH(JI) + TFM(I)IXFMCI)

FP(JI)=FP(JI)+EFP(I)

FG(JI)=FG(JI)+TFG(I)+XFG(I)

FR(JI)=FR(JI)+ TFR(I)FXFR(I)

140 CONTINUE

D3MAT(1)=-A3010E(1)

150 CONTINUE

C

C  ABSEHBLY OF BLOCK MATRICES INTO GLOBAL MATRICES J AND -F

C  AND APPLICATION OF DIRICHLET BOUNDARY CONDITIONS

C

IF (NINBCR .En» 0) GO TO 170

L SET DIRICHLET C0NDIT0N3 ON DENSITY

C  AT THE INLET A3 SPECIFIED

DO 160 I=1.NBAND
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SJRM(I)=O.Ori 00

IF (I »EQ. (K+D) GO TO 160

b J R R (i) = 0 t 0 Ei 0 0

160 CONTINUE

FR(1)=0.0D 00

170 IF (NINECH »EQ. 0) 60 TO 171

C

C  SET DIRICHLET CONDITONS UN HOfiENTUH

C  Al" THE INLET AS SPECIFIED

C

DO 161 I=1jNBAND

SJNR(I)=OfOO 00

SJHP(I)=O.OD 00

IF (I .EG. (K + l .i) GO TO 161

SJMH(I)=O.OD 00

161 CONTINUE

FM(l)=O.Ori 00

171 IF (NINBCG .EG. 0) GO TO 172

C

C  SET DIRICHLET CONDITONS ON ENERGY

C  AE THE INLET AS SPECIFiED

C

DO 162 I=1jNBAND

SJGR(I)=O.OD 00

SJ6M(I)=0.0D 00

3JGP(l)=0.0r! 00

IF (I .EG. (K+D) GO TO 162

SJGG(I)=O.OD 00

162 CONTINUE

FG(1)=0.0D 00

172 IF (NINECP .EG. 0) GO TO 173

C

C  SET DIRICHLET CONDITONS ON PRESSURE

C  AT THE INLET AS SPECIFIED

C

DO 163 I=1»NBAND

3JPR(I)=0.0D 00

SJPH(I)=0.0D 00

SJPG(I)=O.OIi 00

IF (I .EG. (K + D) GO TO 163

C  SJPP(I)=0.0B 00

163 CONTINUE

FP(D=O.OD 00

173 IF (NOUECD .EG. 0) GO TO 190

C

C  SET DIRICHLET CONDITIONS ON DENSITY

C  AT THE OUfLEf AS SPECIFIED

C

DO ISO I = DNEAND

NED=NR0UB-I+1

SJRH(NED)=O.OD 00

IF (I .EG. (K + D) GO TO 130
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3JRR(NBD)=0^0ri 00

ISO CONTINUE

FR(NNOriE)=O.OD 00

190 IF(NOUeCH ,E0. 0) 130 TO 191

DO 181 I = l?Nf:AND

NEu=NKOUB-I+i

SJNR(NBD)=0.0000

3JHP(NBD)=0,0IiC0

IF(I .EQ. (K+D) GO TO ISl

3JMM(NBD) =0.01100

131 CONTINUE

FM(NNOIiE) =0.0000

191 IF(NOUBCG .EQ. 0) GO TO 192

DC 1S2 1=1.NBAND

NED=NR0WB-I+1

SJGR(NED)=0.0000

3J6H(NED)=0.0000

3JHP(NEO)=0.0000

IF(I .EQ. (K + D) 60 TO 182

3JOG(NBO)=0.0000

1S2 CONTINUE

FG(NNOOE)=0.0000

192 IFCNOUECP .EQ. 0) GO TO 193

C

C  3ET DIRICHLET CONDITIONS ON PRE3SURE

C  AT OUI'LEr A3 SPECIFIED

C

DO 163 I=1.NEAN0

NE.Li=NROyB-l-f-l

3JPR(NED.)=0.0D 00

SJPH(NEO)=O.OD 00

3JP6(NED)=0.0D 00

IF (I .EQ. (K + D) GO TO 1S3

SJPP(NE0)=0,0D 00

133 CONTINUE

FP<NN0DE)=0.00 00

193 NN001T=4:^:NNUDE

NBNDTT=15

IF(K .EQ. 2) NBNDTT=23

NBN0TH=(NENDTT-D/2

N R 0 U E T=N B N 0 T T N N 0 D1 T

C

C  ZERO OUT GLOBAL JACGSIaN MATRIX

C

DO 210 I=1.NR0UBT

210 SMAr(I)=0,0000

C

C  ASSEMBLE GLOBAL JACOSIAN MA IRIX

C

DO 220 I=1.NN0DE

K1 = 4:+NBNDTT+:(I-:L )
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I1=NBAND*(I-1)

DC 220 J=1?NBAND

J1=I1+J

K,l=Kl + 4

SHAT(K1)=SJRR(J1)

£.HAT(K1 + 1 )=SJRH(J1)

3HA T(K11NBNB TT-1)=SJMR(J1)

SMAT(KlfNBNDTT)=SJMH(J1)

S«AT(Kl + HBNriTT+2)=SJMP( Jl)

S/iAr(Kl + 2*NBNDTT-2)=SJGR( Ji)

SMAT(Ki + 2*NBNrfTT-l)=SJGH< Jl)

3iiAT(Kl + 2*NBNDTT)=SJGG(Jl)

SMAT(Kl + 2INBNIiTT+l)=SJ6P( Jl)

S n A T (K i + 3 * N B N B T T - 3) = S J P R < J1)

SrtAT(Kl + 3^;NBNriTT-2)=SJPH( Jl)

3HAT(Kl-!-3*NBNriTT-l )=SJPG( J1)

SHAT(K1+3*MBNDTT)=SJPP(J1)

220 CONTINUE

ASSEhBLE GLOBAL RHS (-F)

Kl=-3

DO 230 I = l»NNOriE

Kl=Kl+4

RHT(K1)=FR(I)

RHT(K1+1)=FH(I)

RHT(K1+2)=FG(I)

RHT(K1+3)=FP(I)

230 CONTINUE

C  URITE STATEMENTS USED FOR DEBUGGING

C  IF';NIT.NE.2)G0 to 260

C  URITE<6j240) (FR(L) ..L = 1»NN0DE)

C  WRITE(6 r 240)(FM(L)j L = 1» NNODE)

C  WRITE(6 j 240)(FP(L)j L = 1j NNODE)

C  «RITE (6240) < FG (L) j L = 1, NNODE >

2 4 0 F 0 R M A T ( / /. (2 X. 10 D12 . 3))

C  WRITE(4j240)SJRR

C  WRITE 240)3JMM

C  WRIT£(6j240)3JGG

C  WRITE(6.240)3JPP

C  URITE(6^240)SJRM

C  yRITE(6j240)SJMR

C  WRITE(6,240)SJMP

C  WRITE!6

C  WRITE! 4

C  WRITE(6

C  WRITE(6

C  WRITE(6

C  WRITE!6

C  WRITE!6

240)SJGR

240)SJGM

240)SJGP

240)3JPR

240)3JPM

240)SJPG

250)SMATT
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C

c

c

L

u

c

c

250 FORMAT(///j <1X j1SDS.1))

260 CONTINUE

ASSEMBLY REARRANGEMENTS COMPLETE,

CALL SOLVER FOR LINEAR ALGEBRAIC EQUATION SYSTEM

CALL BANKET (KSMAT INT» SMAT» NNODlT» NNODl T ? NBNDTH ? NBNDTT)

CALL BANKSL(KSMAT jI NT.RHT j SMAT j NNOD1T j NNODlT j NBNDTH-NBNDTT)

FIND VALUE AND NODAL LOCATION OF MAXIMUM DELTAQ(I)

C

C

C

DO 270 I=1jNN0DE

J=J + 4

IF(DABS(RHT(J)) ,GT. DABS(DELRMX))

IF(IiAfiS(RHT( J)) ,EQ, DABS(DELRMX))

IF(DABS(RHT( J + 1).) ,GT. DABS( DELMMX) )

IF(DhBS(RHT(JPl) ) .EQ,

IF(DABS(RHT(Jf3)) ,GT.

