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ABSTRACT

COYOTE is a finite element computer program designed for the solution of

two-dimensional, nonlinear heat conduction problems. The theoretical and math-

ematical basis used to develop the code is described. Program capabilities and

complete user instructions are presented. Several example problems are des-

eribed in Jdetail to demonstrate the use of the program.
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PRYEFACE

Al the time of release of the first version ol COYOTE ip mid-1974%. i
not anticipated that the code would reccive the heavy usage that it curvoet.
enjovs. In response to user nceds, COYOTE has undergone several minor oo
in the past several years. However, continued requests for additional cans®.
ities combined with significunt changes in computer bardware diectated he
for a major upgruding of the code. The present report describes this lotes:
version of the COYOTE program.

In an effort to make the program more f{lexible and, therefore, moroe i
a number of capabilities and improvements have been added to COYOTE.  The puaci-
ratic, quadrilateral, and triancnlar finite elements have been suppleriaton
the addition of linear auadriiaterals and triangles to the element Tibrare

These elements are computationatly inexpensive and are particularly usetul o

simulating boundary value prablems that contain discontinuous or nearly A
continuous hehavior, e.g., change of phase. The time iategration scheme in
COYOTE has been augmented hy the addition of a second family of implicit inie -
gration methods, the so-called generalized Crank-Nicolson method. Improvea
flexibility in the modeling of problems has been achieved by ~vnanding the
parameter lists on user supplied subroutines. This allows both matcerial proper-
ties and boundary conditions to depend on a wider variety of variables. TFor
user convenience commands have been added to permit editing of the printea

N

put as well as the definition of speceial computation/output points with.on 8 }
mesh. The plot capabilitics of the code have also been expanded. Finaliyv. th
COYOTE program has becn made operational on the Cray Research S-1 compuici.
This version of COYOTE allows problems of substantially larger sive to be

analyzed. H
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Unfortunately, the additions to COYOTF roung
the input and data syntax for the code.

not compatible with all of the old COYOTI input.

COYOTE,

sitaied ome stalf changes in
The now version ~f COYOTE 1o, thoeretar.
For expsyienced uscrs of

this inconvenience will be slight and of temporary concern.



INTRODUCT TOXN

v Fae hee o ernge . in vhoor e [N
o Ocenre prioavily trovverch o e FON PO d b fo o voreon s bia-

ao Por all b oahe samples:
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jisoms Lo heat conduction problers are
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I upon sonce type of appro Cconumericnt brecedure. wrde Lo

s tieat packages currently exist, mungiag in sophistrcation The
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code such as C1XDAY +o codes writien by indivic
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shice appllcations.

The general purpase heat conduction codes, such oas CINDA, provide peveoful

lvsis tools for the engincer. inhereont in their generniciy is oa

tesity that often transiates |

ory legrning times (or potentiad oo
users oand large man-hour investments in data preparation for problem analvsie,
These drawbacks are especially acute for the oceeasional user of the code. as

substantial amounts of time may be spent reviewing code operation pricr 1o ench

he purpose for developing the —ode described here, COYOTE, was 1o bridoc
the gap between the general purpose teat transfer c¢ode and the specific problen
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or steady, linear or non-linear heat conduction problems thoush it certainly
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1 . . . .
“Tow code. MIRIAH, S allowing uscrs to greatly increase their analysis

DT LW

a single daty iapat convention.

The basic program organization and many of the user oriented programming
featares of the present code are derived {rom the solid mechanics finite element

i Sunhar. Among the programming features

< e jLXGAP.S developed by Becker an

GAP code and incornorated in the present program are:

in the 1

veio)
(1) Command wode input which allows the user to specify the sequence of
operations reguired for ecach problem.
(23 Tree field input that eliminatus the need to recall field width and
format specification for input variables.
(31 An isoparametric mesh generation scheme that allows complex boundary
shapes to be modeled easily and accurately.
A frontal solution techhique for processing elements that allows
great [lexibility in element choice.
(57 An automated coarse to fine grid rezone procedure that allows specific

arcas of a solution field to be examined in detail without an undue
cost in solution time.
In the following sections of this report, a brief description is given of
the theory and computational methods used in the COYOTE program. Also, an input
guide four use of the program is provided along with several illustrative example

probiems.



YEIC FGUATIONS

he development of e ¢ eemnt eguations fov o [T
moproblems is well docaropiee 0 and will only bhe briofv rovsw
The present formalation o v trieted to two-dimensjonal geonsoirie o0
oasfsymmetric, To sy : s rerivation of the enuatio st o

-+ 1 ions, only the plene - 5o cpaonal sroblem will be treared an

:tion of the axisvmeetrte cauatrions follow in a straight

e » Equations

atiea desceripltion of the heat vensnctroy, v

iterial region

shere o o the material density, ('D the heat capacity, kij the condoe

tensar, O the volumetric heat source, t the time,

the spatial cagre

and T the temperature. For the present work, each material s usswoc!
homopgeneous and either isotrvonic (i.e., kij = k) or orthotropic (il.c. . o S
where kij is written in terms of the principle material dircctionsi, Tt

the material properties may be funcrions of time, spatial location, an 1.
ature: the heat source 3 may also depend on time, spatial location, ard orper-
ature.

The boundary of the region & is defined by 7 = ‘H'I‘ + Tq, wheroe ."__ et
cree parts of the boundary for which the temperature and heat [lux ave spov e

“he relevant boundarvy conditions for Equation (1) may then be expressed b

b r-’I' '

10



wired

aT
£ + = n T
4in; * (kij ax;) ng tA,ta =0 o .

Lere Th is an applied boundary temperature, d; is the apwnlied heat flnx vector,

4. the heat flux due to conver-

n, the unit outward normal to (he boundary Fq,
Typically, the convective and

tinn, and qr the heat flux due to radiation.

rardiative heat fluxes are given by,

Qg = h(T = Ty (4

qn = h (T -T2 (5)

where h oand hr are convective and radiative heat transfer coefficicnts and TC

undd T arce equilibrium temperatures for which no convection or radiation occurs.

r
he radiation coefficient is given by,
_ 2 2
h = eo(T% + TOXT + T,) (6)
in which £ is the emissivity and o is the Stefan-Boltzmann constant. Note that
the boundary conditions given in Equations (2) and (3) may again be functions

of time, spatial location, and temperature.
Equations (1) through (6) provide a complete description of the boundary

value problem for the temperature, T. When considering the transient heat

conduction problem, a suitable set of imitial conditions describing the initial

spatial distribution of T is also required. An approximate solution to this

class of problems may be obtained by discretization of the continuum problem

through use of a numerical procedure such as the finite element method.

!inite Element Equations

The spatial discretization of the above boundary value prolilem by use of

finite elements may be approached by either of two methods, Historically, the

first and most popular approach consists of rewriting the boundary value problem

11
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Tlxg,t) = 97 (x;)0(t)

in Equation (7), ¢n is an N dimensional! vector of interpolation (shape) func-

tions, 6_ is a vector of nodal point unknowns, superscript T denotes a vector

transpose, and N is the number of nodal points in an element. Substitution of

Equation (7) into the partial differential equation, Equation (1), and boundary
conditions, Equation (3), yields a set of residual equations, due to the approx-
imate nature of Equation (7). The Galerkin method guarantees the orthogonality

of the residual vectors to the space spanned by the interpolation functions.

This orthogonality is expressed by the inner product,
<¢,R>= /;] R AR = 0 (8)
e

where R is the residual for the differential equation and Qe is the region

enclosed by the element.

Carrying out the above operations explicitly for Equations (1), (3), and
(7) yields the equation,

T8 e

_/- $<pC %" = - =—\k,. = 6] - Q,dQ

Q -~ P~ t Bxi ij ox, ~

J

jr BQT

IR LT L bny *q, *q.fdl =0 . (9)

Equation (9) may be rewritten using Green's theorem (basically an integration

by parts on the csecond order derivative term) to give the equation,
./- T 38 P 39
N S A A S
e (e}

= ./;e ¢Q de - _/; g(qini +aq, + qr) ar . (10)
e

13



Several terms in Equation (10) contain material properties which uare gen-
erally assumed to be functions of time, spatial location, and/or temperature.
it is convenient

To accommodate such arbitrary variations within each element,

to approximate these material functions through a set of interpolation functious.

Thus, let pCp and kij be approximated by

T
C =
pCh n o~Cp
(11)
T
kig = mkyg

where n is a vector of interpolation functions and pCp and kij are vectors of

nodal point heat capacities and conductivities, respectively. A similar tech-

nique ma' be used to allow the volumetric heat source within an element to have
an arbitrary functional dependence. Thus, let

Q=g (12)

where Q is a vector of nodal point volumetric sources. Substitution of Equations

(11) and (12) into Equation (10) produces the following equation

f . T S T
nToc o7 dn = + Jf = nTk,, == dg ®
n eC 8 f 3. 0 Ky ox; 98 8
2, P 3 a, X; ij 3%
= f onTq dQ-—f #(q,n, +q_ + q.) dr (13)
Q@ ~- - r - ivi c r
e e

Once the form of the interpolation functions, ¢ and n are specified for an

element, the integrals in Equation (13) may be evaluated. Such an evaluation

leads to a matrix equation for each element of the following form,

M& + Kb = Fp+F (14)

where,

!
!
i
i
i

W
[

14



a0 20T
§=_/s,; ax, L Tij Bx de
e
F —f onTq do
Fa g 02
e

F= ij; ?(qn gt qr) ar

The previous discussion was directed toward the derivation of the equations
for a single element. The finite element model for the entire region  is ob-
tained through assembly of the element matrices by imposing appropriate inter-
element continuity requirements on the dependent variable. Such an assembly
(the so-called "direct stiffness" methodg) vields a matrix equation of the form

given in Equation (14).

Discrete Boundary Conditions

As noted previously, boundary conditions for heat conduction problems may
Le of several types. The discrete form of a specified temperature condition is
straightforward. For a temperature specified at a nodal point, the equation
for that nodal point is replaced by a constraint condition enforcing the
boundary value.

The specification of boundary conditions in terms of various heat fluxes
requires slightly more computation. In Equation (14), the boundary fluxes to
an element appear in the vector E as an integral taken along the element boun-
dary (only element boundaries coinciding with I' need be considered as contribu-
tions from interior bhoundaries are cancelled by adjJoining elements). In order
to understand the procedure for computation of these boundary integrals, refer-
ence must be made to Figure 2 which shows a typical finite element boundary.

Considering first the case of an applied normal heat flux to the element,

the contribution to F is expressed by,

15



(13)

where the ¢ functions are restricted to the boundary. If the coordinate along

the boundary is s, then

and Equation (15) becomes,

2 2
F o= _fi ?(s)qn(s)[(%‘) + (;:2) ] ds

Once the distribution of a, along the boundary and the shape of the element

(1¢)

boundary xi(s) are known, the computation in Equation (16) is straightforward.

FIGURE 2. Notation for Boundary Integral Analysis

16
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The contribution to F due to convection is,

= :/. ¢q,, dr = 2/' eh (T = T ) dar , = (17)
ot T

€ e

where the definition in Equation (4) was employed. The temperature along the

¢lement boundary is given by,

T(s) = ¢'5

where again ¢ is a boundary or edge function. Also, since the heat transfer

cocfficient can be variable, it is convenient to represent it by,

_ 2T
hc(S) - T bc

Substituting these relations into Equation (17) and using the definition for dr

produces
1 1
_ T, T T
ro=-f, eTeeTs as o v f oTneron as
or,
£, T oG8t By ae)
where, 1
C= oTh 0074 ds
~ ~ ~Cnan
= 1
1
T
F =./~ ¢°h ¢T A ds
~he -1 - ~C~ C

Note that in Equation (18), the term Eg contains unknown nodal point temperatures
and will thus be moved to the left hand side of the matrix equation in Eguation

(14).
A computation similar to the one above may be carried out for the radia-

tive flux boundary condition to yield,

17



fp. = -R8 For (19

where,

_ T
3 - ® brgTrA ds

i
R = f sTh s¢Ta ds
- ~ el

-1

1
~hr 1

Again, the R8 term will be moved to the left hand side of Equation (14) while
F is retained on the right hand side. Equation (19) is complicated by the

~hr
fact that both R and Fhr are functions of 6 since the radiative heat transfer

coefficient, hr (Equation (6)), is an explicit function of temperature.
To summarize the modifications to the basic matrix equation, Equation (1),
due to the application of flux type boundary conditions, Equations (16), (18),

and (19) may be substituted into Equation (14) to yield,

M+ KO = T4 Eg =T 4 F +T v E

or,

M6 + K8 = Fo + F - CO + F (20)

- RO +F
q Re + F

hc hr

Rearranging Equation (20) allows the final form of the discrete equation to be

written as,

M8 + K*9 = F* (21)
with,
K¥ =K+ C+R
= Ll £ £3
¥ = 9
F EQ + gn * ghc * ghr

In general, y, K*- and f* may all be functions of 8, and/or time.

18



SOLUTION OF THE FINITE ELEMENT EQUATIONS

The discussion of the solution procedures for the matrix equation, Equation

(21), naturally divides itself into two sections; transient problems and steady

state problems.

“ransient Analysis

A large body of 1iterature9'10'11 is available on possible time integration
sclemes for equations of the heat conduction type. Both implicit and explicit
methods, as well as mode superposition, have been used successfully, In order
to efficiently apply typical explicit integration schemes to the heat conduction
equation, the capacity matrix y defined in Equation (21) is replaced with an
"equivalent" matrix gD which has non-zero coefficients only on the diagonal.
This lumping procedure, which expedites the inversion of g as required in ex-
plicit schemes, has been widely studied for use with lower order finite elements
(e.g., bilinear quadrilaterals and triangles). Unfortunately, no generally
valid procedure is available for constructing diagonal capacity matrices for
higher order elements such as the biquadratic quadrilateral. Mode superposition
schemes can be very accurate and computationally efficient for linear problems.
However, modal analysis requires at least some of the eigenvalues and eigen-
vectors of Equation (21) to be computed which complicates code structure. Also,
for nonlinear analyses, the modal method loses a great deal of its computational
efficiency.

The problems listed above were circumvented in the COYOTE program by im-
plementing a family of implicit time integration schemes. Implicit methods in
general have the advantage of increased numerical stability which allows the
use of a wide range of permis.ible time steps. This increased stability is

obtained at the expense of repetitive solutions of a large matrix problem.

19



Two basic integration procedurces were selected for use in COYOTE, the gen~
eralized Crank-Nicolson procedure, which is in fact a family of methods, and a

modified Crank-Nicolson algorithm. The generalized Crank-Nicolson scheme when

. . 12
applied to Equation (21) is expressed by

1 o N [o} n+l _ 1 4, .0..0
[ mce%) + akme™ ]t = L ws®s
(22)

— (1 - MK*e®ye" + apettl 4 (1 HFH"

where,

O -l i1t L, o<

IX-=:]

In writing Equation (22), the general functional dependencies of each matrix
and vector have been indicated. The superscript n indicates the time level,
4t is the time step, and A is a parameter that determines where in the time
interval t" to tM+at = tn+1 the equation will be evaluated. With specific
choices for X a number of familiar integration schemes are produced: a) x =1
produces a forward Euler or fully implicit method, b) A = 1/2 produces the
standard Crank-Nicolson method, c¢) » = 0 produces the backward Euler or explicit
method, and d) 2 = 2/3 produces a Galerkin method9 (also known as Donea's
method) .

When the M and K* matrices depend on temperature and » > 0, then Equation
(22) produces a nonlinear set of algebraic equations that must be iteratively
solved at each time step. Various predictor-ccrrector or extrapolation methods
could be used to reduce the work involved in solving Equation (22) at a given
step. In the present program, a quasi-linearization scheme is used that avoids
altogether the need for iteration during a time step. Setting go = Qn allows
all the matrices to be evaluated explicitly and the solution advanced to Q"+1
in a single step. This assumption is quite reasonable for many conduction
problems with thermal shock and some radiation problems being notable exceptions.

The second integration procedure used in COYOTE is a central difference

method that is related to the standard Crank-Nicolson scheme. The derivation

20




of the algorithm is given elsewhere.lz’13 Based on Equation (21), the integra-

tion procedure is expressed by,

2 a a a _
[Z? E(? )+ 5*(? )]§ = f*(e )+ it M(67)8 (23)

where,

ea - (8n+1 ¥ en)/z

The procedure in Equation (23), termed a modified Crank-Nicolson method,

is identical to a standard Crank-Nicolson method (A = 1/2 in Equation (22)) ex-
cept that the solution is not extended to the end of the time interval. This
lack of extrapolation accounts for the improved behavior of the solution with

respe.. to temporal oscillations when compared to standard Crank-Nicolson solu-

tions. TFor nonlinear problems in which M and XK* are functions of temperature,
the algorithm in Equation (23) again produces a set of nonlinear algebraic
equations. Iteration within a time step is avoided by quasi-linearization in

which 8% is set equal to a™.

Steady State Analysis

For problems that are independent of time, the basic matrix equation
reduces to,

K*(8)-8 = Fx(8) . (24)

Considering first the case where E* and E* are rot functions of 9, then Equation
(24) reduces to a linear matrix equation which may be solved directly.

When LEquation (24) retains its nonlinear form, an iterative technique is
required. The present code uses a simple Picard iteration (successive

substitution) method which is expressed by,
gece™y o™l = pece™ (25)

where superscript n indicates the iteration level. The algorithm in Equation
(25) is equivalent to solving a time dependent problem using, for example,

Equation (23) with Atoe,

21



PROGRAM DESCRIPTION

The numerical procedure described in the previous section has been imple-
mented in a FORTRAN coded program called COYOTE. In the following sections, a
general description of the code is given along with a discussion of some of the

computational procedures.

Organization
The organization of COYOTE reflects the steps taken in setting up, solving,

and evaluating a finite element analysis of a conduction problem. The code is
self-contained with its own mesh generator and plotting nackages. COYOTE is
written in an OVERLAY form with each overlay handling a specific task in the
analysis process. Transmission of data between overlays is through low speed
disc files and extended core storage (ECS) as shown in Figure 3.

As indicated by Figure 3, the main overlay acts as a calling routine to
the remaining primary overlays. The following list provides a brief description
of the functions of each primary overlay.

(1) OVERLAY (1, 0) SETUP -~ reads material property data, element and
boundary condition data, creates mesh, organizes data for equation
formulation.

(2) OVERLAY (2, 0), OVERLAY (10, 0) FORMKF -- reads material property,
element and boundary condition data from SETUP, forms coefficient
matrices for cach element and applies boundary :zonditions, creates
unique ''nicknames' for each degree of freedom. Overlay (10, 0) is
the axisymmetric version.

(3) OVERLAY (3, 0) ZIPP -- reads element coefficient matriccs, assembles
global coefficient matrices using ''nicknames" o establish element

connectivity, solves either transient or steady state matrix equation.

22
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(1) OVERLAY (4, 2) R/70NE -~ refines mesh within a specifiel »agiaon,
organizes data for resolution of refined grid.

(5) OVERLAY (5, 0) HEATFLX -- reads temperature sglution, computes heat
flux quantities for selected elements.

(6) OVERLAY (6, ) PLOTZ -~ platls grid points, elements, isotherms, and
temperature histories.

(7) OVERLAY (7, 0) POINT -- deturmines the location of special output

points within the mesh.

COYOTE was originally designed for use on Control Data Corporatiaon ((DC)
series 6000 and 7000 computers. The code has also been made opcerational on the
Cray Research Corporation S1 computer. In the Cray version of COYOTE, thc
OVERLAY organization is replaced by a subroutine structure and data previously
stored in ECS is relocated to main memory. The CDC version of COYOTE is pre-
sently sized to accommodate grids with up to 500 elements: the Cray version
allows up to 1000 elements. Increases in the element capacity of hoth versions

may be made through changes in several dimension statements in the code.

Mesh Generation

The generation of grid points in COYOTE is achieved through an isopara-
metric mapping technique developed by \\'omack14 and used in several previous
codes,3’4’5’15 The generation of nodal points for a particular problem is a
distinct operation in COYOTE and independent of the specification of the element
connectivity. This separation of operations allows the user to generate more
nodes than may actually be used in the problem and to experiment with nodal
point placement before element connectivity is established. These options arc
especially useful when gridding large and/or geometrically complicated problems.

For purposes of grid construction, the domain of interest is considered to
be made up of narts or regions which are determined by the user. Within each
part, an isoparametric mapping is used to approximate the region boundary.

Specification of a number of x, y (or r, z)} coordinates on the boundary of each

region determines the limits of the region and the type of interpolation used

24



10 define the beoundary shape. Conmlex, curved boundary shapes can be easily

and aceurarely modeled using this scheme which includes linear, quadratice, or

cihic interpolation for the boundary shape.
The mesh points within a region are generated automatically once the number

ol nodes along each boundary is specificd. Within each region, an I, J number-

ng sveter js used to identify individuael grid points. Nodal point spacing

wichin each pary may be casily varied by use of a gradient specilication.

“iptions also exist for the generation of mesh points along a specified arc or

«t individual points. A user subroutine may be used to generate mesh points

acc srding Lo a formula supplied by the user.

Tibrary

The formulation of the equations for an individual element as indicated by

Faunation (14) requires specification of shape function vectors for approximation

of the temperature field and the element geometry. The form of the shape func-

tions depend on the element being used; COYOTE employs four bhasic types of

elen onts which are described below.

A. Quadrilateral Elements

The two basic quadrilateral elements used in COYOTE are ihe straight-

sided, four node (QUAD4/4) element shown in Figure 4 and the curved-sided,

cight node (QUADB/4, QUADB/8) element shown in Figure 5. The temperature field

within the four node clement is approximated using the bilinear functions given

by
N =14 - s -t
(1 + s)1 - t) (26)
(1 + s)(1 + t)
(1 - )1 + 1)

where the ordering of the functions corresponds to the ordering of the nodes in

figure 4.

The temperature in the eight node element is represented by the biquadratic

functions which can be expressed as,
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FIGURE

5.

FIGURY 4. Quadrilateral Elemcnt

Isoparametric Quadrilateral Element




M= 2 (201 - a)(1 = t)(-v - -
(1 + s)(1 - t)(s - Ut - 11
(1 +s)(1 + t)(s +t-1)
(1 - s)(1 + t)(-s + t - I}

1 1-s2H0 - 0 i (273
(1 + s)(1 -~ t2)
(1 - s2)(1 + t)
L (1~ 100 - t2) ]

The shape functions in Eqguations (26) and (27) arc expressed in terms of the
normalized or natural coordinates for the element, s and t, which vary from -1
to +1 as shown in the figures. The relationship between the x, y (or r, =)
coordinates and the natural coordinates is obtained through the isoparametric
16

mappinz concept discussed by Ergatoudis, et al That is, the coordinate

transformation from x, v to s, t is renresentied by,

x=Nx ; y=4x (28)

[t

for the case of a straight-sided element (i.e., QUAD4/4 or QUAD8/4) and by,

’

x = Mlx ; y =My (29)

for the case of a curved-sided element (i.e., QUAD8/8). 1In Equations (28) and
(29), % and y are vectors of coordinates for points on the element boundary
(generally nodal point coordinates).

Using the relations in Equations {26) through (29) and some algebraic
manipulation allows the matrix coefficients defined in Equation (14) to be
written as integrals of rational functions of the s, t coordinates. The evalu-
ation of these integrals requires the use of numerical quadrature. The COYOTE
program employs a 3x3 Gaussian integration for the evaluation of the matrix

coefficients for a quadrilateral element.

B. Triangular Elements
The companion elements to the previously described quadvsilaterals are

the straipght-sided, three node (TRI3/3) triangle shown in Flpure 6 and the
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FIGURE 6. Triangular Element

—

L

FIGURE 7.

Isoparametric Triangular Element
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cutved-sided, six node (TRIG/3 and TR1A/6) triangle shown in Figure 7. The

interpolation rfunctions for these two clements are given by,

I (30}

for the three node element and

r (313

for the six node element. The ordering of the runctions in Equations (30) and
{311 corresnonds to the ordering of tLhe nodes in Figures 6 and 7. The shape
functions are expressed in terms of the natural coordinates for a triangle

. ... 9
(see, e.g., Zienkiewicz"™) where

L, + L

1 ot L3 =1 . (32)

The coordinate transformations needed to implement the triangular elements
dircctly parallel those for the quadrilateral elements and need not be
repeated. Note that when nerforming the numerical evaluation of the integrals
in Fquation (14) for a triangular element, the COYOTE program uses a seven point

quadrature {formula developed by Hammer, ot a].17

Boundary and Tnitial Conditions

Boundary conditions arc accepted hy COYOTE on an element basis. Specifi-
cation of temperature is possibic cn both a nodal point and element side basis
with the latter type being restricted to having a uniform value along the side.

Specified boundary heat fluxes are applied by element side; the flux is assumed
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uniform over cach element.  The adiabatic boundary condition is the "natural”

boundary condition for the heat conduction problem and is obrtained by default

in COYOTE, i.c., no houndury candition is specified for an adiabatie surface.
Cvonvective and radiative boundsry conditions are ulso specificed by clement =ide.
the cmissivity, £, and the ~quilibrium temperatures TP and Tr arc assumed uni-
form over an elcment boundary. Spccificd temperature and heat flux (including

convective fluxes) boundariecs may vary arbitrarily in time through the use of
user-supplied time functions. A volumetric heat source may be sperified for any
material as either a constant or as a user spceiflied function of time, spatial
location, and/or temperature.

Initial conditions for the solution of transient problems or nonlinear
steady state problems may b input by two methods. Through the standard data
input, the temperature field may be initialirzed at a different uniform tempera-
turce for each material. Arbitrary initial conditions may be input through a

user supplied tape file written in a specified format.

Equation Solution

The solution algorithms used to solve the matrix equations obtained from
the finite element discretization were presented in a previous chapter. The
actual processing of elements during the solution phase is accomplished by use
of the frontal solution technique developed by Irons.]8 The frontal method is
a Gaussian elimination procedure that operates with a single element at a time.
As each succeeding element is processed, the coefficient matrices for the ele-
ment are added to the global coefficient matrix. Whenever a particular nodal
point unknown is found to be complete (i.e., all the elements contributing to a
node have been processed), that particular equation is condensed from the
system. This process allows the minimum number of equations to be kept in core
storage during the solution process. The condensed equations are stored in
Extended Core Storage (ECS) until they are needed in the back-substitution
phase. The logic for this eliminatiorn scheme is setup by an abstract elimina-
tion procedure called the pre-front which occurs just prior to the actual

solution. The pre~front cading is located in a secondary overlay.
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Rezoning

The rezone feature of COYOTE is a relatively new technique in heat conduc-
tion analysis though it has found some previous use in solid and fluid mechanics.
For regions in the dcmain of interest that cannot be finely gridded for reasons
of economy or computational limits, the rezone technique provides an efficient
method of increasing the locel detail of a solution field. Basically, the re-
zone procedure consists of refining a part of the original coarse grid, applying
boundary conditions to this region based on the coarse grid solution and solving
the resulting boundary value problem.

This process has been automated in the present code ond allows local grid
refinement to be made within regions containing quadrilateral elements. The
rezone region is specified by establishing a quadrilateral shaped boundary
around the region ¢ interest with all of the quadrilateral elements lying en-
tirely within that region considered as part of the rezone. After the region
to be rezoned is specified by the user, appropriate temperature boundary condi-
tions are automatically interpolated from the coarse grid solution and applied
along interior boundaries of the newly refined grid. The rezone data is organ-
ized suctk that subsequent calls to the element formulation and solution overlays
allow computation of the temperature field within the rezone region. The pre-
sent version of COYOTE only allows rezoning to be carried out for steady state
problems.

The decision whetheér to rezone a region or use an initially refined grid
is very problem dependent and no clear guidelines for making this decision are
currently available. Until a wider experience with the technique has been ob-

tained, individual user experience and experimcnt remain the best guides.

Heat Flux Calculations

The calculation of heat flux values for a heat conduction problem is pro-
vided in COYOTE as a user option. The calculation procedure employed follows

directly from the definition,

a; = -ky, (33)
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and the finite element

X = er y =N

T
Y

approximations.

or (34)

where the shape function vectors in Fguation (34) arce those described in the

element library scction.

Direct substitution of Equation (34)

into Fquation

(33) shows that derivatives of the interpolation functions are required. Since
the interpolation functions are in terms of the natural coordinates Tor an
element, the following relations are necded (using the N functions as an
example),
¢ 3¢
= Fi) Frol|5s
1
= =7 35
7] , (35)
3¢ 3¢
Ty Fa1 Fool | 3¢
where,
anT an’
Flp =5t ¥ 7 Frg= -3¢
aNT anT
For = -3t % 7 Tog =55 %
(91 = FpyFag = Fip'Fyy
Using Equation (35), the definition of the heat flux components becomes,
( 20T e ) X ;
9% = Rex\F11 357 8 * Fip 51 8T
( 29T s’
“KyyiFay 35— 8+ oo 55 Q)TET (36)
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Note that for a triangular element, the s. t coordinates
l.,. L, coordinates.
i 2
“ith

ciarenlated ot any point Sg LO within

-n v oand remperature f

are replaced by the

the expressions in Equation (36), the heat [lux components may be
an clement once the element geometry

f1.1d {(8Y is known. Calculation of fluxes lor axisym-

metric problems follow a similar procedure. COYOTE provides evaluation of the

heat flusx at points on the element boundary.

In addition to the heat flux components, COYOTE also calculates the heat

fiux norma) Lo the element boundary. Referring to Figure 8.

to an element boundary is,

the outward normal

n = anx + nyE‘ (37)
and the heat llux vector is,

q = qux + quy (38)
The heat flux normal to the boundary is then,

q, = amn, + qyn\ , (39)
where the flux components are given by Equation (36). From geometry, the
components of the normal are,

n, = /38 n o= - 3%/3s (40)

with,
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FRGULT - Sorat ion For licat Flux Computation
Lo ol the definitions -0 o0 o v in Equation (34) allows the compononts of the

normal in Fguation 40y to be cvaluated; the normal heat flux follows divectly
from the delfinition in hquaticoa (39).  COYOTE also comput s the total hceat flow
for cach side of an ¢lement by taking the heat flux normal to the boundary times

the appropriate surfuace orea.

Ploteing
The COYUTE program contains its own plotting package thut allows the con-

carncetion of a4 ovariery i nlots that arce uselul in heat transfer analysis.

Plots of nodal points, tini e element grids and outline plots of the analysis

repion are generated at the option of the user., Also, isotherms, temperaturc

historices, fTux histories, and temperature profiles are available to the user.
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INPUT GUIDE

The structure of an input data deck for the COYOTE computer code directly
reflects the steps required to formulate and solve a finite element problem.
Through the use of a series of command and data cards, the program is directed
to such functions as grid generation, element construction, solution of the
matrix equations and calculation of auxillary data. The actual seguence of
commands to the program is quite flexible, though there are some obvious limits
to the order in which operations can be specified. In the following sections,
the command and data cards required by COYOTE are described in roughly the
order in which they would normally appear in an input deck. Several example
problems follow this section as an added aid to input format.

In the following section, the conventions listed below are used in the
description of input cards:

(a) Upper case words imply an alpbanumeric input value, e.g., FORMKF.

(b) Lower case words imply a user specified value for the indicated

variable, e.g., xmax.

(c¢) All numerical values are input in a free field format with successive
variables separated by commas. All input data is limited to ten
characters under this format. WARNING: The CRAY version of COYOTE
will read data with ten characters/word, however, only the first
eight characters will be used.

(d) [] indicate optional parameters which may be omitted by using suc-
cessive commas in the variable list. If the omitted parameter is not
followed by any required parameters, no additional commas need be
specified.

(e) < >indicates the default value for an optional parameter.
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(£)

(g)

(h)
(i)

The * character may be used to continue a variable list onto subse-
quent data cards. When the * character is used, it should replace
the last comma in the data string.

The $ character may be used to end a data card allowing the remaining
space on the card to be used for comments.

The contents of each input card are indicated by underlining.

All gquantities associated with a coordinate direction are expressed
in terms of the planar x-y coordinate system. The corresponding
quantities for axisymmetric problems are obtainable from the associa-
tion of the radial coordinate, r, with x and the axial coordinate, z,

with y.

The descriptions of the command cards are presented in the following order:

(a)
(b)
(e)
(d)
(e)
(£)
(g)
(h)
(i)
(3)

Header Card

SETUP Command Card
FORMKF Command Card
OUTPUT Command Card
Z1PP Command Card
HEATFLUX Command Card
REZONE Command Card
PLOT Command Card
RESTART Command Card

Program Termination Card

Following the individual descriptions of the command cards are sections dis-

cussing input deck structure, user subroutines, initial conditions, error

messages,

36
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Header Card

The header card must be the first card in a deck for any particular problem.
If two or more problems are run in sequence, the header card for each new
problem follows the END, PROBLEM card of the previous problem. A $ symbol must
appear in Column 1; the remaining 79 columns are available for a problem title.