IF(DABS(RHT(J + 3)) ,EQ,

IF(DABS(RHT(J+2)) .GT.

IF(BABS(RHT(J + 2) ) .EQ,

DABS(DELMMX))

DABS(DELPMX))

DABS(DELPMX) )

DABSdiELGMX) )

DABS(DEL3MX.))

CALCULATE VALUES OF QI(P+1jJ+1)

X MOM 1 a)= XMO M1(I)t RH T(J+1)

PRS1(I)=PRS1(I)PRHT(J+3)

61 (I)=Gl(I)+RHT(J+2)

RHOl(I)=RH01(I) +RHT( J)

PRSi<:NNODE)=PEXIT

CONTINUE

RETURN

END

DELRMX=RHT(J)

IRMX=I

DELMMX=RHT(J+1)

IMMX=I

DELPMX=RHT(J+3)

IPMX=I

DELGMX=RHT(J+2)

IGHX=I
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SUBROUTINE ELMAT

GENERATION OF FINITE ELEMENT HYPER-MATRIX REAL DATA FROM

INTEGER ARRAYS STORED IN BLOCK DATA

IMPLICIT REAL^8(A-HjO-Z)

C0MM0N/AL/A3000L(S)jA3011L(S)jA3001L(S)>A3i0iL(S)jA3010L(3)

..A3100L<8) ?A31iOL(3) ..A3003L(S)

2  .P40000(16)> P40001(16)j P40010(16)F P41000(16)

COMM0N/AQ/A30O0Q(27;) fA3011L"1(27) .A3001Q(27) jA3010Q(27)

1  fA3100Q(27)fA3110Q(27)fA3003Q(27)

2  ..S40001(31 )

COMMON/IARRAY/NDOFELFNTMATfNTMATRjNELElfISRC

■ :i NliNBCK'FNINBCMFNINBCGFNINECpF

2  N 0 U f: C R F N 0 U £; C M F N 0 U B C 6 F N 0 LI B C P

CIJ M M 0 N /1D A T / N B A N D f N N 0 D E f IN 0 D E f K f IP R N T f IM P L 0 T f XI f N P R f IC G E N f

1  NITMAXfIPRMPfNBANDIfIRMXfIMMXfIPMXfIGMXfIOPTfNITLOf

2  NITHIF H F MMAX F NREG FISHK

COMMON/MAT/ A200E(9)f A201E(9)f A21OE(9)f A211E(9)f

1  A3000E(27) fA3001E(27) f A301 OE (27) f A3.1 OOE (27) f

2  A3011E(27)F A311OE(27)F A3101E(27)F A30E < 9),

3  A40000(16)fA40001(16)fA40010(16)fA41000(16)f

4  040001(31)fA10E(3)

DIMENSION DMAT(27)fAMAT(27)

NS1=K+1

NS2=NS1^:NS1

NTMATR=NDOFELj:NDOFEL

NTMAT=NTMATR:«:ND0FEL

A3OE(l)=-1.0D00

DO 10 I=2fNTHAT

10 A30E(I)=0,ODOO

C

C  SUBROUTINE BRANCHES ACCORDING TO DEGREE OF BASIS

C

IF(K ►EQ. 2)G0 TO 170
n
U-

C  FOR LINEAR BASIS FORMULATION
C

DO 20 I=1fND0FEL

20 A10E(I)=0.5D0C

C

DO 30 I=1fNTMAT

30 AMAT(I)=A3000L(I)/12fD00
C

C  SUBROUTINE SORT REARRANGES STORAGE FOR CONVENIENT
C  MULTIPLICATION LATER

CALL S0RT(AMATfDMATfNS1fNS2)
DO 40 I=lFNrMAT

40 A3000E(I)=DMAT(I)
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DO 50 I = l!.NTMAT

50 ArtAT(I)=A3011L(I)/2»D00

CALL SGRKArtATjIiMATjNSl jHS2)

DO 60 I = 1.<NTMAT

60 A3011E(I)=DMAT(I)
P
w

DO 70 I=lfNTMAT

70 AMAT(I)=A3001L<I)/6.D00

CALL SORTCArtATfDMATjNSljNS2)

DO 80 I=IjNTMAT

SO A3001E(I)=DMAT(I)

C

DO 90 I=1jNTMAT

90 AMAT(I)=A3101L(I)/2.DOO

CALL S0RT(AMAT»DMAT.NS1.-NS2)

DO 100 I=I,NTMAT

100 A31C1E(I)=DMAT(I)

C

DO 110 I=lfNTHAT

110 AMATa)=A3010L(I)/6,D00

CALL SORT(AMAT,D«ATi.NSl jNS2)

DO 120 I=1»NTMAT

120 A3010E(I)=DMAT(I)

C

DO 130 I=1.NTMAT

130 AMAT(I)=A3ilOL(I)/2 ̂ DOO
CALL SORTCAMATjDMATjNSIjNS2)

DO 140 I = 1,.NTMAT

140 A3110E(I)=DMAT(I)

C

DO 150 I=1jNTMAT

150 ArtAT(I)=A31OOL(I)/6 »DOO

CALL SORKAHATjDMATjNSI »MS2)

DO 160 I = 1'.NTMAT

160 A3100E(I)=DMAT(I)

C

60 TO 350

C

C  FOR QUADRATIC BASIS FORMULATION
P
v.-

170 A10E(1)=1.DOO/6.DOO

A10E(2)=4»DOO/6,DOO

A10E(3)=1»DOO/6.DOO

C

DO ISO I=1>NTMAT

ISO AMAT(I) =A3000Q(I)/420.DOO

CALL SORT(AMATjDMATjNS1,NS2)

DO 190 I=ljNrMAT

190 A3000E(I)=DMAT(I)

C

200 DO 210 I=l7NTMAT

210 AMAT(I)=A301IQ(I)/30,DOO
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CALL SORTCAHATjDMATjNSIjNS2)

DO 220 I=1jNTMAT

220 A3011E(I)=riMAT(I)

230 DO 240 I=1jNTMAT

240 AMAT(I)=A3001Q< I)/90,ri00

CALL SORKAHATjDMATjNSI ?NS2)

DO 250 I=1.NTMAT

250 A3001E(I)=DHAT(I)

260 DO 270 I=1jNTMAT

270 AMAT(I)=A3010Q(I)730,DOO

CALL S0RT(A«AT.D«AT»NSl!NS2)

DO 230 I=l»NTnAT

230 A3010E(I)=DfiAT(I)

290 DO 300 I=1>NTMAT

300 AHAT(I)=A311OQ(r)730.DOO

CALL S0RT(AHAT»DHAT>NS1jN32)