The header card is of the following form:

3 PROBLEM TITLE
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SETUP Command Card

The first task in formulating a finite element analysis of a problem in-
volves the specification of the material properties and the definition of
element mesh and boundary conditions for the problem geometry. These functions
are accomplished through the SEIUP command and its three sets of associated
data cards.

The SETUP command card has the following form:

SETUP, [iprint], [maxi], [order], [grid plot]

where,

iprint 2> determines the amount of printout produced during the setup
oneration. Outnut increases with the value of iprint and
ranges from no printout for iprint = 1 to full printout for
iprint = 4.

maxi <18>: is the maximum number of I rows to be generated in the grid.
laxi nced only be specified if there are more than 18 1 rows
or more than 110 J rows. The limit on the maximum I's and
J's is I*J < 4000 for the (DC version, and I*J < 5000 for
the Cray version.

order< >: determines the numbering of the elements. For the default
value (i.e., order left blank), the elements are numbered
by increasing I, .J values (e.g., (1,1), (2,1), (3,1)
(1,2), (2,2) ...). For order = PRESCRIBED, the elements
are numbered according to their order in the input list.
The element ordering should be chosen such that the front

width of the problem is minimized.
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grid plot<{>: determines if a grid point plot tape is written. 1If a
plot of the grid points is to be made in a subsequent call
to the plot routine, then grid plot = PLOT; if no plot of
the grid points will be made, the grid plot parameter is

omitted.

SETUP Data Cards

Following the SETUP command card, three sets of data cards are required for

material property specification, grid point generation, and element and boundary

condition specification. Each of the data sets is terminated by an END card.

The last END card (i.e., the third), ends the setup portion of the program and

readies the program for the next command card.

Material Data Cards:

The material data cards are of the following form:

where,

i J
[Material Name], number, p, Cp, k11’ k22, 8,

temperature dependence, Q, initial temperature

t
Z
(=]

Material Name: 1is an optional alphanumeric material name for user
reference.

number: 1is the internal reference number for the material. COYOTE will
accept up to ten materials, 1 < number < 10.

p: 1is the material density.

CD: is the material specific heat.

kll' k22<:k11>: are components of the material conductivity tensor
(see below).
B<0°>: 1is the angle in degrees between the principle material axis and

the coordinate axis (see below).
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temperature dependence <CONSTANT>: prescribes the dependence of the
material properties on temperature, time, and/or spatial location.

If all material properties (p, C_, kii) are constant, this parameter

D
is omitted or set to CONSTANT. If one o more ol the properties are
variable, this parameter is set equal to VARIABLE.

Q<0>: prescribes the volumetric heat source for the material. For no
volumetric heating, this parameter is omitted: for constant volumetric
heating, the parameter is set to the heating value. If the heat
source varies with time, spatial location, or temperature, this para-
meter is set equal to VARIABLE.

initial temperature <0>: specifies the value of the initial temperature

for the material.

The material models allowed in COYOTE include homogeneous materials with
either an isotropic or orthotropic conductivity tensor. For isotropic materials
(kij = k), the conductivity is specified by setting kll = k; the parameters k22
and B are omitted. For orthotropic materials (kij = sijkij = kii)' the conduc-
tivity tensor is determined by specifying components of the tensor with respect
to the principle material axes. Referring to Figure 9, the 1 and 2 axes indi-
cate the principle material axes while B specifies the orientation of the mater-
ial with respect to the spatial reference frame. COYOTE requires kll and k22 to
be specified for an orthotropic material; B must be sp:cified only if the mater-
ial axes are not aligned with the coordinate axes. Note that B is measured from
the positive x(r) uxis and is positive in a clockwise direction.

The variation of material properties and volumetric heating with time, space
and/or temperature is indicated by setting the parameters ''temperature dependence"
and "Q" equal to VARIABLE, respectively. The actual variation of these quanti-
ties is specified by several user supplied subroutines. If variable material
properties have been indicated, COYOTE requires SUBROUTINE CAPACIT and SUBROUTINE
CONDUCT to be supplied by the user; a variable heat source requires SUBROUTINE
SOURCE. Further details on these subroutines are given in a later section of

this chapter.
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Material Axes

Anisotropic
Maierial

FIGURE 9. Notation for Orthotropic Conductivity

COYOTE does not contain dimensional constants and, therefore, the units
for the material properties are free to be chosen by the user. For convenience,

a table of consistent units is given in Appendix A.

Grid Data Cards:

Following the material specification, the grid points for the fiuite ele-
ment mesh are generated. In contrast to many finite element codes, the COYOTE
code separates the generation of nodal points and the generation cf clements
into distinct operations. The calculation of nodal point locations is accom-
plished by use of an isoparametric mapping scheme that considers quadrilateral
parts or regions of the problem domain separately. For each part, a series of
coordinates are specified which determine the shape of the region boundary.
The node points within each nart are identified by an I, J numbering system;
the I, J axes must form a right handed coordinate system. The location of
points in a region is controlled by user specification of the number of points

along a boundary side and a local gradient parameter. These ideas are more
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clearly fixed through a description of the data cards required to generate

points in a part.

For each part or region in the mesh, three data cards of the following

form are required:

imin, jmin, imax, jmax, [gl], [g2!, [g3], [g4], [POLAR], [xo], [yo]

x1, %2, %3, x4, [x5], [x6], ... [xl2]
yl, v2, v3, v4, [y5], [y6], ... [y12]
END

where,

imin, jmin, imax, jmax: are the I, J limits for the region being gener-
ated as shown in Figure 10a. The difference between the maximum and
minimum values determines the number of grid points generated in a
particular direction.

gidl>, g2<1>, g3<1>, g4<1>: specify the gradients for the node spacing

along the four sides of the region. The gradients are defined by,

node spacing at imin _ Aimin

gl or g3 = node spacing at imax  Aimax
- hode spacing at jmin _ Ajmin
g2 or g4 node spacing at jmax Ajmax

and are illustrated in Figure 1l0a. The default values of unity give
equal node spacing along a side. Gradients either larger or smaller
than unity may be used to bias the spacing in either direction.

POLAR, x0<0>, yo<0>: specify the use of polar coordinates for describing
the coordinates of the points defining the region. With POLAR speci-
fied, the x's and y's on the second and third data cards are inter-
preted as polar radii and angles referred to the local origin xo, yo.
The polar angle is referenced to the positive x axis; positive angles

are measured in a counterclockwise direction.
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imax, imax

imin, jmax
Side 2

g2
Side 4
g4
{Ajnﬂn
o . i ! ‘ imax, jmin
imin, jmin gl
Aimax

(a) 1, J Nomenclature

x7,y7
x11,y1l x3,y3

x4,y4 x10,y10

x8,y8

x12.y12

xs'y5 x9,y9 X2.y2

x1,yl

(b) Coordinate Nomenclature

imax,jmin
x2,y2
x3,y3 x4,y4

imin, jmin
x1, yl

(c) ARC Nomenclature

FIGURE 10. Grid Point Generation Nomenclature

Ajmax
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x1l, x2, ... x12:
vl, y2, ... yl2:

side nodes for each part. If the region is bounded by straight lines

define the coordinates of the four corner and optional

only, the four corner coordinates (i.e., x1 to x4 and yl to y4) need
be specified. If any of the region sides are curved, then the appro-
priate side node, as shown in Figure 10b must be specified. If one
side node is defined, a quadratic interpolation is used to define the
boundary; specification of two side nodes allows a cubic interpola-
tion. ©Side nodes should be located near the midside and third points

for quadratic and cubic interpolation, respectively.

There are no limits on the number of parts which may be used to define a
grid. The only restriction on the total numher of grid points is that max
(I*J) < 4000 for Lhe CDC version of COYOTE and (I*J) < 5000 for the Cray version.
Node points may be generated for a triangular shaped region by allowing
two adjacent corners of the quadrilateral part to coincide. However, when tri-
angular meshes are created in this manner, the location of interior node points
is generally unpredictable. The user is advised to verify the quality of such
a mesh through use of a node point plot.
In generating mesh points for complex geometries, it is often convenient
to be able to position an individual node point or a line of nodes. These

situations are provided for in COYOTE by use of the following data cards:

POINT, i, j, x1, y1, [POLAR], [xo], [yo]

where,
i, j: 1is the I, J name for the point.
xl, yl: are the coordinates for the point.
POLAR, xc<0>, yc<N>: specify the use of polar coordinates as described

previously.
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ARC, imin, jmin, imax, jmax, [gl], [POLAR], [xo], [yo]

x1, x2, [x3], [x4]

z

yl, y2, [¥3], [y4]

where,
imin, jmin, imax, jmax: are the T, J limits for the arc as shown in
Figure 10c. Since a one-dimer.ional array of points is being gener-
ated either imin = imax or jmin = jmax. The difference between the
maximum and minimum values determines the number of grid points
generated along the arc.
21<1.0>: specifies the gradient for the node spacing along the arc.

The gradient is defined by,

1 = node spacing at ijmin _ Aijmin
g node spacing at ijmax Aijmax

and is illustrated in Figure 10c.
POLAR, xo<0>», yo<0>: specify the use of polar coordinates as described
previously.

x1, x2, x3, x4:
yl, v2, y3, v4:

optional intermediate points. If the arc is a straight line, only

define the coordinates for the ends of the arc and the

the first two coordinates need be specified. The generation of a
curved arc requires the specification of one or two intermediate

points as shown in Figure 10c.

There are no limits on the number of POINT and ARC data cards that may be used
in generating a mesh, Both types of cards may appear at any point within the
grid point data section of the SETUP command.

In certain circumstances, it is convenient to specify nodal point locations
according to a given formula or a specific pattern that is not avallable in the
basic mesh generator. These situations are provided for in COYOTE through use
of a user supplied subroutine. This subroutine is accessed by the following

data card:
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EXTDEF

Th.s data card causes the user supplied subroutine EXTDEF to be called by the
mesh generator. Within this subroutine, the user may create an arbitrary array
of I, J labeled nodal points. The EXTDEF data card may be used in conjunction
with the standard nodal point generation schemes or may be used to create an
entire mesh. The data card may appear at any appropriate point within the grid
point data section of the SETUP command. Details on the form of SUBROUTINE

EXTDEF are given in a later section.

Element and Boundary Condition Cata Cards:

Following the generation of the grid points, the program is ready to accept
element and boundary condition data. Since the mesh points for the problem
geometry are generated independentl, of the elements, the selection of nodes
from which to construct a given element is very flexible. The actual construc-
tion process for an element consists of identifying an appropriate group of
previously generated mesh points that will serve as the corner and midside nodes

of the element. This concept is apparent trom the form of the element data card

element type, mat, il, j1, fi2], [j2], ... [in], [jn]

where,

element type: is an alphanumeric name for the type of element. The
element types used in COYOTE are described below.

mat: is the material number for the element. This number should be set
to correspond to the material number used on the material property
card.,

i1, j1, {i2j, (j2]. ...: 1is the list of I, J values for the node points
in the element. The nodes of an element are listed counterclockwise
around the element starting with any corner as shown in Figure 11, 1n
some situations, the list of I, J values may be significantly conden-
sed. When only the first node I, J values are specified for a quadri-
lateral element, the following values for the remaining nodes are
assumed,
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4 Node Element (QUAD4/4):
i2 = i3 = i1 + 1, i4 = il
j2 =31, j3 = j4=j1+1
8 Node Element (QUAD8/4, QUAD8/8):
i4 = iB8 = il, i5 = 17 = il + 1, i2 = i3 = i6 = il + 2
j2 = 35 =j1, j6 =38 =jl+1, j3=jd=j7=jl+2
When I, J values are specified for only the corner nodes of an eight node quad-
rilateral, the midside I, J values are computed as the average of the corner

values. All of the appropriate I, J values for a triangular element must be

specified exnlicitly.

Node ) Node 1

2

Side 2

1 Side !

Node | Node )

FIGURE 11. Element Node Numbering and Side Numbering
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The specification of different types of elements is provided by the
"element type" parameter on the previously described data card. The permissible
element names for this parameter include the following:

(a) QUAD4/4: a four node (isoparametric) quadrilateral with arbitrarily

oriented straight sides.

(b) QUADB/4: An eight node (subparametric) quadrilateral with arbitrarily

oriented straight sides.

(c) QUAD8B/8: an eight node (isoparametric) quadrilateral with curved

sides.

(d) TRI3/3: a three node (isoparametric) triangle with arbitrarily

oriented straight sides.

(e) TRI6/3: a six node (subparametric) triangle with arbitrarily oriented

straight sides.

(f) TRI6/6: a six node (isoparametric) triangle with curved sides.

Note that in the generation of the eight and six node subparametric elements,

the physical coordinates (x, y) of the midside nodes need not lie precisely on

the element side as these coordinates are not used in the element formulation.
During the construction of the element mesh, two points about the 1, J

identification scheme should be noted. Each element is identified internally

by the I, J values for the first node named on the element data card, i.e., il,

Jjl. Since any corner node may be named first, two or more elements may share

the same internal designation or name. This situation must be avoided if any

of the elements sharing names are to have boundary conditions imposed on them.

A simple reordering of the nodes in the appropriate elements remedies this

situation. Secondly, during the generation of grid points, there is no require-

ment that adjacent parts of the grid have a continuous I, J numbering. When

elements are constructed along boundaries of such adjacent parts of the grid,

it is imperative that common nodes between elements have the same I, J values.

Element connectivity is generated from '~ I, J values for each node and,

therefore, common nodes with different I, J labels will not be properly connect-

ed. The generation of element meshes using node points with non-continuous I, J

labels is illustrated in the example section.
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The boundary conditions for the problem are specified by element and may
appear at any point in the present data section after the element to which they
apply has been defined. Boundary conditions are specified to have either a
uniform value along an element side or a particular value at a node. The

boundary condition data card has the following form:

BC, b.c. type, il, jl, side/node, value/set no./time curve no.

where,

b.c. type: is an alphanumeric name for the type of boundary condition.
The types of boundary conditions used in COYOTE are described below.

il, jl: 1is the I, J identification of the element (i.e., the first 1, J
named on the element data card) to which the boundary condition
applies.

side/node: identifies the side or node of the element to which the
boundary condition is to be applied. The numbering of nodes and sides
begins with the identifying node (i.e., the first node named on the
element data card) and proceeds counterclockwise as shown in Figure 11.

value/set no./time curve no.: is the numerical value of the applied
boundary condition, the number of the boundary condition SET in the
case of convective or radiative boundary conditions or the number of
the time history curve for time dependent boundary conditions. For
specified temperature or heat flux boundary conditions, this parameter
is set to the numerical value of the boundary condition (e.g., 100.0°C
or 50 watts/mz). The specification of a set or time curve number is

explained below.
The permissible types of boundary conditions as specified by the parameter
“b.c. type" include the following:

(a) T: specifies the temperature at a node.

(b) TSIDE: specifies the temperature to have a constant value along an

element side,
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(c) TVARY: specifies the temperature along an element side to be a
function of time.

(d) QSIDE: specifies a constant heat flux (energy/unit area/unit time)
along an element side.

(e) QVARY: specifies a time dependent heat flux along an element side.

(f) QCONV: specifies a constant convective heat transfer process along
an element side.

(g) QRAD: specifies a radiative/convective heat transfer process along
an element side.

(h) Adiabatic Surface: no houndary condition need be applied.

All of the above boundary conditions can be employed with any of the previously
described elements. Note that in the present version of COYOTE, only one QRAD.
QCONV, QVARY, and TVARY boundary condition can be specified for any single
element; other boundary condition types are not restricted.

The boundary condition options, TVARY and QVARY, permit temperatures or
heat fluxes along an element boundary to vary with time. The time histories of
the boundary condition are input through a set of user supplied subroutines
(SUBROUTINE CURVEn). The association of a particular time history with the
appropriate boundary condition is accomplished by use of the "time curve no."
which appears on the boundary condition data card and in the user supplied sub-
routine name. COYOTE will allow a total of six different time histories to be
input. The format for the time history subroutines is described in a subsequent
section.