DO 310 I=l>NrMAT

310 A3110£(I)=DMAT(I)

320 DO 330 I=1,NTMAT

330 AMAT(I)=A3100Q(I)730.DOO

CALL SORT(AMAT> DMAT j NSl»NS2)

DO 340 I=1.NTHAT

340 A3100E(I)=DHAT(I)

350 CONTINUE

DO 360 I=1jNTMATR

A200E(I)=O.0DO0

A201E(I)=0,0D00

A211E(.I)=0.0D00

A210E(I)=0,0D00

DO 360 J=li'NDOFEL

K1 = (I-1)!(!ND0FEL + J

A200E(I)=A200E(I)+A3000E(K1)

A201E(I)=A201E(I)+A3001E<K1)

A211E(I)=A211E(I)+A3011E(K1)

A210E(I)=A210£(I)+A3010E<K1)

360 CONTINUE

DO 370 1 = 1 j16

A40000(I)=P40000(I)760.DOO

A40001 (I)=P40001 (I)712 »DOO

A40010(I)=P4O010(I)712.D00

370 A41000(I)=P41000(1)712.DOO

DO 380 1=1.81

330 Q4C001 (I.) =340001 (I) 7420 . DOO

RETURN

END
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SUBROUTINE SORKAHAT?DHATjNSl»NS2)

r

C  REARRANGE MATRIX ENTRIES COMPUTED FROM BLOCK DATA IN

C  ELMAT INFO ARRAYS DIRECTLY USABLE IN SUBROUTINE FANDJ

C

IMPLICIT REAL*8(A-HjO-Z)

DIMENSION AMAT(27) ,.DMAT(27)

DO 10 I=1?NS1

DO 10 J=1jNS2

Kl=(J-1)*NS1+I

K2=(I-1)^NS2+J

DMAT(K2)=AMAT(K1)

10 CONTINUE

RETURN

END
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SUBROUTINE OUTPUT

C  CALCULATION OF SOLUTION INTEGRAL NORMS

C  INCLUDES HOjHI jENERGYiI AND LI NORMS

C  OUTPUT OF SOLUTION IN INTEGER FORMAT

C

C

IMPLICIT REAL)KS(A-HjO-Z)

COMMON/DATA/ CHI0?CHIP>THETA>DCIMP•EPS?CHIMINjDQMAXjDQFCTU?

1  DOFCTDjPEXITj

2  ANU2RFiANU2MFjANU26F5

3  ANU1RF).ANU1MF,.ANU1GF.

4  ANU2RJjANU2MJ>ANU2GJ.

5  ANU1RJjANU1HJ..ANU1GJ

COMMON/ARRAYS/ RHOl (201)»XMOMl (201) j OK 201) ■> PRSl (201)»
1  RH00(201)>XM0H0<201)»G0(201)»PRS0<201)j
2  0MAT(9)jFR(201)jFM(201)fFP(201).FG(201)jRHT(S04)

COMMON/MUL I/ X (201) ? XP (10) ,. YP (10)»XM (10) . YM (10) j
1  PRG(IO)jXMN(201)jAREA(201)»ISTART(4)jISTOP(4 )

COMMON/ARRAYI/ IPR10(201)»NEM(10)»NFIX(2)
C0MM0N/IARRAY/ND0FEL>NTMAT>NTMATRjNELE1jISRC

1  NIN B C R j NIN B C M j NIN B C G j NIN B C P.
2  NOUBCRjNOUBCMjNGUBCGjNOUBCP

COMMON/1 DAT/ NBAND > NNODE j INODE ? K.»IPRNT» IMPLOTj XI > NPR .< ICGEN.»
1  NITMAXjIPRMPjNBANDI»IRMX>IMMXjIPMX?IGMXjIOPTjNITLOj
2  NrrHI»H..OMAX»NREG,ISHK

COMMON/SWITCH/IDVDRM.IDS^IARjJPMjJRRjJRM
COMMON/NONDIM/ TZERO j RHOI'RU • PZERO»GZERO.. CSNDOTIMZRO j ASTAR ?

1  XMZERO.XMDOTO,TEMPINj PRSIN ? XMDOT
C 0 M M 0 N / U B R M A X / U B10 M X j U B11M X
COMMON/MAT/ A200E(9)» A201E(9)»A210E(9)j A211E(9) j

1  A3000E(27) jA3001E(27) f A3010E(27) ..A3100E(27) -
2  A3011E(27)»A311OE(27)»A3101E(27)5 A30E(9),
3  A40000(IS)JA40001(IS)jA40010(16)>A41000( 1S) •
4  040001(81)»A10E(3)

DIMENSION QrH0(201 ) UXMOM( 201) • UPRS (201) ..UG(201)
DIMENSION QQRH0(201).UUXMOM(201)?UUPRS(201)»UUG(201)
DIMENSION UyEL(201).TEMP(201)
IPMULT=1000

C

C  ZERO OUT SOLUTION NORM LOCATION

U-

£NGRHO=O.ODOO
ENGM0M=0»0D00
I::ngprs=o.odoo

EN(iENG=OtODO()

HORHO^O.ODOO
H0M0M=0,ODOO

HOPRS=O.GDOO

HOENG=OfODOO

3L1RHO=O.ODOO
SLl,iCiM=0,0D00
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SLlENG=0,OriOO

SL1PRS=O.ODOO

CALCULATE SOLUTION INTEGRAL NORNS

DO 10 IEL=1jNELE1

K1=K*(IEL-1)

IiOX=X(IEL + l )-X(IEL)

OIiX=l .DOO/DOX

DO 10 J=1jND0FEL

rtl=Kl+J

SLlRH0 = SLlRH0+ri0X*A10E( J)iSRHOl(Ml)

SL1HOM=SL1MOM+DOX*A10E(J)-4:XNOM1<M1)

SL1ENG=SL1EN6+D0X*A10E(J.U61(M1)

SL1PRS=SL1PRS + D0X*A10E!'J>ifcPRSl(«l)

DO 10 L=1>ND0FEL

JL=(L-1)*NDCFEL+J

N2=K1+L

ENGRH0=ENGRH0+D0X:«:RH01(M1)*A200E( JL)*RH01 (M2)

ENGHON=ENbMOM+DOXi:XMOMl (Ml )*A200E< JL ) *XM0M1 (M2)

ENbPRS=ENGPRS+DOX*PRSl (Ml) *A200E ( JL) iJiPRSl (M2)

ENGENG=ENGENGtDOX*Gl(Ml)*A200E(JL)$G1(M2)

H0RHC=H0RHCT0DX*RH01(M1) !i:A21 IE ( JL ) *RH01 (M2)

HOMOM=HOMUMFODX:t:XMOMl(Ml )*A211E( JL)*XM0M1 (M2)

H0PRS=HCPRS+0DX^:PRS1(M1 )*A211E(JL);|cPRSl(M2)

10 H0£NG=H0ENG + 0DX*Gl(Ml):i:A211E(JL))l:Gl(M2)

ENGRH0=0.SDOSDABS(ENGRHO)

E N G M 0 M = 0 f 5 D 0 * D A E S ( E N G M 0 M 3

> N G P R S =■■ 0, 5 D 0 * D A B S (E N 6 P R S )
ENG£N6=0 , 5D0:j:IiABS (ENGENG)

HORHO=0.5DO#DAES(HORHO)

H0M0M=O . SDO^iDADS (HOMOM )
H 0 F' R S=0 . 5 D 0 D A [: 3 (H 0 P R S)

SLlRH0 = 0.5D00S:SLlKHa
3L1H0M---0.5000)KSL1M0M
SLIENG^O.SDGOISLIENG
SL1PRS-0.5D00I:£L1PRS

HOEN3=0»5DO!|;DABS<HOEN6)
HlRriO-ENGRHO + HORHO

HtMn;i=fc.NGMuMIHOMOM
HirK£=ENCPRSTHOPRS
Ml fc.M:j=tN0EN6+H0ENG

PRINT GUT DISCRETE SOLUTION ARRAYS IN INTEGER FORM

DO 20 K1=1jNN0DE

20 IPSru(Kl)=IPMULT*RH01(Kl)

WR:rE(6j260)RH0ZR0
30 URIrE(S*250)(IPRTQ(L).L=1?NN0DE)

DO 40 K1=1jNN0DE
LI U E L ( K1) = X M 0 M1 ( K1) / R H 01 (K1)

40 IPRTQ(K1 ) = IPMULT)(:UVEL(K1)
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WRITE(6j270)CSND0

50 WRITE(6 r 250)(IPRTQ(L)j L = 1j NNODE)

no 60 Kl = ljNNOriE

60 IP R r Q (K1) = IP H LI L T * X M 0 H1 (■ K1)
URITE(6j2S0)XnZER0

70 UP i I'E (6250) (IPRTQ ( L) j L = 1 j NNODE)
DO 30 Kl=l>NNOnE

S0 IPR r Q ( K1) = IPMUL T^:PRS 1 ( K1)
WRI(E(6.290)PZER0

90 WPI TE (6^250) (IPRTQ (L) L = 1 ? NNODE)
DO 100 Kl=l>NNODE

100 IPRTQ < K1 )=IPr1ULT:i:Gl(Kl)
WRIT£(6..300.)GZER0

110 ypl r£(6..250) (IPRTQ(L) jL = 1 .NNODE)
DO 120 K1=1.NNODE
TEMP (K1) =01 (K1) /RHOl (K1) -0 . 2SD00*UyEL (K1) KUOEL (K1)

120 IP R r Q (K1) = IP M U LI ■!): T E M P (K1)
WRrrE(6.340)T2ER0

130 WRIIE(6.250)(IPRTQ(L).L=1.NNODE)
C

C  INLET BOUNDARY CONDITION FOR HOMENTUM IS
C  ALirOMATiCALLY SET AS DIRICHLET IF
C  MACH NO. IS ANYWHERE GREATER THAN 1
C

NINBCM=0

no 140 1=1.NNODE

CSOLlND=DSaRT<PRSl (I)/RHOl (I) )
XNN(I)=UyEL(I)/CSOUND

140 IFCXHNd) ,GE. 1.ODOO)NINBC;M=1
DO 150 K 1 = 1.NNODE

150 IPRTQ(K1) = IPMULT*(XMN(K1))/10.DOO

WRI IE(6.310)

160 URITE(6.250)aPRTQ(L).L=l.NNODE)

DO 170 K1=1.NNODE

170 IP R T Q(K1) = 10 0 * A R E A(K1)

yRIlE(6.320)ASTAR
180 WRITE(6.250)<IPRTQ(L).L=1.NNODE)

Il:RMAX=0
&CX=H/(X(2)-X(1) )

DO 190 K1=1.NNODE

IPRTQ(K1)=10*nCX*XM0Ml(K1)/RH01(K1)
IF(IPRTQ(KM) .LE. ICRMAX) GO TO 190
ICRMAX=IPRTQ(K1)

190 CONMNUE

C  IFCICRNAX .GE, 30) CHIFCT=1.ODOO
WRl)'E<6.350)

200 WRITE(6.250)(IPRTQ(L).L=1j NNODE)

DO 210 K1=1.NNODE
210 IPRTQ (K1) =IPMULT*RH01 (K1) ^lAREA (K1) ^UOEL ( K1)

WRIrE(6.330)XND0T0

WRrfE<6.250)(IPRTQ(L).L=l.NNODE)



163

C  PRINT OUT SOLUTION NORHS
r

Wkrff(6j370)

UR1TE(6» 380)HORHO»ENGRHO ? HIRHO j SL1RHO

WRX rE ( 6390)HOrtON. ENGMON? H1HOM j SLlNOM

UR1TE(6)400)H0PRS?ENGPRSjH1PRSjSL1FRS

URi rE(6.410)H0£N6..ENGEN3.HlENG.SLlEN6

IFdRCHDS .£0. 0)WRITE(6i.420)

IFdHPLOT ,EQ, 0)G0 TO 230

IFdRCHDS .GT. 0)60 TO 220

C

C  WRITE DISCRETE SOLUTION ARRAYS INTO GRAPHICS FILE

C

WRiTE(9j240) (RHOld) d = dNNODE)

WRI TE ( 9 j 240) (XHOMl d ) d = l NNODE)

WRITE(9,240) (PRSl d ) d = d NNODE )

WRI rt ( 9 > 240) ( G1 (I) d = l j NNODE )

WR I TE d dMO) (XMN d ) d = d NNODE)

WRI I EC 9..240 ) CUUELCI)»I = dNNODE)

WR1TE(9 j 24 0)(TEMP(I)d = d NNODE)

220 WRI rE(9d4O)HORH0»HlRHO

WRITE C 9 j 240)HONOM j HIHOM

WR I i>: (9240) HOPRSH1PRS

WRlTE(9d40)H0£NG.HlEN6

230 CONTINUE

RETURN

240 F0RHAT(5D15»5)

250 FORMATdXd5I5)

260 FORMATC/.dOXdRHO VECTOR t lOOOdSXdRHO ZERO =dD15.6)

2/0 FORMATC/dOX..'VELOCITY VECTOR * 1000 ' dX d AZERO ='dil5d)

280 FORMATC/dOXdMOMENTUH VECTOR * 1000' dXd MOMENTUM ZERO =d

:i:D15,6)

290 FORMATC/dOXd PRESSURE VECTOR t 1000d 3XdPRESSURE ZERO =d

4:D15d)

300 FORMATC/dOXdENERGY VECTOR * 1000 ' j 4X d ENERGY ZERO ='»

■4:D15^6)
310 FORMATC/dOXdMACH NO, * 100')
320 FORMATC/dOXdAREA VECTOR * lOO'dXdAREA THROAT ='dil5,6)
330 FORMATC/dOX?'MASS FLOW RATE *1000 ' j 5X d MDOTO ='dil5,6)

340 FORMATC/dOXd TEMPERATURE VECTOR * 1000 3Xd TEMPERATURE ZERO ='?
■^'TEMPERATURE ZERO ='dil5.6)

350 FORMATC/dOXdCOURANT NUMBER * 10')
360 FORMAT(//)
370 FORMATClHldX? 'N0RMS'd2Xj ' ENERGY' dX d H-ZER0**2' dX .

* ' H-0NE**2'j 9X. 'L-ONE'j/)

380 FORMATCIOXj 'DENSITY'j5Xj4D15.6»/)

390 FORMATC 10X< 'MOMENTUM' dXdD15,6»/)
400 FORMATC 1 OX > 'PRESSURE ' dX j 4D15, 6 j/)
410 FURMATdCX, 'ENERGY' dXdDl 5,6 d)
420 F0F;MAT(/»5XdTIME'»7X> ' DELTIME ' 2X d NIT ' dX ? 'DELRMX' dX?