The use of convcotive and radiative boundary conditions requires the appro-

priate heat transfer coefficients (h hr) and reference temperatures (Tc’ Tr)

¢’
to be specified. These parameters are input through use of a SET data card

which is of the form,

SET, b.c. type, set no., h, T

where,

50



b.c. type: 1is the alphanumeric name of the type of boundary condition
for which data is being specified, i.e., either QCONV or QRAD.

set no.: is the number of the particular data set. The code allows up
to ten data sets for each type of boundary condition. The set no. is
used to identify the appropriate boundary condition set on the BC
card.

h, T: are the parameters required for specifying a convective ar radia-
tive bcundary condition. For convection, h = heat transfer coeffi-
cient = hc and T = Tc' For fourth power radiation, h = emissivity:-
Stefan-Boltzmann constant = ¢-0 and T = Tr. For generalized radiation/
convection, h = VARIABLE and T = Tr'

The generalized radiation/convection condition mentioned above has been provided

to allow an arbitrary variation of h with temperature or time in the flux

expression,

a=h(T, )T - T,)

To incorporate such a boundary condition, the parameter "b.c. type' must be set
to QRAD, "h" must be set to VARIABLE, "T" is set to the appropriate reference
temperature, and the user supplied subroutine, HTCOEF, which describes h(T, t)
must be appended to the COYOTE program. This subroutine is described in detail
in a later section of this chapter.

The SET data cards may appear anywhere in the present data section; SET

cards for both types of boundary condition may appear in the same problem.

Looping Feature:

In order to permit easy specification of elements and boundary conditions
which appear in regular patterns in the mesh, a looping feature is incorporated
in COYOTE. This feature allows the definition of ILOOP's and JLOOP's (which
are similar to FORTRAN DO loops) for incrementing data in the I and J directions.
Ne. *ing of the loops may be in any order but no more than one loop in a given

direction may be used at one time. Note that within each loop, all the I (or J)
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values are given the same increment. The looping commands are of the following

form:
ILOOP, naass, inc or JLOOP, npass, inc
element or boundary element or boundary
condition data cards condition data cards
IEND JEND

where,

npass: specifies the number of passes to be made through the loop.
inc: specifies the increment to be added to the I or J values found

within the loop. The "inc" parameter may be negative.

The looping commands may appear at any point within the element, boundary
condition data section of the SETUP command. The use of the looping fexture is

illustrated in the example problems.
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FORMKF Command Card

With the completion of the SETUP command, the next task in the analysis
sequence is the formulation of the matrix equations for the individual elements

in the mesh. This function is carried out by the command card,

FORMKF, [geometry]

where,
geometry: is an alphanumeric name to indicate the type of coordinate
system desired. If geometry is omitted, the two-dimensional planar

formulation is used; if geometry = AXISYM, the axisymmetric formula-

tion is used.



OUTPUT Command Card

Prior to solution of the heat conduction problem, it is sometimes conven-
ient to limit the amount of printed output generated by COYOTE. It may also be
desirable to specify spatial locations within the mesh, other than nodal points,
at which temperature output is required. Both of these functions may be invoked
tkrough use of the OUTPUT command card. The selective printing of the computed

temperature field is set up with the following command card:

OUTPUT, delimiter type, nl, n2, n3, ... n50

where,

delimiter type: is an alphanumeric name to indicate how the subsequent
element numbers are to he interpreted in limiting the printed output.
If delimiter type = SINGLE, individual element numbers are assumed to
be listed in the following data. If delimiter type = STRING, the
following data is interpreted as pairs of element numbers with each
pair defining a sequence of elements.

nl, n2, ... n50: 4is a list of element numbers indicating which elements
are to have temperature data printed during the solution process. A
maximum of fifty individual element numbers or twenty-five element

pairs may be specified on a single command card.

There is no restriction on the number of OUTPUT command cards of this form that
can be used in a COYOTE input deck; OUTPUT cards with different delimiter types
may be mixed in the same input deck. The OUTPUT command card(s) must preceed
the ZIPP command card in the input deck. If no OUTPUT command is used in a
COYOTE input deck, the entire temperature field is printed at each output

interval,
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The specification of special temperature output points is achieved with

the following form of the command card:

OUTPUT, POINTS, X1s ¥ys Xg5 Vg - Xge, y25

where,

Xy, Y15 +-- Xggs Yo5° is a list of the x, y (or r, z) coordinate loca-
tions for the special points. A maximum of twenty-five points may be

specified on a single command card.
COYOTE allows a maximum of fifty special points to be specified during any par-
ticular analysis. The OUTPUT command card in this form must proceed the ZIPP
command card; OUTPUT command cards of both types may occur in the same input
deck. The temperatures at the special output points are printed at each normal
output interval. The temperatures at these points are also stored for possible

later plotting as temperature histories.
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ZIPP Command Card

The assembly and solution of the global system of matrix equations is
carried out by the ZIPP command card. For steady state problems, this command

is of the following form:

ZIPP, STEADY, [no. iter], [iprint], [tol], [initial conditions]

END

where,

no. iter<1l or 5>: specifies the number of iterations to be used in
solving the steady state problem. The default values of 1 and 5
correspond to iteration limits for linear and nonlinear problems,
respectively.

iprint <pno. iter -1>: specifies how often the solution field is printed.

tol <€0.0>: specifies a convergence tolerance that may be used to
terminate the iteration. When the largest difference in temperature
between successive iterations falls below the specified tolerance,
the iteration process is terminated. All nodes in the mesh are
checked for adherence to this criteria.

initial conditions ¢ >: specifies the source of the initial estimate for
the temperature field. If this parameter is omitted, the initial
estimate for the temperature is set from data on the material property
cards. If this parameter is set to TAPE, the initial temperature

field may be input through a tape file as explained below.

The solution of steady state problems requires the specification of only one

ZIPP command; for compatibility with the transient solution option this command

is terminated by an END card.

56



The solution of transient problems is carried out by a command card of the

following form:

ZIPP, integration type, [A], [iprint], tinitial’ [tfinal]’

At, no. steps , [initial conditions], [lumping]

where,
integration type: 1is an alphanumeric name to indicate what type of
integration process is to be used. When integration type = TRANS1,
the modified Crank-Nicolson procedure (Equation (23)) is selected.
For integration type = TRANS2, the generalized Crank-Nicolson family
of integration procedures (Equation (22)) are selected.
1<, 5> specifies the weighting parameter for the generalized Crank-
Nicolson methods (TRANS2). For A = 1.0, a forward Euler method is
produced, X = .5 produces a Crank-Nicolson method, and X = 0 produces
a backward Euler method. The A parameter may have any value in the
range 0 £ X £ 1.0. This parameter is omitted for the TRANS1 integra-
tor.
iprint €10>: specifies how often the solution field is printed.
tinitial’ tfinal’ At: specify the time limits (tinitial' tfinal) and
the time step (At) for the time integration procedure.
no. steps: indicates the number of time steps to be taken in the tran-
sient analysis.
initial conditions: specifies the source of the initial conditions for
the problem. If this parameter is omitted, the initial temperature
fields are set from data on the material property card. If this
parameter is set equal to TAPE, initial conditions may be input

through a tape file as explained below.
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lumping: specifies if the capacitance matrix is to be diagonalized
(lumped). If this parameter is omitted, a consistent capacitance
matrix is used; when lumping is set to LUMP, the capacitance matrix
is diagonalized. This option is only valid when using the three node

triangular element and/or the four node quadrilateral element.

In performing the analysis of transient problems, one or more ZIPP cards may be
required depending on the need to change time step (At) or printout frequency
(iprint) during the analysis. When using a sequence of ZIPP cards, all infor-
mation pertinent to the continued analysis of the problem must be specified on
cards following the first ZIPP card.

The control of the integration interval is accomplished by either of two
methods--specification of a final time (tfinal) or specification of the number
of time steps to be taken {no. steps). When the running time reaches tfinal or
the specified number of time steps is equaled, the program checks for the pre-
sence of another ZIPP command and the definition of a new integration interval.
This process continues until an END command is encountered, thus ending the
integration process.

When the initial condition parameter is set to TAPE, COYOTE expects the
initial temperature field to be supplied from a disc (or tape) file, called
TAPE 19. Details on the format for this file are given in a later section of
this chapter.

The choice of an appropriate time step for a transient problem is often a
critical point in the analysis for reasons of computational economy and accuracy.
A procedure for estimating a meaningful integration time step, based on problem

boundary conditions and the element mesh, is outlined in Appendix B.
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HEATFLUX Command Card

To aid in interpreting and using the computed temperature solution, COYOTE
allows the computation of several heat flux quantities on an element basis. The

computation of heat fluxes is initiated by the following command card,

HEATFLUX, time step no., location

where,

time step no.: 1is the number of the time step for which heat flux com-
putations are desired. For steady state problems, this parameter is
omitted. If time step no. = ALLTIMES, heat fluxes are calculated for
every element at every time step.

location: specifies where the heat flux calculations are to be made.
For location = FULL, heat flux calculations are made for every element
in the mesh. A second option allows fluxes to be calculated in up to
twenty elements specified by the user. This latter option is speci-
fied by listing the required element numbers after the "time step no."

parameter. This parameter is omitted if time step no. = ALLTIMES.

Within a given element, heat flux values are calculated on the element boundary
midway between nodes. Calculations are made for the x and y (or r and z) com-
ponents of the flux vector, the heat flux normal to the element boundary, and
the heat flux integrated over each side of the element (i.e., total energy
transferred across the element boundary). When using the HEATFLUX command in
conjunction with a transient analysis, note that the time steps are numbered
continuously from 1 to n beginning with the initial conditions (i.e., solution

at time = At is step number 2). Heat flux calculations can thus be made at any

particular time step by appropriately setting the '"time step no.' parameter.



Note that the use of the '"time step no. = ALLTIMES" option does not result in
any heat flux data being printed by COYOTE. This option should be used only to
create the data file for the subsequent plotting of flux histories (see HISTORY
option under the PLOT command). There is no limit to the number of HEATFLUX

command cards that can be used in a COYOTE input deck.
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REZONE Command Card

The automatic coarse to fine mesh rezoning of a coarse grid solution is

ipitiated through the command card,

REZONE, [xmin, ymin, xmax, ymax], ni, nj, {iprint], [imin, jmin, imax, jmax]

where,

xmin, ymin, xmax, ymax: specify the x, y coordinate limits on the region
to be rezoned. Only elements entirely within this region are rezoned.

ni, nj: specify the number of fine grid elements to be placed in each
coarse grid element in the I and J directions. ni and nj must be less
than 10.

iprint <3>: specifies the amount of output produced by the rezone pro-
cedure. iprint may vary from 1 (limited output) to 4 (full output).

imin, jmin, imax, jmax: specify the limits of the region to be rezoned
in terms of I, J coordinates. Only elements entirely within the

region bounded by these limits are rezoned.

The region to be rezoned may be specified in terms of either the physicsl coor-
dinates of the mesh (imax, Jmax, etc.) or the I, J coordinates of the mesh
(imin, jmin, etc.). TFollowing a REZONE command, the program should be directed
to the next suitable operation such as FORMKF or PLOT. The REZONE command only
provides mesh refinement and interpolation of new boundary conditions and not
automatic re-solution. The present version of COYOTE only allows time indepen-

dent problems to be rezoned.
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PLOT Command Card

The COYOTE program contains a plotting package to facilitate the interpre-
tation of data obtained from a solution and to aid in setting up element meshes.
There are six basic types of plots which are available in COYOTE and are ob-

tained with the following command card,

PLOT, plot type, Xmin, ymin, xmax, ymax,

[im.n, jmin, imax, jmax], [xscale], [yscale], [number], [special pts]

where,

plot type: is an alphanumeric name which specifies the type of plot
desired. The permissible parameter values are catalogued below.

xmin, ymin, xmax, ymax: specify the range of coordinates for the area
to be plotted in a line drawing or define the range of the ordinate
and abscissa for a graph. For line drawings (e.g., element plots,
outline plots, contour plcts) the xmin, ... ymax parameters define a
rectangular window; only elements and their associated data that fall
entirely within the window will be plotted. TFor graphs (e.g., time
histories or profiles). the xmin, ... ymax may be used to set the
maximum and minimum values for the ordinate (ymin, ymax) and abscissa
(xmin, xmax) of the plot. If these parameters are omitted, the axes
for the graph are set by COYOTE.

imin, jmin, imax, jmax: 1is an optlonal specification of the limits of
the region to be plotted. 1If the I, J limits of the region are speci-
fied, the xmin, ... ymax parameters are used to set the border for the

plot. These parameters are omitted for graph plots.
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xscale €1.0>, yscale €1.0>: specify magnification factors for the x and
y coordinates of the plot. The default values produce & correctly
proportioned plot of the largest possible size consistent with the
plotting device. The use of a scale parameter produces a non-
proportional plot. The use of these parameters is illustrated in the
example problems. These parameters are omitted for graph plots.

number < >: specifies if the element numbers are to be displayed on the
element plot. If number is omitted, element numbers are not plotted;
if number = NUMBER, the element numbers are plotted at the element
centroid.

special pts<>: specifies if the location of the special output points
(see OUTPUT command) are to be displayed on the element plot. If
special pts is omitted, special point locations are not plotted; if
special pts = SPECIAL, the special point numbers are plotted at the

appropriate location on the element plot.

The parameter on the PLOT command card, denoted ''plot type" may be set to

any of the following values as required.

(a) POINTS: generates a plot of the grid points generated by the SETUP
command. The '"grid plot' parameter on the SETUP command card must be
set to PLOT to obtain this type of plot.

(h) ELEMENTS: generates a plot of the element mesh.

(c) CONTOUR: generates contour plots of the temperature.

(d) OUTLINE: generates an outline plot of the problem domain with material
boundaries indicated.

(e) HISTORY: generates time history plots of the temperature or heat
flux.

(f) PROFILE: generates plots of temperature versus position with time as
8 parameter,

Following the command cards for the CONTOUR, HISTORY, and PROFILE plot options,

a series of data cards are required.
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Contour Data Cards:

For the CONTOUR plot option, the required data cards are of the following

form:
contour type, timg step no., no. contours, [el, c2, ... c20]
END

where,

contour type: 1is an alphanumeric name indicating the variable to be
contoured. This parameter must have the value ISOTHERMS.

time step no.: 1is the number of the time step for which a plot is re-
quired. For steady state problems, this parameter may be omitted.

no. contours: specifies the number of ccntours to be plotted. A maximum
of twenty contour lines is allowed on each plot.

cl, c2, ... c20: are optional values that specify the value of the con-
tour to be plotted. If these parameters are omitted, the plottad con-
tours are evenly spaced over the interval between the maximum and

minimum values of the variable.

Note that when the contour values are left unspecified, the maximum and minimum
values used to compute the contour levels are those for the entire mesh. This
procedure may produce an unsatisfactory (or blank) plot in the event only a
small portion of the mesh is plotted and the number of contours specified is
small. This situation may be avoided by specifyinyg the contour values to be
plotted. When using the contour option with a transient analysis, note that
the time steps are numbered continuously from 1 to n beginning with the initial
conditions (i.e., solution at time = At is step number 2). A contour plot can
thus be made at any particular time step by appropriately setting the "time
step no." parameter.

Any number and/or type of contour data cards may follow a CONTOUR command

card; the sequence is terminated by an END card. To simplify the plotting of a
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series of contour plots for a transient analysis, a looping feature is available.

The looping command has the following form,

B}OTLOOP, no. plots, plot inc

contour type, time step no., no. contours, [cl, c2, c20]

PLOTEND

where,
no. plots: specifies the number of plots to be generated.
plot inc: indicates the frequency at which a plot is generated, i.e.,
every ''plot inc" time steps a contour plot is produced beginning with

the "time step no." indicated on the contour data card.

There is no limit to the number of PLOTLOOP data sets that may follow a CONTOUR
command card; the sequence is terminated by an END card. Withio any g.ven
PLOTLOOP, only a single contour data card may be defined. PLOTLOOP's and indi-

vidual contour data card may be mixed under a single CONTOUR command.

History Data Cards:
For the HISTORY plot option, the required data cards are of the following

form,
location, no. points, time step 1, time step 2
elem no,, node no., elem no., neode no.,
END

where,

location: 1s an alphanumeric name indicating the variable to be pletted

as a function of time, For loncation = TLOCATION, nodal point
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temperatures are plotted versus time; location = QLOCATION implies
that heat fluxes (normal component) are to be plotted; location =
TSPECIAL allows temperatures at the special output points (see OUTPUT
command) to be plotted.

no. points: specifies the number of histories to be plotted. A maximum
of ten time histories per plot is allowed.

time step 1, time step 2: indicate the time step numbers at which the
time histories are to begin and end, respectively. The maximum differ-
ence allowed between time step 2 and time step 1 is 400, i.e., only
400 time steps may be represented on a given plot.

elem no., node no.: are pairs of numbers indicating the element and node
number for which a time history is required. A maximum of ten such
pairs per data card is allowed. When plotting histories for special
output points, pairs of rumbers are not required. In this latter
case, the numbers of the special points to be plotted are listed in

sequence. A maximum of ten such numbers per data card is allowed.