*  ' NODE' j 6X f ' DELMMX ' ? 4X ' NODE ' .• 6X, ' DELGMX ' j 4X ' NODE '« 6X ?
*  'DELPMX'7 4X? 'NODE')

END
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SUBROUTINE BANDET (S?INT?A»N?MAXNjMljM3)

C

C  COMPUTE THE LU DECOMPOSITION OF A NONSYMHETRIC BANDED

C  MATRIX STORED IN DIAGONAL FORMAT USING PARTIAL PILOTING

C

IMPLICIT REAL^S(A-H?0-Z)

DIMENSION S(MAXN?M1)?A(M3?MAXN)?INT(MAXN)

L = M1

DO 30 1=1?Ml

K2=Ml+2-I

DO 10 J=K2?M3

10 AU-L?I)=A(Jf I)

L=L-1

K2=M3-L

DO 20 J=K2?M3

20 ACJ?I) = 0.0 DOO

30 CONTINUE

L=M1

DO 130 K=1?N

X=A(1? K)

I = K

K2=K-fl

IFCL .LT. N) L=L+1

IFCL .LT. K2) GO TO 60

DO 50 J=K2?L

IF C DABS(A(1?J)) .LE. DABSCX) ) GO TO 50

40 X=A(1?J)

I = J

50 CONTINUE

60 INT(K)=I

IF(X) 70?140?70

70 IFCI-K) 80?100?80

30 DO 90 J=1?M3

X=ACJ?K)

A(J ? K)=A C J ?I)

90 ACJ?I)=X

100 IFCL .LT. K2) GO TO 130

DO 120 J=K2?L

X  = 1,0 DOO

IF ( A(1?K) .NE. 0.0 DOO) X = A(1?J) / A(1?K)

S C K ? J-K) = X

DO 110 JJ=2?M3

110 A ( J J-1 ? J) =A C J J ? J) - A (J J ? K) ;):X

120 A(M3?J) = 0.0 DOO

130 CONTINUE

RETURN

C

C  ZERO PIVOT HAS BEEN FOUND. PRINT ERROR MESSAGE AND STOP

C

140 CONTINUE

URITE C 6 ? 200)K ? LEL ? JEL ? LXYZ ? K ?I? K2 ? L ? J ? A(1? K)? A(1? J)? X

GO TO 190
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NNN= ( M3-1J /k'

SO TO (150? 170) I.NNN

150 URIi£(6?160)(1 A(L?K)?L = 1?M3)'K = 1?NAXN)

160 K0ftflAT(5X?3D15.5)

00 TO 170

170 URITEvS?130)((A(L?K)fL=1?H3)?K=1?HAXN)

160 FURHAT(5X>5D15»5)

190 STOP

200 FORfiAT ( IHl /// 5X? 30H<<<< ZERO PIOOT IN BANDET >>>>/?

¥10X5'K? LEL? JEL? LXYZ? K? I? KZ? L> J> A(lfK)» A(1?J)5 X' ..

T- / 510 X 5 915i 5 3 D151 5)

END

SUBROUTINE BANDSL ( S ? INT? F ? A ? N ? MAXN 5 M1 ? rl3)

C

c  COMPUTE THE SOLUTION OF THE LINEAR SYSTEM USING THE LU

C  DECOMPQSITION OF THE COEFFICIENT MATRIX AND OTHER

C  INFORMATION PROVIDED BV BANDET AND THE RIGHT HAND SIDE F
C  -

IMPLICIT R£AL¥8(A-H?0-Z)

DIMENSION H(MAXN5Ml)5F(MAXN)?A(M3?MAXN)5lNT(MAXN)

NAS = M3 t MAXN

L=M1

DO 40 K=1?N

I=INr(K)

■  17 f I - K ) 10» 2 0 ? 10

10 X=r(K)

F ( K > - F (I)

F(I)=X

20 K2-=KF1

IF(L ,LT, N) L=L+1

IFCL .L!\ K2) GO TO 40

no 30 I=K25L

X=S(K.I-K)

30 F( n=F(I)-X¥F(K)

40 CONTINUE

L. 1

00 90 1 1 = 1 5N

I=Ntl-n

x=Fa)

M = I - 1

IF(L-l) 50570550

50 DO 60 K=2»L

ft O X=X-A(K?I)¥F(K+M)

70 F(i)=X/A( 15 I)

IF (L - M 3 ) S 0 5 9 0 5 9 0

SO L=Lt1

9C CONTINUE

REiURN

E r) .0



SUBROUTINE CSAREA(XI>X2?X3?Y1!Y2jY3?C1j02j03)

0

0

0  OALOULATE COEFFICIENTS FOR QUADRATIC CURUE FIT OF

C  THE INPUT MACRO-ELEMENT NODAL CROSS SECTIONAL AREAS
C

C

IMPLICIT REAL^:8<A-H»0-Z)

DIMENSION F(?)jXP(3)jYP(3)

XP<1)=X1

XP(2)=X2

XP(3)=X3

YP(1)=Y1

YP(2)=Y2

YP(3)=Y3

DO iO 1=1j3

F(I)=1,ODOO

F(It3)=XP(I)

10 F(I + 6)=XP(I))|!XP(I)

CALL DETERM<F>CO)

DO 20 1=1>3

20 F(I)=YP(I)

CALL DETERM(FjCI)

C1=C1/C0

DO 30 1=1.3

F(I)=1.000

30 F<H3)=YP(I)

CALL DETERM(F.C2)

C2=C2/C0

DO 40 1=1.3

F(H3)=XP(I)

40 F(I+6)=YP(I)

CALL DETERM<F.C3)

C3=C3/C0

RETURN

END

C

SUBROUTINE DETERM(F.C)

C

C  CALCULATE DETERMINANT OF 3X3 MATRIX

C

IMPLICIT REAL*e(A-H.D-2)

DIMENSION F(9)

C=F (1) !(tF ( 5) *F (9) +F ( 3) *F (4 ) *F (S) + F ( 2) *F ( 6) *F ( 7) -

1  (F (1) *F (S ) *F (8) +F ( 2) *F (4) *F (9) FF ( 3) iHF ( 5) !|:F (7) )

RETURN

END



SUBROUTINE INIT
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C

C

C  GENERATE INITIAL CONDITION NODAL DISTRIBUTIONS OF
C  PRESSURE.. DENSITY. AND HOMENTUn, CALCULATE ENERGY AND
C  STAGNATION REFERENCE STATES, NONDIMENSIONALIZE EACH

TRIABLE ARRAY ON APPROPRIAiE REFERENCE STATE,1 1^

C

c

IMPLICIT REAL*;S'; A-H.0-2)

COMMON./ARRAYS/ RHOl (201) . .XMOMl (201) .Gl (201) .PRSl (201) .

1  RH00<201) ..XMOMO( 201) .00(201) .PRSO< 201) .
2  0MAT(9) ..FR(201) .FM(201) .FP(201).FG(201).RHT(S04)
COMMON/MULT/ X(201).XP<10).YP(10).XM(10).YM(10)>

1  PRG(10).XMN(201).AREA(201).I START(4).I STOP(4)

COMMON/IDAT./ NBAND. NNODE. INODE. K. IPRNT. IMPLOT. XI.NPR. ICGEN?
1  NITMAX.IPRMP.NEANDl.IRMX.IMMX.IPMX.IGMX>lOPT.NITLO.