There is no restriction on the number or type of LOCATION data cards that may
follow a HISTORY command card; the sequence is terminated by an END card. The
numbering of the element nodal points is shown in Figure 11. Note that the
numbering of fluxes in an element differs from the node numbering convention;
fluxes are numbered sequentially (counterclockwise) around the element beginning
with the point nearest the identifying node for the element. Also, the plotting

of flux histories assumes that the HEATFLUX, ALLTIMES command was executed prior

to the command for the history plot.

I'rofile Data Cards:
For the PROFILE plot option, the required data cards are of the following

form:

[:5:]



TIMEPLANE, no. planes, tl, t2, ... tl0

location, delimiter type, no. pairs, elem no., side/node no.,

elem no., side/node no., ...

where,

no. planes: specifies the number of profiles (at different times) to be
plotted. A maximum of ten profiles per plot is allowed.

tl, t2, ... tl0: specify the time step numbers at which the profile is
to be plotted. For steady state problems, this data is omitted.

location: 1is an alphanumeric name indicating the variable to be plotted
as a function of position. Location should be set to TLOCATION.

delimiter type: 1is an alphanumeric name indicating how the profile
geometry is to be specified. If delimiter type = SIDES, the profile
geometry is described in terms of element sides. For delimiter type =
NODES, the profile is given in terms of individual nodal points.

no. pairs: specifies the number of data pairs (elem no., side/node no.)
needed to describe the profile geometry. A maximum of 20 such data
pairs is permitted.

elem no., side/node no.: are pairs of numbers specifying the profile

geometry in terms oSf an element number and a side or node number.

There is no restriction on the number of TIMEPLANE/LOCATION data cards that may
follow a PROFILE plot command. However, TIMEPLANE and LOCATION data cards must
occur in pairs with the TIMEPLANE card first. The data sequence for the PROFILE

option is terminated by an END card.

¥With the delimiter type set to SIDES, the temperature profile is plotted
along element sides with the spatial distance being measured rlong the element
boundary. When delimiter type is set to NODES, the temperature profile is

plotted o' constructing the straight line path between successive nodes. In
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both options, the input sequence of elements determines the profile path. There
is no requirement that the profile have a continuous path, i.e., some elements
along a path may be omitted. Multiple side/node specifications for an indivi-
dual element are permitted. When the SIDE option is used, the profile path is
directed along element sides with the direction of increasing path length deter-
mined by increasing corner node numbers. Thus, for an eight-node guadrilateral
with side 1 specified, the path proceeds from nodes 1 to 5 to 2; with side 3
specified, the path is directed from nodes 3 to 7 to 4. IT the path direction

is inappropriate with this option, the NODES description may be used.
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RESTART Command Card

The COYOTE program allows a computed solution and its associated probiem
data to be conveniently saved for further post-processi"g through the use of a
restart command. In order to save a previously computed solution, the following

command card may be used,
RESTART, SAVE

In order to restart a previously saved solution, the following command card is

used,

RESTART, RESET, [nsteps]

where,
nsteps <0>: 1is a parameter to indicate at what time step number the
solution file is to be positioned at during the restart process. If
nsteps is omitted, the solution file is rewound. For nsteps > 0, the
solution file is positioned after the nsteps time step. This allows
restarting of the solution process with the nsteps + 1 time step.

This parameter has no meaning for steady state problems.

The command to save a solution may occur at any noint after the ZIPP command
sequence, that is,after a solution has been obtained. 1In order to restart a
solution, the RESET command should immediately follow the header card.

1f the solution is to be continued in time following a restart, the FORMKF
command must be executed prior to the ZIPP command as the restart procedure
does not save the matrix equations for the problem. Also, the initial condition
parameter on the ZIPP command card should be set equal to TAPE. The solution
file should be re-positioned at the appropriate time step through use of the

nsteps parameter.
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The RESTART commands when executed from the data deck, direct the program
to collect (or distribute) pertinent element and solution information onto (or
from) two files, TAPE13 and TAPE12. To complete the restart process, these
files must be saved (or attached) by the appropriate system control cards.
Typically, these files would be saved on a magnetic tape or catalogued on a

permanent file. The restart procedure is illustrated in the example problems

section.

70



Program Termination Card

There are two modes of termination for a COYOTE analysis. If two or more
problems are to be run in sequence, then the appropriate termination for any
particular problem is,

END iprint

However, if the program is to be terminated with no further computational oper-

ations, then the following command card is used,

STOP, [iprint

where,

iprint: 1s an optional alphanumeric parameter that allows the printing
of the last solution obtained to be suppressed. If iprint is omitted,
the solution field is printed; if iprint = NOPRINT, then printing is

suppressed.
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Input Deck Structure

As noted previously, the order of the commands to COYOTE is dependent on
the needs of the user. However, some limitations on the command sequence are
obvious as some operations are necessacy prerequisites to other computations.

The following comments provide some guidelines to specific sequencing situations.

(a) The POINTS plot option must follow the SETUP command sequence as the
file used to store the grid point coordinates is rewritten in later
operations. Typically, a grid point plot is used in setting up a grid
and is not generated during a complete solution sequence.

{(b) The ELEMENTS and OUTLINE plot options can be located anywhere after
the SETUP command sequence.

(c) The remaining plot commands can occur at any point after the values
to be plotted have been computed.

(d) The OUTPUT command must occur after the SETUP command and must precede
the ZIPP command,

(e) The RESTART, SAVE command car only be executed after a solution has
been obtained. No provisions afe made in the restart process to
retain the element coefficient matrices and thus the SAVE option has
little meaning prior to obtaining a solution.

(£f) If a solution is to be saved, the RESTART, SAVE command should gener-
ally be the last command (except for STOP) in a data deck. The restart
process uses several tape files that are also employed by other pro-
gram operations. The execution of commands following a RESTART, SAVE
command could result in a conflict in file usage.

(g) If a transient solution has been saved, it may be continued in time
by use of the RESTART, RESET command. The RESTART command should be
followed by the FORMKF command and the ZIPP commands with the TAPE

parameter indicated.
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User Supplied Subroutines

There are a number of situations which require the user to supply FORTRAN
coded subroutines to COYOTE; the definition of special nodal point iocations,
the use of variable material properties, the use of a variable volumetric heat
source, the specification of a general radiation/convection boundary condition
and the use of time dependent temperature or flux boundary conditions.

When the parameter EXTDEF is encountered during the generation of nodal
points, COYOTE accesses SUBROUTINE EXTDEF which is supplied by the user. This
subroutine allows nodal point locations to be defined in any appropriate manner
by the user, This subroutine must have the following form:

SUBROUTINE EXTDEF (X, Y, MAXI)
DIMENSION X(MAXI, 1), Y(MAXI, 1)

FORTRAN coding to generate an array of
nodal point locations

RETURN

END

where the variables in the subroutine parameter list are
X, Y: two-dimensional arrays containing the x, y (or r, z) coordinate
locations of the nodal points. The indices for each two-dimensiongal
array correspond to the I, J name for the nodal point (i.e., X(I, J),
Y(I, J) for point I, J).
MAXI: an integer specifying the largest I value that can be defined in
the mesh. This parameter corresponds to the maxi parameter specified

on the SETUP command card.
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When the ''temperature dependence' parameter on the material data card is
set equal to VARIABLE for any material in the problem, COYOTE expects SUBROUTINE
CONDUCT and SUBROUTINE CAPACIT to be supplied by the user. TFor steady state
problems, only SUBROUTINE CONDUCT need be supplied. These two subroutines allow
the user to conveniently specify the conductivity and heat capacity (actually
p-Cp) as arbitrary functions of the temperature. In the event only one of the
two indicated properties is to vary with temperature, the remaining property
must still be set through use of the appropriate subroutine, i.e., COYOTE ex-
pects both subroutines to be present. Each subroutine is used to evaluate the
appropriate material property for all materials labeled as temperature dependent
on the material data cards.

The required subroutines must have the following forms:

SUBROUTINE CAPACIT (RHOCP, T, X, Y, NNODES, MAT, NELEM, TIME)
DIMENSION RHOCP (1), T(l), X(l), Y(1)

FORTRAN coding to evaluate p-C, for each material with
temperature dependent capacitance

RETURN
END

and,

SUBROUTINE CONDUCT (CONDLl, COND2, T, X, Y, NNODES, MAT, NELEM, TIME)
DIMENSION COND1(1), COND2(1), T(1), X(1), Y(1)

FORTRAN coding to evaluate ki] and kgg for each material with
temperature dependent conductivity

RETURN
END
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where the variables in the subroutine parameter lists are:

RHOCP (NNODES): an array containing the values of p—Cp.

COND1 (NNODES), COND2 (NNODES): Arrays containing the values of the
principle conductivities k11 and k22. For isotropic materials, set
COND2 (NNODES) = COND 1 (NNODES).

T (NNODES): an array containing the values of the temperatures at the
nodes.

X (NNODES), Y (NNODES): arrays containing the values of the x, y (or
r, 2) coordinates for the nodes.

NNODES: an integer parameter specifying the number of nodes at which
the material property is to be evaluated.

MAT: an integer specifying the material number as set on the material
data card.

NELEM: an integer specifying the element number.

TIME: the current value of the time.

When the volumetric heating parameter, @, on the material data card is set
equal to VARIABLE, COYOTE expects SUBROUTINE SOURCE to be supplied by the user.
This subroutine must have the following form:

SUBROUTINE SOURCE (QVALUE, T, X, Y, NNODES, MAT, NELEM, TIME)
DIMENSION QVALUE(1), T(1), X(1), Y(1)

FORTRAN coding to evaluate the volumetric heat source for
each material with a variable heat source

RETURN
END

where the variables in the subroutine parameter list are:

QVALUE (NNODES): an array containing the values of the volumetric

heating rate.
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T (NNODES): an array containing the values of the temperatures at the
nodes.

X (NNODES), Y (NNODES): arrays containing the values of the x, y (or
r, z) coordinates for the nodes.

NNODES: an integer parameter specifying the number of nodes at which
the volumetric heating is to be evaluated.

MAT: an integer specifying the material number as se: on the material
data card.

NELEM: an integer specifying the element number.

TIME: the current value of the time.

The use of a generalized radiation/convection boundary condition requires
that the variationr of the heat transfer coefficient with temperature and/or
time be specified. When the "h'" parameter on the SET data card is specified
as VARIABLE, the COYOTE program expects SUBROUTINE HTCOEF to be supplied by the

user. The required subroutine has the following form:

SUBROUTINE HTCOEF (HT, TSURF, TREF, XSURF, YSURF, TIME, ISET, NELEM)

FORTRAN coding to evaluate the heat transfer coefficient for each set
number

RETURN

END

where the variables in the subroutine parameter list are:

HT: the heat transfer coefficient.

TSURF: the local surface temperature of the material.

TREF: the reference temperature of the environment as specified on the
SET data card.

XSURF, YSURF: the %X, y (or r, z) coordinates on the surface.

TIME: the current value of the time,
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ISET: an integer specifylng the "set no." as set on the BC and SET data
cards.

NELEM: an integer specifying the element number.

Note that if more than one generalized radiation/convection boundary condition
occurs 1n a problem, SUBROUTINE HTCOEF is used for the evaluation of all heat
transfer coefficients that vary with time and/or temperature. The set no.
(ISET) parameter is used to distinguish the different boundary conditions.

When the boundary condition options TVARY and/or QVARY are employed, COYOTE
expects the appropriate time history subroutines to be supplied by the user.
The correspondence between a particular boundary condition and its variation
with time is established through the "time curve no." which appears on the BC
data card and in the name of the subroutine providing the time history. The

required subroutines huve the following form:

SUBROUTINE CURVEn (NELEM, TSURF, TiME, BCVALUE)

FORTRAN coding to evaluate a boundary condition
for a specified time history

RETURN

END

where the variables are:

n: an integer specifying the "time curve no." as set on the BC data
card (1 £ n 5 6).
NELEM: an integer specifying the element number,
TSURF: the local surface temperature of the material.
TIME: the current value of the time.
BCVALUE: the value of the boundary temperature or heat flux (as required)

for the current TIME.
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The subroutines described above, when required by COYOTE, should follow
the main overlay in the loading sequence. The control cards necessary to

implement user supplied subroutines are described in a subsequent section.
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Initial Conditions

The analysis of a transient conduction problem requires the specification
of a set of initial ccnditions for the problem.‘ For cases where the initial
temperature field may be assumed uniform (or at least constant over each
material), the initial conditions may be set through a parameter on the material
data card. For problems where the initial temperature field is more complex,
COYOTE accepts the initial conditions from an external storage device (disc or
magnetic tape file) denoted TAPE19.

In order to be compatible with COYOTE, the initial temperature field must

be written to unit 19 with the following unformatted FORTRAN write statement,

WRITE(19) TIME, TMAX, TMIN, NUMEL,

((T(J,I), I =1,8), J =1, NUMEL)

where,
TIME: is the initial time.
TMAX, TMTN: are the maximum and minimum temperatures in the field.
NUMEL: is the number of elements in the mesh (the CDC version of COYOTE
requires that NUMEL < 500, the Cray version requires NUMEL < 1000).

T(J,I): 1is the array containing the initial temperatures.

Note that the I index has an upper limit of 8 which corresponds to the number
of nodes in a quadrilateral element. If triangular elements are present in the
mesh, the I index must still run to 8; the last two entries in the T array are
ignored by COYOTE when a triangular element is encountered. Ordering of the
nodal point temperatures for each element must be as shown in Figure 11.

—_—
Initial estimates for the temperature are also necessary for steady state
problems when radiation boundary conditions are used.
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When the file containing the initial conditions is attached to the job,
the file name must be TAPE19. It should be noted that the output format for
COYOTE is the same as the above; the output file for COYOTE is also TAPE19.
Thus, solution fields from COYOTE may be used directly as initial conditions

for subsequent problems. The use of these features are demonstrated in the next

chapter.
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Error Messages

COYOTE has been supplied with a number of error checks and tests for bad
or inconsistent input data, overflow of storage, etc. Wher an errnr is encoun-
tered, a message is printed indicating in what subroutine the error occurred,
the type of error, and any pertinent data associated with the error; the program
is terminated with a STOP 1 if the error is fatal. The error messages imbedded
in COYOTE are listed below according to overlay along with brief explanations

of the error.

(0,0) OVERLAY

DRIVER-UNRECOGNIZED COMMAND: a command instruction was expected but was
not found or was misspelled.

FFLD-END OF DATA: an end of file was encountered on the input file, check
termination command.

FFLDSB-INPUT VARIABLE TOO LONG: an input variable with more than ten
characters was encountered.

RESTART-UNRECOGNIZED COMMAND: a restart command was used with an incom-
plete or misspelled parameter list.

PRINTER-UNRECOGNIZED COMMAND: an output command was used with e&n incom-

plete or misspelled parameter list.

(1,0) OVERLAY
ELDATA-UNRECOGNIZED COMMAND: erroneous element, boundary condition, or
looping specification, check spelling.
ELDATA-LOOP PREVIOUSLY DEFINED: error in looping specification, check for
third loop within two existing loops.
ELDATA-MAXIMUM NUMBER OF ELEMENTS EXCEEDED: reduce number of elements

used or re-dimension code.
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ELDATA-UNRECOGNIZED DATA ON SET CARD: a set data card was used with an
incomplete or misspelled parameter list.

ELDATA-BC APPLIED TO AN UNDEFINED ELEMENT: a boundary condition was applied
to an element that has not yet been defined.

ELDATA-EXCESSIVE BOUNDARY CONDITIONS ON ELEMENT: too many boundary condi-
tions (i.e., >6) have been applied to an element.

ELDATA-UNRECOGNIZED BOUNDARY CONDITION: boundary condition type is in
error, check spelling.

ELDATA-BC ON IMPROPER SIDE OF ELEMENT: a boundary condition was specified
for an improper side of an element (1 £ side < 4).

NMESH-IJ MAX OR MIN EXCEEDS SPLCIFIED VALUE: during generation of the grid
points, a part was found with an imax, jmax, imin, or jmin that ex-
ceeded the specified maxi on the SETUP command.

MATREAD-TOO MANY MATERIALS SPECIFIED: more than ten materials were speci-

fied.

(2,0) and (10,0) OVERLAY
FORMKFP-BAD ELEMENT JACOBIAN: a negative element area was found, check
element coordinates and connectivity.
TRI-ZERO JACOBIAN: a triangular element with a zero area was found, check
element coordinates.
QUAD-ZERO JACOBIAN: a quadrilateral element with a zero area was found,

check element coordinates.

(3,0) OVERLAY
ZIPP-UNRECOGNTZED COMMAND: a solution command was used with an incomplete
or misspelled parameter list.
ZIPP-MAXIMUM STORAGE EXCEEDED: maximum active storage exceeded, reduce
problem size or re-dimension code.
ZIPP-COMMAND CARD MISSING: another solution command was expected but not

found, check for termination command.
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ZIPP-ZERO PIVOT: zero on the diagonal of the equation being eliminated,
equation system is singular or element connectivity 1s in error.
BCTIME~-TIME CURVE NUMBER TOO LARGE: a time curve number greater than six

was encountered, check data cards and time history subroutine names.
PREFRNT-INSUFFICIENT STORAGE: insufficient storage for element connecti-
vity, reduce problem size or re-dimension code.

PREFRNT-INSUFFICIENT STORAGE FOR FRONT WIDTH: reduce problem size or re-

dimension code.

(4,0) OVERLAY
REZONE-TOO MANY SUBDIVISIONS OF COARSE ELEMENT: more than ten fine grid
elements per coarse grid element have been specified.
REZONE-TOO MANY COARSE GRID ELEMENTS IN REZONE: more than one hundred
coarse grid elements have been found in the rezone region.
REZONE-EMPTY REZONE REGION: no coarse grid elements were found in the

rezone region.

(6,0) OVERLAY

PLOTZ-UNRECOGNIZED COMMAND: a plot command was used with an incomplete or
misspelled parameter list.

CONTOUR-UNRECOGNIZED COMMAND: error in contour specification, check
spelling on contour type, loopihg command, and termination.

TIMEPLT-UNRECOGNIZED COMMAND: error in history plot specification, check
spelling and termination.

SPLOT-UNRECOGNIZED COMMAND: error in profile plot specification, check
spelling and termination.

SPLOT-TIMEPLANE DATA CARD NOT FOUND
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Computer Requirements and Control Cards

COYOTE is a fairly large code (approximately 6000 source statements) that
operates most effectively on a large computer system. The code was originally
developed on a CDC 6600 computer with an extended core storage (ECS) capability.
The present version of COYOTE is designed primarily for execution on the CDC
CYBER 76 computer system and the Cray S1 computer. The following discussion of
computer request parameters and control cards is specifically directed toward
the use of COYOTE on the Sandia National Laboratories computer system.

The central processor time needed to run COYOTE is directly dependent on
the number of elements in the mesh and to a lesser extent on the front width of
the problem. To roughly estimate the CPU time required for a typical job, the

following formula may be used for the CDC version of COYOTE:

CPU = (Number elements) x (0.02) + (Number elements)
x (Number time steps or iterations)

x (0.007)

Note that the constants in the above formula are accurate for problems of moder-
ate size but could increase by a factor of two for very large analyses. Also,
the above estimate of CPU time does not include the time for post-processing
the solution, i.e., computing heat fluxes, plotting, etc., nor does it include
the time charged for unoverlapped I/0 operations. In terms of CPU time, the
Cray version of COYOTE executes approximately twice as fast as the CDC version.
The amount of Large Core Memory (LCM) needed for COYOTE (CDC) is also
directly related to the number of elements in the mesh and the problem front
width., Unfortunately, the LCM required cannot be estimated a priori. The
experience of the user is, thus, the best guide for setting this parameter.

After completion of a solution, COYOTE reports the total LCM required for the

84



job allowing the user to adjust the reguested value for future runs. No LCM
request is needed for COYOTE (Cray).
The COYOTE program is maintained in an UPDATE form in the Sandia National

Laboratories permanent file system and may be accessed by executing the follow-

ing control cards:

PFGET, FLNAME, COYOTE, AU = DKGARTL. (CDC Version)

and,

FILE, FLNAME, RT = S.
PFGET, FLNAME, COYOTEC, AU = DKGARTL. (Cray Version)

Before executing, the file attached with the above control cards must be run
through the UPDATE processor and then compiled. 1In the following sections,
control card decks are listed for using COYOTE in its standard modes of

operation.

Run with Plotting:

The control card sequence shown in Figure 12a allows the user to run
COYOTE (CDC) and plot results using the RSCORS software package. The graphical
output is post-processed and returned through a Versatec plotter at the appro-
priate Remote Job Entry Terminal (RJET). OQther options for processing and dis-
posing of plotted output are given in References 19 and 20. To access the Cray

version of COYOTE, the control stream in Figure 12b should be executed.

Run with Restart:

Figure 13a shows a control card stream to run COYOTE (CDC) and save the
solution for later restarting. In this case. the solution and element data were
saved on magnetic tapes; permanent file storage could also have been used. The
listing in Figure 13a is also suitable for restarting a job if the STAGE commands
are modified to cause files TAPE13 and TAPE19 to be PRE staged. The control

cards needed to run COYOTE (Cray) with restarting are shown in Figure 13b.
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Run with Initial Conditions:

The control stream shown in Figure 13a are also suitable for running a
transient analysis with initial conditions provided from an external source.
If the initial conditions are written on TAPE1Q (in the format discussed
previously), then the listing in Figure 13a is immediately applicable if the

request for TAPEL3 is deleted. The control stream for the COYOTE (Cray) version

of this procedure is shown in Figure 13b.

Run with User Subroutines:

The control cards required tc¢ execute COYOTE (CDC) when user supplied sub-
routines are to be included are shown in Figure 1l4a; the equivalent COYOTE

(Cray) control stream is shown in Figure 14L.

In Figures 12b, 13b, and 14b, the execution of COYOTE (Cray) is carried out
through use of a set of procedure files (SLTLIBZI). The use of these procedures
simplifies the access to COYOTE on the Cray though in fact, the basic Cray Job

Control Language can also be used to run the program.
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*

COYOTE, TXXXX, ECYYY. NAME BOX NO.

PFGET, FLNAME, COYOTE, AU=DKGARTL,
UPDATE, P=FLNAME, N, F.

FTN, I=COMPILE, L=0.

PFGET, RSCOR76, AU=SLTHOMP.

PFGET, RSCDI76, AU=SLTHOMP.
LIBRARY, RSCOR76, RSCDI76.

RFL, L=YYY.

LGO, PL=777777B.

PFGET, POP76, AU=SLTHOMP.

POP76, TAPL1

©Q

, PCPOUT, IICL.
COMQ, POPQUT, HC1.

7-8-9

7-8-9

COYOTE DATA

6-7-8-9

NOTES:

(1) For large jobs nroducing large quantities of output, consideration
should be given to using a FICHE, OUTPUT command to divert the printed
output to microfiche.

(2) Graphical output may also be generated via the SCORS software system
by appropriate substitution for the lines marked by * (see Reference
21). The above control statements assume plots will be generated on
a Versatec hardcopy plotter; other options are availablc (see

Reference 20).

FIGURE 12a
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B8

COYOTE, TXXXX, STSCZ.

SLTLIB.
UID. NAME BOX NO.

CUPDATE, P=COYOTEC, UN=DKGARTL, F.

CFT, I=COMPILE, L=0.
RSCORLB.

ASSIGN, DN=POPIN, A=FT10.
LDR, LIB=RSCORS.

POP, POPIN, POPOUT, HCl.
XCOMO . POPOUT. HC1 . CR=R7.
7-8-9

7-8-9

COYOTE DATA

6-7-8-9

NOTES:

NAME

BOX NO.

(1) Tor large jobs producing large quantities of output, consideration

should be given to using a XFICHE, $0UT command to divert the

printed output to microfiche.

FIGURE 12b



COYOTE, TXXXX, ECYYY. NAME BOX NO.

PFGET, FLNAME, COYOTE, AU=DKGARTL.

UPDATE, P=FLNAME, N, F.

FTN,

I=COMPILE, L=0.

LABEL, TAPE1l3, W, L=$$.

LABEL, TAPE19, W, L=$$.

STAGE, TAPE13, VSN=AAAAAA, HY, POST.

STAGE, TAPE19, VSN=BBBBBB, HY, POST.

RFL, L=YYY.
LGO, PL=777777B.
7-8-9
7-8-9

COYOTE DATA

6-7-8

NOTES

(1)

(2)

-9

The above listing uses (skeleton labeled) magnetic tapes to store the
element data and solution fields. The permanent file system could

also be used to save the data by replacing the STAGE and LABEL commands
with the appropriate PFSAVE commands. Note that PFSAVE commands should
follow the LGO card.

The above listing is suitable for restarting a COYOTE run from tape.
When restarting, the POST parameter on both STAGE commands should be
changed to PRE. When restarting from permanent file storage, the
PFSAVE commands should be replaced by an appropriate set of PFGET
commands.

The inclusion of plotting in the above run is accomplished through

the addition of the appropriate commands from the control stream

shown in Figure 12a (i.e., those with an *).
FIGURE 13a
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20

COYOTE, TXXXX, STSCZ. NAME 30X NO.

SLTLIB.

UibD. NAME BOX NO.

CUPDATE, P=COYOTEC, UN=DKGARTL, F.
CFT, I=COMPILE, L=0.

LDR.

XTAPEOT, FT13. L=(335), VSN=AAAAAA.
XTAPEOT, FT19, L=(%$%), VSN=BBBBBB.
7-8-9

7-8-9

COYOTE DATA

G=F—Hou

NOTES:

(1) The above listing uses (skeleton labeled) magnetic tapes to s .ore

the element data and solution fields. The permanent file system
could also be used Lo save the data by replacing the XTAPEOT
commands with the appropriate XPFSAVE commands.

(2) The above listing is suitable for restarting a COYOTE run from
tape. When restarting, the XTAPEOT commands are replaced by

XTAPEIN commands; the XTAPEIN commands precede the LDR command.

When restarting from permanent file storage, the XPFSAVE commands

are replaced by XPFGET commands.

(3) The inclusion of plotting in the above run is accomplished through

the addition of the appropriate commands from the control stream

shown in Figure 12b (i.e., those with an *).

FIGURE 13b



COYOTE, TXXXX, ECYYY. NAME

PFGET, FLNAME, COYOTE., AU=DKGARTL.
UPDATE, P=FLNAME, N, F.

FTN, I=COMPILE, L=0.

RFL, L=YYY.

LGO, PL=777777B.

7-8-9

IDENT, USERSUB

DELETE, USER.2, USER.38
FORTRAN CODED USER SUBROUTINES
7-8-9

COYOTE DATA

6-7-8-9

NOTES:

BOX NO.

(1) The inclusion of plotting in the above run is accomplished

through the addition of the appropriate commands from the

control stream shown in Figure 12a (i.e., thuse with an *).

FIGURE 14a
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COYOTE, TXXXX, STSCZ. NAME BOX NO.

SLTLIB.
UID. NAME BOX NO.
CUPDATE ., P=COYOTEC. UN=DKGARTI.. F.
CFT. I=COMPILE. 1=0.
ILDR.
7-8-9
IDENT, USERSUB
DELETE, USER.2. USER.38
FORTRAN CODED USER SUBROUTINES
7-8-9
COYOTE DATA

6-7-8-9

NOTES :
(1) The inclusion of plotting in the above run is accomplished
through the addition of the appropriate commands from the

control stream shown in Figure 12b (i.e., those with an *),

FIGURE 14Db



AMPLL PRenst e

A series of six problems have boeen duc boded e rhys covriop fo aemeastra

and some of the capabilortes

the use of the previousiy desceribed comrand

of 1he COYOTE code.  Though the examples 11! vit e cfothe salieny oo
af the cade, all possible options and subtletic= of the prowras counid ot iu
covered, However, a careful study of the input frsings andg the associite

s should provide the uscer with sufficient hackpraound 1o successtails

cmplov COYOTE on other heat conduction problere.

Grid Generation
The Tirst example consists of four pronlers whieh demonstrate several
points abaut the relatiarship hetween node and clement coneration.  The |oshuapog

region defined in Figure 15 is to be gridded usine a n saber of gquadrilateral
olements. Tte input listing shown in Figure 16 indicaces four methods (hereatyoer
denoted V. B ¢, and D, respeoctiveliy) by which this could be accomnlished.

In the four cases illustrated, 147 nodal points were cenerated in tao
parts; the physical location of the nodes remained constant for the thror cases,
N plot of the nodes, as generated by the PIOT, POINTN command. 1s shown 1n
Figure 17.

The input deck for Case A resulted in the element mesh shown in Figare Isa.
Note that in generating the eight-node clenents, only the first 1. J rfor the

tar the e

clement was specified with the prograr assueming de fault o calues
lement 1, J quantities.  The mesh generated by o input deck B produced the gr

shown ip Figure 18h. In this case, all the corner 10 values were specificed

for elements in the lefthand side of the region with onty 1the mid-side 1, J's
taking on default values., The differcnce botween grids A and B illustrate that

the user is free to choose any meaningful group of nodal points produced by the

grid data in the construction of an eclement.



20,40 3.0.4.0
1,9 13,9
10.0,2.9
5.0,2.7 19,5
Part ]
' Part 2
5.0,0.0 10.0,0.¢
13,1 B

Silapru negion

The input deck for Case C illustrates the usc of a discontinuous 1. .1 nur-

bering scheme between parts of the grid. Observe that in the scoeond part of the

grid generatian (Figure 16¢), the I numbering begins with 23 instea! of 153 as
in Cuses A ana B, The nodes taat are common ta the two parts (il.e.. share the

same physical Tocation., denoted by X's in Figure 17) thus have two legrtimate

. J names (e.g., (13.1) = (23.1)). In the construction of clements Thut usi-
these doubly named nodes, cuare nust be taken 1o consistently use only one of the
names.  This is shown in input deck C where the 1, J names from crid part 1 have

been uscd for the common nodes.  The mesh generated by deck € is identical 1o

that of deck A (Figure 18u),

The final case (D) demonstrates the appropriate formats for the clerment

cards when using four-node elements. In the first part of the grid pgeneration
(Figure 16a,, only the first I, J for the ¢lement was specified with the program

assuming default values for the remaining corner 1, J quentities; the 1 and J
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FIGURE 16. Iaput Listing--Exanple Problem 1
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32
53
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14
53
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60
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NG

19lel3e5 $ 3RY) DATA-PART 1
Ne 954958 234

DesOapks sdsr

23419235 $ AT 2
Se9lde 91305 ¢35

Ca9Oas20¢2s

END

ILO0Py592 $ ZLIMINT DATA
JLOOPe ¥ 92

BUADB 491l lel

JEND

IEND
QUADE799191331925939250391393924419259292483913)2
QUADB/4els 1393293025039 130542893925¢840239771304
ILOQPy21s2

SLOOPp242

QUADB/4 319251

JEND

IEND
END $ IN) OF SETUP SIQUINCE

PLOT$P0TNTSylarOuwplCart. $ NOJAL 20INT PLOY
PLOT ¢ZLEMENTS 00 90a01ler 40 $ TLINENT PLOT
IND¢NIPRINT

SZYJIP TIMMAND SIQUINCE
HATIRIAL JATA

" w

(c) Mesh C

$EXANPLE PIIBLIM DNE-=-MISH SENIRATION D
SETUPy2 923 ¢PRESCRIBEDPLOT
MATERIALyl9ledolaloled

END

Lele13,5

QesSasSeelds

Cosleshoots

139191945

Se91la9l0ss5,

BatOap2ee2,

END

ILOOPyi 29l

JLOOPy3 91

QUADA/4p191,1

JEND

IENO

ILOOPe39c

JLOOPy4s1

QUAD4/89191391s15910159291392

JEND

TEND

END

PLOTP0INTS 1 Y000 910024, $ NOJAL 3JINT PLOT
PLOTeILEMENTS 900 901100940 $ ILIMENT PLOT
STOP+NIPRINT

(d) Mesh D

FIGURE 16. Input Listing--Example Problem 1
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19,5

1,9 13,9
|
* * * * * * T
|
4 * * . - + . i .
]
4 * . . * + - T
| Common Nodes
- - . + + . %{ S - .
Part 1
4 . * * . + * | + - .
| Part 2
< * * * * * - ¥ . . *
|
4 - - - - 3 * ¥ - - 3 1
L 4
1,1 13,1
FIGURE 17. Points Plot--Example Problem 1
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loop increments are set to unity. The second part of the mesh generation again
shows how azny suitable nodal point combination can be used to define an element.
In this case, all four corner node I, J values arc specified with the I and J

leoops being increrented by two and onc, respecltively. The mesh generated using

deck U is shown in Figure 18c.