2  NITHI.H.'v'MAX.NREG. ISHK

COMMON./NONDIM/TZERO.RHOZRO..PZEROjGZERO.CSNDO.TIMZRO..ASTAR..

1  . XMZERO.XMDOTO.TEMPIN.PRSIN.XMDOT

WRITE(6.30)

GENERATE NODAL VALUES FOR DENSITY. MOMENTUM.

AND PRESSURE

DO 60 I=1.NREG

JSTART=ISTART(I)

JSICP=ISTOP<I)

DO 60 J=JSTART.JSTOP

RHOOCJ)=RHOO(ISTART(I))

XMOMO(J)=XMOMO(ISTART(I) )

60 PRSO(J)=PRSO(ISTART(I))

CALCULATE STAGNATION REFERENCE STATES

VELIN=XM0M0(1)/RH00(1)

TZER0=TEMPIN+VELIN*VELIN./6009,5D00

TRAT=TZERO./TEMPIN

PZERO=PRSO(1)*TRAT**3,5DOO

RHOZRO=RHliO< 1 )^:TRAT**2.5D00

CSND0=DSQRT(1,4D00*TRAT*PRS0(1)/RHOO(1))

GZER0=4292.5D00;*RH02R0*TZER0

X M Z E R 0=R H 0 Z R 0 * C S N D 0

XMDOTO=RHOZRO*CSNDO*ASTAR

XL = X(INODE.)-X( 1 )

riMZRC=XL/CSNDO

C  CALCULATE ENERGY AND NONDIMENSIONALIZE VARIABLES
C

DO 10 1=1.NNODE

GO(I) = < 2,5D00*PRS0(I)f

%  0.5D00*XM0M0(I )*XMOMO( I )./RHOO( I) )/GZERO
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CSOUND=DSQRT( 1,4D00:^:PRS0( I )/RHOO( I) )

XMN(I)=XMUH0(I)/RHOO(I)/CSOUND

RHUO(I)=RHOO(I)/RHOZRO

XHlJflO (I) =XHOnO (I) /RHOZRO/CSNDO

10 PRSO(I)=PRSO<I)/PZERO

DO 20 1 = 1.1 NODE

20 X(I,)=X(I)/XL

RETURN

30 F0RhAT(15I5)

40 F0RnHT(5D15^5)

50 FORHAT(/MXj'•GENERATE NODAL VALUES QF',/,iX,

1'DENSITYj pressure? and MOMENTUM'?/)

END
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SUBROUTINE ISNTRP

C

C

C  COMPUTE INITIAL CONDITION DISTRIBUTION FOR AIR USING

C  ISENIRUPIC/NORMAL SHOCK SOLUTIONS WITH DEFINED CROSS-

C  SECTIONAL AREAS AND EITHER INLET MASS FLOW RATE(ICGEN=2)

C  OR INLET FLOW MACH NO , (ICGEN = 3).

C  CALCULATE STAGNATION REFERENCE STATES.

C  GENERATE NODAL NONDIMENSIONAL UARIAELE DISTRIBUTIONS.

C  INITIAL CONDITION NODAL LOCATION OF SHOCK SPECIFIED

C  BY ISHK.

C

C

IMPLICIT REAL:<:S(A-HjO-Z)

COMMON/ARRAYS/ RHOl(201)»XMOMl(201)jGl(201)jPRSl(201)?

1  RH00(201) jXM0M0(201),.G0(201) jPRS0(201) .

2  0MAT(9).FR(201)5FM(201)jFP(201)jFG(201)jRHT(S04)

COMMON/MULT/ X(201)5XP(10)5YP(10)iXMC10)5YM(10)5

1  PRG(IO)5XMN(201)5AREA(201)51 START(4).ISTOP(4)

CUMMON/IDAT/ NBAND.NNODE 5INODE.K 5IPRNT5IMPLOT 5 XI5 NPR 5ICGEN 5

1  NITMAX 5IPRMP 5 NBAND15IRMX 5IMMX 5IPMX 5IGMX 5lOPT 5 NITLO 5

2  NITHI.H 5 UMAX 5 NREG 51SHK

COMMON/NONDIH./TZERO5RHOZRO5PZERO5G2ERO5CSNDO5TIMZRO5ASTAR.

1  XMZERO 5 XMDOTO5 TEMPIN5 PRSIN 5 XMDOT

IFdCGEN .EQ. 3)G0 TO 10

C

C  IF ICGEN = 25 CALCULATE

C  INLET yELUCITY5 STAGNATION TEMPERATURE. AND T/TZERO

L

y£LIN=17l7.0DOO)»:TEMPIN*XMDOTO*ASTAR/PRSIN/AREA(l)

TZER0 = TEMPIN + VELIN:i:yELIN/SO09.5DOO

TRAT=TZERO/TEMPIN

GO TO 20

C

C  IF ICGEN = 35 CALCULATE

C  STAGNATION TEMPERATURE AND T/TZERO

C

10 TRAT=1.ODOO+0.2DOO*XMN(1)*XMN(1)

TZERO=TEMPIN*TRAT

C

C  CALCULATE STAGNATION REFERENCE CONDITIONS

C

20 PZERO=PRSIN*TRAT*-4:3.5DOO

RHOZRO=PZERO/1717.0DOO/TZERO

C3NDC=DSQRT(2403.8D00«TZER0)

GZER0=4292.5D00)|:RH0ZR0)CTZER0

XMZERO = RHOZROS:CSNDO

XMBGTO = RHOZRO:XCSNDO*ASTAR

XL=X(IN0DE)-X(1)

TlnZPO=XL/CSNDO

SWI=1.0000



c  CALCULATE NODAL MACH N0» BASED ON AREA RATIOS FOR NODE 1

C  THROUGH ISHKw CURVE FIT SOLUTIONS BASED ON GAii/iA = 1.4

C  IS USED TO CALCULATE HACH NO.

C

DO 40 I=1>ISHK

IF(I .EQ. DGO TO 30

IF(DABS(AREA(I)-ASTAR) .LE. . 0001)SUI = 0.ODOO

XMNtI) = 1 .D00+(1 .DOO-SUI)*1.2D00*DSQRT(AREA(I)-1.ODOO)

1  -SWIl:O.SSDOO!f;( (DL06(AREA(I) ) )**0.45D0O)

30 XllNK = l. DOO/ (1. 000+0 . CDOO^XMN (I) tXtIN (I))

I.- CALCULATE INITIAL CONDITION NODAL DISTRIBUTIONS FOR

C  NODES 1 THROUGH ISHK USING ISENTROPIC RELATIONS

C

PRSO( I ) = XMNK4:'^3,5000

RH00(I)=XriNK^.)C2.5D00

CSCUND=DSQRT(PRSO(I)/RHOO(I))

XfiOHO (I) =XMN (I) 4.CSOUNO*RHOO (I)

PRS=PRSO(I)*PZERO

yEL = CSND0*CS0UND*XI1N( I)

RHO=RHOO(l)it:RHOZRO

GO(I) = (2.5D00«PRS+0.5D00*VEL*VEL*RH0 >/GZERO

40 CUNTINUE

C

CALCULATE RATIO OF ASTAR UPSTREAM OF SHOCK TO ASTAR
DOUNSTREAM OF SHOCK USING NORMAL SHOCK RELATIONS

IF(ISHK .EQ. NNODE)GO TO 70

3 H K R A T = ((2 . 4 D 0 0 X M N (IS H K) ̂ X M N (IS H K) /

1  , (2.DOO+0.4DOO*XMN(ISHK)!|tXMN(ISHK) )) !|:*3 . 5D00 .U
2  ( (2 . 4D00./( 2.SDOOiCXMN(ISHK) !):XMN(ISHK) -0 .4DOO )) U2 . 5DOO )