(a) Mesh A and C

(b) Mesh B

(c) Mesh D

FIGURE 18, Element Mesh Plots~-Example Problem 1
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Heat Conduction in a Steel Bar

The second example consists of a steel bar (square cross seciion) with a
circular hole that is subjected to prescribed temperature boundary conditions.
The iwo-dimensional idealization of the problem is shown in Figure 19. Due to
symmeiry considerations, only one-eighth of the cross section needed to be con-
sidered in the finite element model. A COYOTE data deck used to solve the
steady state version of this problem is shown in Figure 20a,

As indicated by the input listing, the grid points for this problem were

generated in a single part; the curved part of the boundary was produced by use

of u guadratic interpolation. The finite element mesh is shown in Figure 21.
The input listing in Figure 20a also indicates that a steady state solution was
saved by a RESTART command to allow additional processing at a later time. The

control cards needed to complete the restart procedure are described in a

previous section.

—
ow
o
— 1

I
Steel
p = 7.689 gm/cm’
T = 300 D=1.0 . g
3.0 CP = .46 Vs/gm-C
k = .22 w/em-C
A X

Section for Finite
T = 100 Element Model

FIGURE 19. Example Problem 2--Heat Conduction in a Steel Bar
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LIN:

100
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n

!

(= ECRYRN

SRR RNN N
N U e

WU S e

OIAZCT LIST 3F INPUT JATA

SEXAMPLE PROBLIM TWwOo-~HEZAT CONJUZTION IN A STEEZ. BAR
SETUPs2¢254PRESCRIBED
STEELyL 9 746BF9e 469022

END
191925921
o 9%elye 333

9

e 131

GosCes3s685¢3a59 993,538

END

ILOOPs1 242
JLOOP» 1092
QUADE79 9L 91
JEND

TENO

ILOGPe1 242

BCoTSIJEslylelylCCe

1

BCeTSIDEs1913+3, 30Cs

IEND

JLOOPy1 242
ICyQSIDEs1y1
JEND

ZND

FORMKF
ZIPPSTIADY
ZND

PLOT$ZLEMINTS 97 100090950

(L XN

$ SETUP CIMMAND SZQUENCE
$ MATIRIAL DATA

$ GRID DATA

$ ILIMENT DATA

S3JIUNJARY CONJITION JaTA

ZIN) OF SETUP SEQUENCE
“0M MATRIX EQUATIONS
STZADY STATE SOLUTION

e

$ ILIMENT PLOTS

PLOTSZLEMINTSo %o 30408008, prponegVUNIER
PLOT sCONTOUR90e s Totdo .
ISOTHZRMS 1,10

IND
CESTARTy SAYE
sTap

DIRICT LIS

()

$ PLOT RISULTS

$ SAVI SILUTION

Steady State Solution

T JF INPUT DATA

SEXAMILE PROALIM TWO=-~HEAT CONJUCTION IN A STEE. BAR

RESTAIT yRESE

T

$ RECALL SOLUTION

HEATF_JXoelolells21931941451 $ ZJWPUTI HEAT FLUXES
HEATF_UXole6le71 8197151014111
HEATFLUX 91y 1092033090 80550 95609729309 %0910091123412)

STOP»NIPRINT

FI1GURT

20.

fh) Restart

Input Listing--Example Probhlem 2



LINE

W NP NS W -

DIRICT LIST IF INPUT DATA
SEXAM3LE PROBLIM TuWp=--HZAT CONOUZTION IN A STEZL BAR

SETUPs24925+PRESCRIBED $ SCTUP TIHMAND SZIQUENCE
STEELy19746899e 469022 S UYATIRIAL JATA

END

191925921 $ GRIJ DATA

Deo%2dpe3539Gavprel9l
Ne90s93a686936500932538

END

ILOOPy1292 $ ILIMENT DATA
JLOOPy10 2

QUADB/8 1411

JEND

TEND

ILOCPel 2,2 $BOUNDARY CONDITION DATA
BCyTSIDEwlyl9193G0e

BCeTSIDE 21913939 3D0s

IEND

JLOCP+104y2

BCeQSIDEslyletele

JEND

END $ IN) OF SETUP SIQUENCE
FORMKF $ FOIM MATRIX EQUATIONS
ZIPPyTIANS1 99290 a9 vedy109TAPE $ TRANSIZING SOLUTION
ZIPPsTRANS1y929 4e091009s5012

ZIPP+TRANSLy 129100 3156210045

END

PLOTsZONTOUR 906 s Jos%e v4s $ L0 ’RzSuLTrs

PLOTLIIP 2342
ISOTHZAMSsL y9 ¢l 2Ce vl 400 9»163r 9130.9203022274924009260492330

PLOTEND

ENO
PLOToRISTORY $ AI3TORY PLITS

TLOCATIONs %91 930 920408984694 ,9¢4
TLOCATIONy S 91030 0112¢39114939116939118,+3
END

STOPyNIPRINT

(c) Transient Solution

FIGURE 20, Input Listing--Example Problem 2
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The input listing in Figure 20b indicates the use of the restart capability.
[i: 1this case, heat [lux calculations were performed for a number of elements in
the previously computed solution.

A second prolylem was analyzed to demonstrate the setting of initial condi-
tions from an external tape file and a transient solution procedure. In Figure
20c, an input listing is provided for a transient analysis of the steel bar
geometry. For this case, the outside temperature of the bar was raised from
100°C to 300°C to allow the bar to reach a uniform temperature state. The ZIPP
command card indicates that the initial temperature field was to be read from
a file called TAPE19. Through the jobh control cards, Lhe steady stale solution
obtained from the listing in Figure 20a was identified as TAPE1Y. The steady
state solution thus became the initial condition for a related transient analy-
sis. TFigure 22 shows several of the contour plots of the isotherms obtained

during this analysis.

l
LLVAVANANANNAN

FIGURE 21. FElement Mesh Plot--Example Problem 2
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%//

t = 2.4

Contour Plots--Example Problem 2

FIGURE 22.
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One-Burensional Heat Conduction in a Cylinder

-

Too demonstrate the usce of uscr subroutines for volumetric heating and

= conveetion/radiation boundary conditions, a one-dimensional probles wuas

considered. A c¢ylindrical region of heat generating matcerial is ¢ncased by @

layer of low conductivity material and a thick-r layer of material having o

1

relaiively high thermal conductivity. The outer surfacce of the eviinder loses

heat Lo the surrounding environmeni by natural convection. The geomerry, boun--

dary conditions, and material properties for this problem are shown in Fioore 2.

The volumetric heating history and the heal transfer correlations for |-
inar and {urbulent natural! convection shown in Figure 23 were provided to the
COVOTL nrogram through subroutl ines SOURCE and HTCOET. A liscing of these sub-

routines and the input data deck for J.is problem are given in Figure 24, Note

that the material data curd for MAT 1 indicates a variable heat source. the

boundary concition SET card indicates a variable heat transfer cocfficioent.

A transient analv=ic of this problem was carried out using four integretion

intervals as shown hy the Z1PP command cards.  The temperature historics at
soveral radial positions were generated using the HISTORY plot command.  This

in Figurce 25 where the element mesh is also shown tor refercnce.

plot 18 shown
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S0t

q=20 ~
MAT 1
1 MAT 2
MAT 3 ——g
Q(t)]

-7

Source

Heat

hAT

Section for Finite

7/:W Flement Model

r__ x i 5.0

p—* = ©:0 L = 1.5
T

750 /———'—-\
/ \
500 b e — — —— 4 \
' \
250! \
I \
A i 4. L 1 \ 1
0 4 g8 12 16 20 24 28 t
Time
c k
| P P
MAT 1 | 2.274 x 1073 .244 .01
MAT 2 1.081 x 10-3 .122 .001
MAT 3 2.162 x 10-3 .244 .04
q
h=.20(55)2° for 108 < 6r <10
h o= .19(aT) - 33 for 10° > ¢
cr = p%qg8Liar/u?

Example Problem 3--One-~Dimensional Heat Conduction in a Cylinder



LIND

MW NG U P N e

NI RS T RN RO TV IO b= 1t b 1 s s bt et e
WW NP U P GR D DWW 00 P O

]
A}

oL
32
33
39
35
35
37
38
39

DIRICT LIST 3F INPUT DATA

SEXAMP £ PROBLEM THREE=--ONZ-DIMZVSIONAL CONJUCTION IN A CYLINDER
SETUPY2962 $ SETUP CIMMAND STQUENLCE
MAT191920278E=39424%9e019999 VARIABLE20e SMATZRIAL DATA
MAT292910032E~3902229+0%8090902),"
MATI3392.262E-55.284900% 1909220,

END

19l9lly3 $ GRID DATA~PART 1
DaeSer3e9ds

JoyOevlsnls

1Ll 91343 $ AT 2

Te16e06e950

OesCeslesle

139105193 s AT 3

62150r950s 06»

QevOoslanls

END

[ILOOPy5s2 ZLIMENT DATA ;
QUADBZA;1y)

IEND

QUADB/7492911y1

ILOOPs24,2

"

QUADB/4, 3,131

IEND

SET)»QRAD 1+ VARL[ABLE,2Ce $ 30JNOARY CONDITION 3ATA
BCeQGRAT95991 9291

END IND) SETJP SZQUENCE

"

FORMKF 4 AXISYM FOIW MATRIX EQUATLIONS
ZIPPoTIANSL9929Q 92, Gy0lGe2D $ TRAVSIZNT SOLUTION
ZIPPeTRANS194592.0411095»25436

ZIPPoTRANS #959120913e090s 1420

ZIPPsTRANS199591 309300925958

END

PLOT¢ZLEMENTS 90w 90e9S0eslorvesel o800 $ ZLIMENT PLOT
HEATFLUX9ALLTINES $ COWMPUTZI HIAT FLUXES
PLOT »4ISTORY $ 4I5TORY PLOTS

TLOCATIONs 49191509 1989516461693045
QLOCATION 29191503950 30643

END

sToOP

(a) Input I[isting

FIGURE 24. Input Listing--Example Problem 3



- Wit a

; SUBROUTINT JOURCE (QUA.UZoToXyYyNNIDESIMATHNELEMTIME)
DIMENSION QVALUECLD)sTCL )y XC1)eY(L)

SUHROUTINE TO EVA_LUAITE T4Z VOLUYE JEATING

o0

IF(TIME.6Tea2%e) 6D TI 30
IF(TIME«GTe)3u) GO T3 %C
IF(TIMELGT#12,) 6D TO 30
IF(TIMEaGTal1.} GD TO 20
IF(TIME«6Tele) GD TO 11!

}
i
7
i

; DO 5 I=1yNNODIS
i QVALUE(I)=412)«TINE
; S CONTINUE
; RETUN
i 10 CONTINUE R
DO 15 I=1yNNODES
QVALUECI)=4123
i 15 CINTINUE
RETURN
20 CONT(NUE
| DO 25 I=14NNDDES
: AVALJE(II= 1204250 TIMI~110)
25 CDNTINUE
RETURN
30 CONTINUE
| DO 35 I=1sNNOJES
QVALUE(I)=.18:
35 CONTINUE
RETURN
CINTINUE
DO 45 T=14NNOOES
GVALUE(I)=,:180-¢130e( 14 ~18s)/6,
45 CONTINUE
RETUIN
CINTINUE
DO 55 I=1yNNODES
QVALUE(I)=n,
55 CIONTINUE

3

o

wn
“r

RETURN
tND
|
3 (b) Source Subroutine
FIGURE 24, Input Listing--Fxample Problem 3
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1o

coo 0oea ne oo

[z NNyl

[z Ne Nyl

10

2C

SJBRIUTINE HTZ2E (HT T SURT g TREF y ASURF pYS JAF ¢TI ME [ ST ToNE_SW}

SUBRJUTIN: TO
FREE CONVEIS

MY S

AL=1l, 5
6=32e2
CONVERT=S.6787 -4

CONVIRT TIMPZIATIAE TD IANCINE

OELT=CTYSURF-T2EF}* 9,75,
TRILM=CLTSURF*TREF Ia, 5+27 3,1%9,7/5,

ZVALUATE AIR PROPZRTIES

BETA=1./TFILM
AMU=CT.3038E=7)s((TFEL1ee 1aS)/(TFI_Ne¢133,1})
RY0=39.68/TFILM

EVALUATE SRASHCF NUM3ER
6R=(RHO&RYC*GABETACAL*ALVAL*DELT)/CAMU~ANRU)
ZVALUATE H

IF{GRaLTalaDEI) 1Ds2C
CONTINUE

LAMINAR FLOW
HT=e29*C0CLT/AL)a " 25
IFCG6Re LTo1l,0E4) HT=0,
HY=HT » CONVERT

RZTURN

CONTINUE

TURBULENTY FLOW
HT=¢l9«{DELT#«, 333333}
AT=HT» CON/ERT

RETURN

IND

(o) Heat Transfer Coefficient Subroutine

FIGURE 24. 1input Listing--Fxample Problem 3

L. UATE THE HEAT TIANSSIR COEFTICIENT FOR
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Time History Plot--Example Problem 3
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Conduction in a Finned Radintor

The finned tube radiator section shown in Figure 26a was chosen to illus-
trate the use of time dependent boundary conditions. Symmetry considerations
allowed the finite element model in Figure 26b to be constructed for this pro-
bierm.  The inside temperature of the aluminum tube was maintained at 100°F: the
nutside surfaces of the radiator were subjected te the heat [lux history shown
in Figure 26b.

The input data deck for the analysis of this problem is shown in Tigure
27a. The use of rthe QVARY boundary condition requires that a time history sub-
routine (corresponding to the time history number) be appended to the COYOTE
program. For the present case, the flux history shown in Figure 26b was sup-
plied through SUBROUTINE CURVEl, which is listed in Figure 27b. As a result of

the transient analysis of this problem, the contour plots in Figure 28 were

produced, indicating the thermal response of the radiator.

q(t)

Section for
Finite Element
Model

TIGURE 26a. Example Problem 4--Eeat Conduction in a Finned Radiator
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1T

Aluminum
] -3
5 005 p = .0978 lbm/in
= . — e —— — e —
B /
) ‘ CP = ,208 Btu/lbm-F
5 /
2 - .
g -0025 / k = 2.778 x 1073 Bru/s-in-F
-l A i 1 L
0 1.2 .3 .4 .5 t
Time
51y 87
Ty s i i
1l ; 4 3
1) ¢ 2y Xy
T S AAY q(t)
el & \\\\
ol h "
S 141 144
Q Q 131 136
0 PR REI B o]
B\ | te\int 1ae | 111 5 rer 1ay
! AL\ Ter § vz Raer | v
et se) or{rorror
SO 17\ o2\ @ 1] pon pel IO R I
= ! 178 RILE RALE Bik
T 100 ) X\ o2\ ) [T} Y
2 1 5
1) 7o) 0s) aol o] v fuveros fura fror gree 129§ 13a | 1 e
14244
1
',“l" a5] 9] 9o #s Jiagfias | 119 s 120 128 135 1%% 146 RER] .

FIGURE 26b.

Example Problem 4--Heat Conduction in a Finned Radiator
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28
23
33
31
32
33
34
35
3s
37
38
33
A0
41
&2
43
44
45
45

43
93
53
St
52
53
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DIRICT LIST OF INPUT DATA

SEXAMPLT PROBLZM FOUR=-"INNZID RAJIATOR
SETUP»2y 3L+PRESCRIBED

ALUMINUM 9L 90097 B 90208920 778E=32 90921000
END

LelellollevsrePOLAR
5759739100100 4275¢rrle0

90e 600 96000900 ¢ 759275,
Llsle2lotloswesPOLAR
57592735110 e1led 27 sla0

600 93]y 1300 9500 99509145,
21s1932ellrerrePOLAR

2799673916092 )paT5001e?