IF(XMN<ISHK) .GT. 1 .ODOO)XMN(ISHK) =

t  DSQRTC ( .4D00!i:XMN(ISHK)^:XMN(ISHK)+2,D00)/
(2.8DO0if:XMN(ISHK)+:XMN(ISHK)-O.4DOO))

ASTAR2 = ARhA(ISHK))t:XMN(I3HK)*l .723DOO/

((1 ,D00+0.2B004:XMN(ISHK)!f(XMN(ISHK) )**3.D00)

DO 60 I=ISHK>NNODE

IF(I. EQ. ISHKIGO TO 50

C

C  CALCULATE NODAL MACH NO. BASED ON AREA RATIOS FOR ISHK

C  THROUGH NNODE. CURVE FIT SOLUTION BASED ON GAMMA = 1.4
C  IS USED TO CALCULATE MACH NO.

XMNd ) = 1 .D0-0.S8D0*( (DLOG (AREA (I) i^ASTAR/ASTAR2) )*I0.45D0)

50 XMNK = 1.DOO/(1.DOO+0.2D00IXMN(I)*XMN(I) )

CALCULATE INITIAL CONDITION NODAL DISTRIBUTIONS FOR

ISHK THROUGH NNODE USING ISENTROPIC RELATIONS

PRSO (I) =SHKRAT»:XMNK+::X3 . 5D00

RHOO (I )=3HKRAT;|:XMNK4C:):2.5DOO

CSOUND = DEORT(PRSO(I)/RHOO(I) )
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XrtCMO (I) =XMN (I) *CSOUNDi:RHOO( I)

PR!:i=PK'SO< I)^!PZ£KO

UE:L=CSNDOi:CSOUNrr#XMN( I)

RHU=RHUO( I ))icRHOZRO

60 60(I) = (2 » 5D00*PRS+0,5D00*yEL*MEL*RH0)/6ZER0

70 IiiJ SO I = 1.IN6DE

80 X(I)=X(I)/XL

RETURN

90 FORMATdSIS)

.100 FuRMAT(5[il5,5)

110 FORHATC/OIXj'READ INLET UALUES OF PRESSURE AND TEMPERATURE''

1  ./dXdAND EITHER MASS FLOW RATE OR MACH NUMBERd'j//j 6X .

2  'PRSINdlOX,'TEMPIN')

120 FORMAT 6Xd ISHK '

130 F0RMAT(/j6X.' ''XMDOT ' .1

140 FuRMAT(/.6Xj 'XMNdi '' )

END



BLOCK DATA

C

C  FINITE ELEMENT HYPER-MATRIX INTEGER DATA

C  REAL DATA ARRAYS ARE COMPUTED IN SUBROUTINE ELMAT
C

IMPLICIT REAL:C8(A-H?0-Z)

C

COMMON/AL/A30OOL(S) jA301iL{S) jA300iL(S)?A3101L(S) jA3010L';S)

1  . jA3100L(8)jA31lOL(S)jA3003L(3)

2  , F' 4 0 0 C 0 (16) j P 4 0 0 01 ( 16) ? P 4 0 010 (16) j P 410 0 0 (16 )
CUMM0N/AQ/A3OOOC! (27),. A3011Q (27) ? A3001Q(27) ? A301OQ (27)

1  ,A3100Q':27) jA3110G!(27) »A3003Q(27)

DATA A3011L /
/

1 1.0 D 00 J -1.0 D 00

2  j 1.0 D 00 9 -1.0 D 00

3  j -1.0 D 00 J 1 .0 D 00

4  j
c* /
w  /

-1.0 D 00 •» 1.0 D 00

DATA A3001L /

1 -2.0 D 00 9 2.0 D 00

2  j -1.0 D 00 f 1.0 D 00

3  j -1.0 D 00 9 1.0 D 00

4

5  /

-2.0 D 00 f 2.0 D 00

DATA A3000L /

1 3,0 D 00 f 1.0 D 00

2  j 1.0 D 00 f 1.0 D 00

3  j 1.0 D 00 f 1.0 D 00

4 1.0 D 00 9 3.0 D 00

5  /

DATA A3101L /

1 1.0 D 00 9 -1.0 D 00

2  j -1.0 D 00 9 1.0 D 00

3  f 1.0 D 00 9 -1.0 D 00

4  1 -1.0 D 00 9 1.0 D 00

5  /

DATA A3010L /

1 -2.0 D 00 9 -1.0 D 00

2  j -1.0 D 00 « -2.0 D 00

3  j 2.0 D 00 9 1.0 D 00

4  j 1.0 D 00 9 2.0 D 00
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DATA A3110L /

1 1.0 D 00 J 1.0 D 00

2  . -1.0 D 00 y -1.0 D 00

3  ) -1.0 D 00 -1.0 D 00

4  j

5  /

1.0 D 00 « 1.0 D 00

DATA A3003L /

1 1.0 D 00 f 0.0 D 00

2  j 0.0 D 00 f 0.0 D 00

3  » 0.0 D 00 f 0.0 D 00

4  > 0.0 D 00 f -1.0 D 00

5  /

DATA A3100L /
/

1 -2.0 D 00 J -1.0 D 00

2  j 2.0 D 00 f 1.0 D 00

3  f -1.0 D 00 J -2.0 D 00

4  j 1.0 D 00 y 2.0 D 00

DATA A3000Q /
/

1  39.0 D 00 20.0 D 00 -3.0 D 00

2  20.0 D 00 16.0 D 00 -8.0 D 00

3  -3.0 D 00 . -8.0 D 00 -8.0 D 00

4  20.0 D 00 16.0 D 00 -8.0 D 00

5  16.0 D 00 192.0 D 00 16.0 D 00

0

OC
1

D 00 16.0 D 00 20.0 D 00

7  -3.0 D 00

CO

o

D 00

0

1

D 00

8  -8.0 D 00 16.0 D 00 20.0 D 00

9  -3.0 D 00 20,0 D 00 39.0 D 00

1  /

DATA A3OOIQ /

1  -30.0 D 00 36.0 D 00 j -6.0 D 00 J

2  -13.0 D 00 24.0 D 00 y -6.0 D 00 >

3  3.0 D 00 0.0 D 00 f -3.0 D 00 f

1

»--•
CO

o

D 00 24.0 D 00 f -6.0 D 00 f

5  -48.0 D 00 0.0 D 00 f

CO

o

D 00 J

6  6.0 D 00 -24.0 D 00 y

CO

o

n 00 f

7  3.0 D 00 0.0 D 00 5 -3.0 D 00 «

o

CO

D 00 -24.0 D 00 « 18.0 D 00 9

9  6.0 D 00 -36.0 D 00 f 30.0 D 00

1  /
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DATA A3011Q /

1  37.0 D 00 -44.0 D 00 7.0 D 00 !

2  36.0 D 00 _ T T A
.c. » V D 00 5 -4.0 D 00 f

3  -3.0 D 00 -4.0 D 00 J 7.0 D 00 f

4  -44.0 £i 00 43.0 D 00 -4.0 D 00

5  -32.0 D 00 64.0 D 00 -32.0 n 00 f

6  -4.0 D 00 48.0 D 00 -44 .0 n 00 ?