30w e0eeDerIDw9lSupslSe
2191193198419 9059 905

«366910 093009320 9e965%
«S5¢0a9060e 75942588

<ND

JLOOPsS592

ILOOPy1 542

QUADB/Ry 1alyd

IEND

JEND

JLOOPy15+2

ILO0PySs2

QUADS/Br1921911

TEND

JEND

[ILOOPyL 542

BCoTSIDE sl elely1l0e

1END

ILGOPy10 42

SCeQVARY 41494341

IEND

JLOOPy1542

BCoQVARY e21911p 4,1

JEND

END

PLOT ¢ZLEMINTSs=a 21 pduy3edel,01
PLOTZLEMENTS,
PLOT9ZLEMENTS =0 il e0eplel9ls02
FORMKF

ZIPP9TRANS19951 059050601953
£ND
PLOTsZONTOURs=e 01900 93eC9laD2
PLOTLOOP 1045

LSOTHIRMSy 5412

PLOTEND

END

PLDT ¢4I STDRY
TLOCATIONs #9151 9511396658071 484T7347
TLOCATIONy #4195 496989354 T914694y148,7
END

sTOP

(a)

FIGURE 27.

$ STTJP COMMAND SZQUENCE
$ MATEIIAL JATA

$ GRID OATA-PART 1

$ DART 2

$ PARY 3

$ PAIT &

$ ZLIMENT DATA

$ 3DUNDARY CONDITION 2ATA

$ IN) OF SETUP SZQUENCE
$ PLIT ELIMINTS

«31904930i9leOLlpapoe oo NUNBER

$ FDIN MATRIX EQUATIONS
$ TRANSIENT SOLUTION

$ 3LO0T REZSULTS

Input Listing

Input Listing--Example Problem 4



SUBROUTINE CURVEL (NSLIMe YSURFTI®7,GYALUDY

c
c SUBRDUTINE TO EVALUATE A TIME DIPINDENT BOUNDARY FLUX
c

QVALUE =5.0E=-3

IF(TIMEeLEer 1) QVALUE=QVALUESTIRES,

RETURN

END

(b) Heat Flux Time History Subroutine

FIGURE 27. Input Listing--¥xample Problem 4

04

TiNEs f.00x10
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FIGURE 28. Contour Plots--Example Problem 4
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Leated Salt Block

The penultiimate problem has been selected to demonstrate the use of sub-
routines for temperaturce dependent properties and temperature dependent heat
transfer coefficients. The physical problem consists of a right circular cylin-
der of hedded salt that is heated internally by a e¢vlindrical heater. The annu-
lar space between the heater and salt block and the cylindrical space above the
heater is filled with crushed salt. The calt block is confined on the upper
and Jower surfaces by circular aluminum plates. The problem geometry and finice
element mesh are shown in Figures 29a and 29b. The heater is assumed to be pro-
ducing heat at a constant volumetric rate; the cylinder is assumed to lose
energy to the environment by natural convection through the top and vertical
surfaces. The bottom surface is assumed insulated.

In the analysis of this pronlem, it was assumed that the thermal conducti-
vity of the bedded salt and crushed salt varied with temperature. The aluminum
and heater properties were assumed constant. Correlations for the heat iransfer
coefficient as a function of temperature werc also to be included in the analy-
sis. Figure 30a shows the input listing for the steady state solution to this
nonlinear problem. The material property subroutine and heat transfer coeffi-
cient subroutine that were appended to the COYOTE program for this problem are
listed in Figure 30b. Note that SUBROUTINE CONDUCT is used to evaluate the
thermal conductivity for both bedded salt and crushed salt; SUBROUTINE HTCOEF
is used to evaluate the film coefficient for both top and vertical boundary
conditions (based on ISET parameter). The results of this analysis are shown

in Figure 31 in the form of an isotherm plot.
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SEXAMPLE PROBLEM FIVE--HEAYID SA_T BLOCK
SETUPs2923¢PRESCFPIBID $ SITJIP CIMMAND SIQUENCE
ALUMIVUM pLl 92071 92035541238 2099-0NSTANT 4], $ MATERIAL JATA
SALT 3242019924365 ~89e0351 999 VARIABLEy o40s

HEATC 9 5930199l e 28E-4923509poCONSTANT sel1334%0,

CRUSH=-SALT v 8910 5792:55E-43, 0735999 VARIABLEy VD

IND

16105937 $ S5R[D DATA-PART 1t
CerTesdends

CavGay30s92ds

5919737 $ 231 2

SerbeebaeSe

GaslendDan?e

Tels23937 s PAT 3

B2950s 950 460

QosGer3Gne5Te

END

JLOOPy 242 $ ZLIMENT DATA

ILOOPsl 12

QUADB/ /841l

TEND

JEND

JLOOPy 342

ILOOPy1142

QUADS/ 4920195

TEND

JEND

JLOOPy3y2

[LOQP,2 42
QUADE/d93y1yl2

I1END

QUADS/Y 3395911
ILOOPs3 92
QUADB % 9297911

TEND

JEND

JLOOPy 392

ILOOPy 32
QUADBFLy49Lse27

IENOD

ILOOPe3 92

QUADBF& 5297427

IEND

JEND

ILOOPy 1142

QUADB/ 4919133

IEND

ILOOPy190 92
QUADB749191935

{ENO
TRIG/391421035923435+23437
TRIGS/331423937922437+42143%
SET9QADs1 ¢ VARIABLE27
SETyQIAD 29 VARIABLEs 204

$ 3IIJYDARY CONDITION 2ATA

(a) Input Listing

FIGURE 30. lnput Listing--Example Problem 5
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535
Sb
57
59
33
63
51
&2
63
64
55

67
69
63
70
71

JLOOPy13,2
BCeQRAD 3229119291
JEND
ILOOPs12,2
BCsQRAD 919359392
IEND

BCoARAD 1239379192

END 3
PLOT$JJTLINE30e 9o 95012 Co s
PLOTYSLEMINTS90e@ 90038300 +3Co v 099 9s s NUKBER
FORMKT 9 AXISYM H
ZIPPSTZADY 9598 3
END

INY OF STTUP SZIQUENCE
LT MIITE

F334 MATRIX EQUATICNS
STZLJY STATE SOLUTION

PLOTs-INTOUR 900 90 950e 9+ 0 $ PLIr RISJILTS
TSOTHZIMSe»lS
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(a) Innut Listing (cont)

SUBROUTIN: CONDUCT (CONDL oCOND2yToXy Yy YUNODES yMATyNZLIMyTIND)
DIMENSION CONDLCL)9COND2C L) oTC129X{ L)Y (1)

SUBROUTINE TO EWALUATE THERMAL COVIUCTIVITY

IF(MAT.EQ+2) 60 TO 12
IF(MAT.EQ &) 6D TO S0
CONTINUE

SALT CONDUCTIVITY

00 20 I=1sNNODES

TT=7¢I)
AK=307C20(=e0)BB7) TV (s 252E=4)aTTaTTo (= SOE=T)I «TTaTToTIT
CONDLCI)=AK/10Ca

COND2(I)=CANDI(T)

CONTINULE

RAETURN

CONTINUE

CRUSHED SALT CONDUCTIVITY

DD 60 I=19NNODES

T7=T¢I)

AK=3e 7T0290C=0033E7 ) 2TT ¢( o 252E~A)aT T T+ (=g 8IE~T)+TTaTTaTT
AK=AK/,.10

CONDL (I)Y=AK/100.

COND2(T)=CONDL(I)

CINTINUE

RETURN

END

(b) Material Property Subroutine

FIGURE 30. Input Listing--Example Problem 5
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SUYROUTINE HICTES (HTgTSJR™ 9TREF g XSUR® g YSURF 9TI ME oI SETHJNELZM)

SUBROUTINL 7O EVALUATE (HE HEAT TRANSSIR COEFSICIENT FOR
FREE CONVECTION IN AIR

AL=1l. 5
6232, 2
CONVERT=G. 4795~ 4

CONVERT TCMPERATURE TO RANKINE

DELT=(TSURF-TREF)«94/5.
TFILM=(C(TSURF+TREF)#; 502735 )e94/5,

EWALUSTE ATR PROPZARTIES

BETAZ1./TFILH
AMU=(T . SO94E=7) o (TFILYa01,5)7¢7-ILM+138,))
RHG=39. 687 TFILM

IVALUATE GRASHOF NUMBER
GR=(RHO*RHO*G¥BETA~ALAALSAL*DELT) 7CAMUS ARY)
CHECX BOULNDARY CONDIFIJIN SET NUMBZIR
IFC(ISETeEQ.2) 60 TO 30

EVALUATE H==VERTICAL CYLINDER

IF(GReLTele0ET) 10420
CONTINUE

LAMINAR FLOW

AT=e29 «{DELT/AL D)2 4,25
IF(6RalTela0ES) 4T=0,
HT=HT *CONVERT

RETURN

CONTINUE

TURBULENT FLOMW
HT=a19«(DELT*4,333333)
HT=HT ¢« CONVERT

RETURN

CONTINUE

EVALUATE H==-HORIZONTAL PLATE

IF(GReLTea140E9} 83,50
CONTINUE

LAMINAR FLOW

HY=e2 7 *C(DELT/AL) %925
IF(GRe LTalsPEL) HT=0.
HT=HT * CONVERT

RETURN

CONTINVE

TURBULENT FLOW
HT=e22¢CDELT#e,4333333)
HT=HTsCONVERT

RETURN

END

(b) Heat Transfer Coefficient Subroutine

FIGURE 30. Input Listing--Example Problem 5






Reat Conduction in a Slotrod bar

The final example problem was chasen Lo illustrate the use of four oo

clements und the selecetive output options in COYOTLE.  The problem of inwerest

consists of a copper bar of restangular cross—-section that contuing an intemial
roctangular slot. The bhar is assuned insulated on three sides: enerpy i= trans .
witted to the bar through the fourth side by placing it in contact with o el

bar of higher temperature., Both bars are initially at unifaorm temperatures. i
steel is at 3007C wnd the copper at 100°¢.

The finite clement model used ta solve this problem is shown in Fignare 52
along with the material properties and boundary canditions The input lisiing
for the problem is given in Figure 33, Note the usc of QUAD4/4 clements.  Aiso,
several paints have been identified within the mesh as special output points.

A transient solution to the problem is indicated with the generalized Crank-
Nicolson time integration scheme (u = 0.667).

In Figures 34-3D are shown some of the graphical results pgenerated by this
analysis. In particular. a series of temperature profiles taken just below the
cortact line ig shown in Figure 34; a typical contour is shown in Figure 45
Finally, Figure 36 shows time histories of some of the special outputl points

noted in Figure 32.
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A 3LOTTZU 3AR
SZITUP COMMAND SZQUENCE
MATERIAL DATA

SEXAHPLEL ORGBLEM SIX-=HEAT TZONIUITION
SETUPs 2418

STEELsl o7+ 3149655053 099009303,
COPPEL1258e71e33393er6r0e0el0d0
£ND

191915+ 9 $ GRIY OATA=PARTL
Jes3es3esede

Ce30eps 759575

199915915 $ PART 2
Car3ariesd,

aT39e7591e 2591, 25

END

JLOOPy3 1 S ELIMENT DATA
ILOOPy15,1

QUADS/ 44241yl

IEND

JEND

JLOOPe201

ILOOPs13,41

QUADAZ4 320544

IEND

JEND

JLOOP 3wl

ILQOPe1 51

QUADAZ%924196

LEND

JEND

JLOOPyEpl

ILOOPy 1591

QUADA/49141,9

IEND

JEND

END $ IN) SETUP SEQUINCE
FORMK® $ S0 MATRIX EQUATIONS
OUTPUT e POINTS91eS9e37592e5903739-590801e59439205048
QUTPUT ¢ POINTSyse 5902910004202 5002

-
"oz

PLOTHIUTLINE y0e 9 Ce 9309125 $ 3LIT MIIEL
PLOTeZLEMENTS 9T 9009309250909 999 VUMBER
ZIPP2TRANS21066679590u 115290530 $ FTRANSTIZNT SOLUTION
END

PLOT »2R0FILE $ PLOT RISULTS

TIMEPLANE 9496911416021

TLOCATIONeSIDES p 15996919970 199B91 93991910091 9101919102919103919104y1e
10S9L9010691913T79191089siel0F91l911001

TIMEPLANEy 496911916921

TLOCATIONsSIDES 9109569195791 953 9L 9599196091951 9106205063s19645196591
TIMEPLANEy 476911 916921

TLDCATIONsNODES 9 139319493208 933989340 85359893698945984550897) 01 969pie
68119570l 966yl

END

PLOT9HI STORY

TLOCATLON»3 9l 931 9691956019101 48

END

PLOT 41 STORY

TSPECIAL+2¢1¢32 9346

END

PLOTyCONTOUR9Ow 9 0e 9391425

PLOTLOGP ¢5,1

[SOTHZAMSy 29291200 91%00916009130,920%0922)992400926%092336

PLOTEND ’-

END

STOPWNIPRINT

FIGURE 33. TInput Listing--Example Problem 6
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FIGURE 35. Contour Plot--Example Problem 6
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APPENDIX

A

The following list provides examples of consistent units for quantities

cnzountered in the use of the COYOTE program:

English Metric SI

foot (ft) centimeter (cm) meter {(m}
Trime second (s) second (s) second (s)
Mass lbm ram (gm) kilogram (kg)
Force lbm—ft/s2 gm—cm/s2 Newton (N)
Energy Btu calorie (cal} Joules (J)
or Eahrenhelt (1) op gentriszade (©) xelvin (0
Density lbm/ft3 gm/cm3 kg/m3
Specific Heat Btu/lb _-F cal/gm-C J/kg=K
Power Btu/s cal/s J/s (Watt)
Heat Flux Btu/ft2—5 cal/cmz-s J/mz—s
Heat Transfer Btu/ftz—s—F cal/cmz—s—C J/m2~s—K

Coefficient
Thermal Conductivity Btu/ft-s~F cal/cm-s-C J/m=-s-K
Volume Heat Source Btu/ft3-5 cal/cm3-5 J/m3—5
s 4.755 x 10743 1.355 x 10712 5.6697 x 107°
Btu cal J
s-ftz—R4 s—cmz-}(4 s-mZ-K4
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APPENDIX B

TIME STEP ESTIMATION

The anaiysis of a transient conduction problem requires the selection of a

suitable time step for the integration procedure. The selection of too large

a time step can result in a loss cof the transient temperature response and the

generation of only a steady state solution. An inappropriately small time step

may produce nonphysical spatial oscillations in the early time temperature lield
due to the limited resolution ability (for temperature gradients) of the finite
element mesh. Obviously, the judicious choice of a time step is important for

both economy and accuracy of the analysis. The method for estimating a time

22

step as outlined below is due to Nickell and Levi2 and is based on an analy-

tic solution to tiie one-dimensional heat conduction equation.
In the following discussion, it is assumed that a finite element mesh has

been constructed that will adequately model the thermal phenomena of interest

(e.g., thermal shock problems will require a fine mesh near the boundary). For

a given spatial model, a local characteristic length, 4x, is chosen based on
element size. Typically, this characteristic length is measured normal to a
boundary on which a temperature or heat flux (source) disturbance occurs.

Based on the characteristic length, the local heat transfer coefficient, h, and

the local thermal conductivity, a local Biot number (Bi = hAx/k) can be com-

puted. For prescribed temperature, heat flux, or heat source boundary condi-

tions, the Biot number is assumed large.

In order to bound the thermal gradient that will occur during the first
time step, the ratio of the temperature aL a distance 4x (characteristic leugth)
from the boundary to the boundary temperature is selected. Let this ratio be

defined by 6 = T(AX)/Tsurface' Typical values for © will range from 10 to 25%.
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Wirh o the estimated values for local Biot number and temperature ratio, a

o

mayv be found from the tnarts in Figures 37

v {Fo o= A/

chart o are bascd an an analytic solution for one-dimensional

. . R A 24
tion with o conveorlve boundary condition. A value for the local
jenr o onomher and values for the characieristic length and thermal diffusivity,

chep onclow @ time step, ot to he computed.

an cxample o! the procedure outlined above, consider the transient

preet o cdeseribed in Example 2 of a previous section. The pertinent material

vieworties {(steel) were pliven as,

.G8Y gm/cm3 R

n
=~

= 0.46 ¥-s/gm-C

k = 0.22 Wem-C

= 0.0622 cm®/s .

<
I

i characteristic length 4x is based on the size of element number 1 (or any

along the outside edge of the bar, Figure 21) and is equal to Ax = 0.35

em. Since the boundary temperature is specified, the Biot number is taken as
infinite. Assuming 6 = 10%, then Figure 39 yields a Fourier number of Fo = 0.2,
Thus .

(0.2)(0.35)2

(0.0623) =0.383 s .

ht =

In the analysis of YExample 2, a time step of 4t = 0.4 s was used in the first

time: intceyration interval.
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