7  7.0 D 00 -4.0 D 00 -3.0 D 00 J

S  -4.0 D 00 -32.0 D 00 f 36.0 D 00 f

9  7.0 n 00 -44.0 D 00 f 37.0 D 00

1  /

DATA A301OQ /

1  -10.0 D 00 > -6.0 D 00 f 1.0 D 00

2  -6.0 D 00 > -16.0 D 00 « 2.0 D 00 9

3  1.0 D 00 2.0 D 00 f 2.0 D 00 ?

4  12.0 D 00 f 3.0 D 00 f 0.0 D 00 f

c.n

CO

o

D 00 f 0.0 D 00 ? -3.0 D 00 9

6  0.0 D 00 f -3.0 D 00 « -12.0 D 00 9

7  -2.0 D 00 J -2.0 D 00 -1.0 D 00

3  -2.0 D 00 f 16.0 0 00 f 6.0 D 00 ?

1

o

D 00 f 6.0 D 00 10.0 D 00

HATA A3llOQ /

1 37.0 D 00 36.0 D 00 f -3.0 D 00 j

n

xl -44.0 D 00 -32.0 D 00 -4.0 D 00 9

TT 7.0 D 00 -4.0 D 00 9 7.0 D 00 9

4

o

1

D 00 -32.0 D 00 -4.0 D 00 9

5 48.0 D 00 64.0 D 00 J 48.0 D 00 9

6 -4.0 D 00 -32.0 D 00

1

o

D 00 9

"7 7.0 D 00 -4.0 D 00 y 7.0 D 00 9

8 -4.0 D 00 -32.0 D 00

1

O

D 00 9

9

1

-3.0 D 00 36.0 D 00 37.0 D 00

DATA A31OOQ /

1  -10.0 D 00 9 -6.0 D 00 9 1.0 D 00 9

2  12.0 D 00 9 B.O D 00 9 0.0 D 00 ?

3  -2.0 D 00 f -2.0 D 00 y -1.0 D 00 y

4  -6.0 D 00 1 -16.0 D 00 .9 2.0 D 00 ?

5  8.0 D 00 y 0.0 D 00 y -8.0 D 00 y

6  - i'. 0 D 00 y 16.0 D 00 y 6.0 D 00

7  1.0 D 00 9 2.0 D 00 y 2.0 D 00 9

3  0.0 D 00 y -3.0 D 00 9 -12.0 D 00 y

9  -1.0 D 00 y 6.0 D 00 y 10.0 D 00

1  /



FORTRAN VARIABLES FOR 2ND ,

A40000L

DATA P40000/ 12,0 DOOj 3.0

1 3,0 DOOj 2,0
■•y 3,0 DOOj 2,0

3
A  /

2,0 DOOj 3.0

*7 /

A40001L
data P40001 / -3.0 DOOj 3,0

1 -1.0 DOOj 1.0
9 -1.0 DOOj 1.0

3 -1,0

o
o

1.0

4  /

A40010L

DATA P40010 / -3.0 DOOj -1,0

1 -1,0 DOOj -1,0
•*> 3,0 DOOj 1,0

3 1,0 DOOj 1,0

4  /

A41000L
DATA P41000 / -3,0 DOO J -1,0

1 -1,0 DOOj -1,0

-1,0 DOOj -1,0

3 -1,0 DOOj -3,0
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DOOj 3,0 DOOj

DOOj 12.0 D 00

DOOj 1,0 DOOj

DOOj 1,0 DOOj

DOOj 1,0 DOOj

o
o

3,0 D 00

DOOj-1,0 DOOj
DOOj-3,0

o
o

DOOj 1.0 DOOj

DOOj 3,0 D 00

DOO. 3,0 DOOj 2,0 HOOj
DOOj 2,0 DOOj 3,0 DOO?
DOCm 2,0

DOOj 3,0

DOOj-1,0

DOOj-1 ,0
DOOj-1,0

DOOj-3.0

DOOj-1,0
DOOj-1,0
DOOj 1,0

DOOj 1,0

DOOj 3,0
DOOj 1,0

DOOj 1,0

DOOj 1,0

4  /

C  A40001Q
C  A40001Q

DATA S40001/
1-105,D0j132,D0j-27,D0j -44,D0j 48,D0j -4.D0j 9,D0j -12,D0j 3,DO
2 -44,D0j S.DOj -4,D0j -4S,D0j 64,DOj-16,DOj S,D0j 0,D0j -8,DO
3  9.D0j-12.D0j 3,D0j 8,D0j O.DOj -8,D0j-3,D0j 12,D0j -9,DO
4 -44,D0j 43,D0j -4,D0j 64,D0j 64,DOj-16,D0j 8,D0j 0,D0j -8,DO
5 -43,D0j 64,D0j-16,D0j-192,D0j 0,DOj192,DOj16,DOj -64,D0j 48,DO
6  8,D0j O.DOj -S.DOj 16.DOj-64,DOj 4S.D0j 4,D0j -48,D0j 44.DO
7  9.D0j-12,D0j 3,D0j 3,D0j O.DOj -3,D0j-3,D0j 12,D0j -9,D0j
8  S.DOj O.DOj -S.DOj 16 , DOj-64 , DOj 4S,D0j 4,D0j -43,D0j 44,D0j
9  -3,D0j 12,D0j -9.D0j 4,D0j-48,D0j 44,DOj27,DOj-132,DOj105,DO
1  /

END

DOO J 1,0

O
o

O
o

1,0

o
o

DOOj 1,0 DOOj

DOOj 3 f 0 D 00
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1
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0
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STATIONARY 3H0CK(100 ELtNENTS)

1  100 S 0

0.44,8200-•01 0.00000B 00 0.645500-•01

0,968200-•01 O.OOOOOD 00 0.645500-•01

0.129100 00 G.3S730D 00 0.193650 00

0.129100 00 0.38730B 00 0. 193650 00

0.0 0 00 0.10GOOD 00 0.300000 00 0,500000 00 0.630000 00

0.760000 00 0.900OOB 00 0.100000401

5.821830 00 5.8218311 00 1.254950 00 1.000000 00 1.019430 00

1.073710 00 1.16820B 00 1.168200 00

0.500000 00 0 .280000 00 0.480000 00 0.570000 00 0.690000 00

0.820000 00 0.940000 00

5.321830 00 1.330390 00 1.001730 00 1 .005810 00 1 .040410 00

1.109630 00 1.168200 00

1.000000 00 1.000000 00 1.000000 00 1.000000 00 1,000000 00

1.000000 00 1.000000 00

,0 20 20 13 13 14 10

0.42000D40:

.0

1

0

D 00

D 00

3

0

1 .4468211404

12500D-01

50 D-04

0,10000D400

0.1

0.1

D-02

D-03

0.110

0.1

U401

D-06

0.150 0400
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1  100

fiOOING SHOCKdOO

0

ELEHENTS)

0,966200-01 0,OOOOOD 00 0,64550D-01

■j , V 6 S 2 0 D -■01 0,OOOOOD 00 0.6455011-■01

0,129100 00 0,36730D 00 0vl9365D 00
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1 .OOOOOD 00 1 .OOOOOD 00 1.OOOOOD 00 1.OOOOOD 00 1,OOOOOD OO^

1,000000 00 1 ,000000 00
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1

0>74374D4-00

1
0

0,0
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20

0

0

1

0

D 00

£i 00
3
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1
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