NASA CR-145069

SCHOOL OF ENGINEERING
OLD DOMINION UNIVERSITY
NORFOLK, VIRGINIA

Technical Report 76-M6

(NASA-CR=-145069) TAP 1: A FINITE ELEMENT N7 71
‘ : -13367
PROGRAM FOR STEADY-STATE THERMAL, ANALYSIS OF He RO
CONVECTIVELY COOLED STRUCTURES Interinm MF Aal
| Report, 1 .Sep. 1875. - <3G - Sep. 1976. (014 Unclas

Dominion Univ. Research Foundation) 135 p -G3/34 57935

TAP 1: A FINITE ELEMENT PROGRAM FOR STEADY-STATE
THERMAL ANALYSIS OF CONVECTIVELY COOLED STRUCTURES

By

Earl A. Thornton

Interim Report

Prepared for the

National Aeronautics and Space Administration
Langley Research Center

Hampton, Virginia

Under

Research Grant NSG 1237

September 1, 1975 - September 30, 1976
Allan R. Wieting, Technical Monitor
Structures and Dynamics Division

OLD DOMNION UNIVERSITY RESEARCH FOUNDATION

.

®

A2
G

November 1976




NASA CR-145069

SCHOOL OF ENGINEERING
OLD DOMINION UNIVERSITY
NORFOLK, VIRGINIA

Technical Report 76-M6

TAP 1: A FINITE ELEMENT PROGRAM FOR STEADY-STATE
THERMAL ANALYSIS OF CONVECTIVELY COOLED STRUCTURES

By

Earl A. Thornton

Interim Report

Prepared for the

National Aeronautics and Space Administration
Langley Research Center

Hampton, Virginia 23665

Undexr

Research Grant NSG 1237

September 1, 1975 - September 30, 1976
Allan R. Wieting, Technical Monitor
Structures and Dymamics Division

Submitted by the
0ld Dominion University Research Foundation
Norfolk, Virginia 23508

November 1976



CONTENTS

LIST OF FIGURES . . . . . . .
SUMMARY . . . . . . . . ..
INTRODUCTION . . . . . . . .
FINITE ELEMENT FORMULATION

PROGRAM ORGANIZATION
Nodes (INPUT)
Elements (ELTYPE)
Thermal Parameter Tables (TABLES)
Assembly of System Matrices (ADDSTF)

Boundary Conditions (TEMPBC) . . . . . . « « « . . .

Solution for Temperatures (TAPSOL)
Heat Flux Calculations (FLUX)

THE ELEMENT LIBRARY . . . . .
Conduction/Convection Rod Element
Conduction/Convection Quadrilateral Element
Mass Transport Element .

Surface Convection Elements
Tube/Fluid Integrated Element
Plate-Fin/Fluid Integrated Element . .

NONLINEAR ALGORITHM .

PLOTTING PROGRAM . . . . . . . . . . . . . ..

CONCLUDING REMARKS . . . . . .+« o o v v v v v v v o,

APPENDIX A - PROGRAM DETAILS . . . . . . .. . . .. ..
Computer and System Requirements . . . . . . . . . .

Storage Allocation .
TAP 1 Field Length Requirements .
TAPPLT Field Length Requirements

Auxiliary Storage Files

Page

iii

Wwowoo~ 1

10

10
12
13

14
14
15

16
i3
13

19
19
19
19
21
21

ii



CONTENTS (concluded)

APPENDIX B - INPUT DATA FOR TAP 1 .
General Setup of Input Deck

Input Data Cards . .

L]

I. HEADINGCARD . . . . . . . ..
II. MASTER CONTROL CARD .
III. NODAL POINT DATA

IV. ELEMENT DATA .

TYPE
TYPE
TYPE
TYPE
TYPE
TYPE

1 - Conduction/Convection Rod Element

3 - Conduction/Convection Quadrilateral Element
8 ~ Mass Transport Element .

9 - Surface Convection Elements

10 - Tube/Fluid Integrated Element .

11 - Plate-Fin/Fluld Integrated Element

V. THERMAL PARAMETER TABLES

APPENDIX C - INPUT DATA FOR TAPPLT
General Setup of Deck . .

Input Data Cards

I. HEADING CARD
IT. NAMELIST OPTION . . . . . . . . « « + ¢« v v+ ..
IIT. NAMELIST PICT . . . .

APPENDIX D - INPUT DATA AND PROGRAM OUTPUT FOR SAMPLE PROBLEMS

REFERENCES

Figure 1.
Figure 2.
Figure 3.
Figure 4.

Figure 5.

LIST OF FIGURES

Flow chart of program TAP 1.

Program storage of system matrices.

Element library of TAP 1, .

Input data sequence for TAP 1.

Conduction/convection rod element.

Page
22
22
22
25
26
28
31
31
35
41
44
47
53
60

61
61
61
61
61
63

66

129

11

23

11i



Figure
Figure

Figure

Figure
Figure
Figure

Figure

Figure

Figure
Figure

Figure

10.

11.

12.

13.

14.

15,

16,

LIST OF FIGURES (concluded)

Conduction/convection quadrilateral element.
Mass transport element.

Surface convection elements with unknown fluid
temperatures. .

Integrated tube/fluid element. .
Integrated plate-fin/fluid element.
Input data sequence for TAPPLT.

Conduction analysis of a panel - '"D'" tube section
(sample problem 1).

Convectively heated, water-cooled steel plpe (sample
problem 2), e e .

Simplified heat exchanger (sample problem 3).
Conduction in a simple fin (sample problem 4)

Plotter output for sample problem 4 .

Page
40

43

46

52

59

62

68

85

. 102

. 118

iv



TAP 1: A FINITE ELEMENT PROGRAM FOR STEADY-STATE THERMAL
ANALYSIS OF CONVECTIVELY COOLED STRUCTURES

By Earl A. Thornton!
SUMMARY

A finite element computer program (TAP 1) for steady-state thermal
analysis of convectively cooled structures 1is presented. The program has
a finite element library of six elements: two conduction/convection
elements to model heat transfer in a solid, two convection elements to model
heat transfer in a fluid, and two integrated conduction/convection elements
to represent combined heat transfer in tubular and plate/fin fluad
passages. Nonlinear thermal analysis due to temperature dependent thermal
parameters is performed using the Newton-Raphson iteration method. Program
output includes nodal temperatures and element heat fluxes. Pressure drops
in fluid passages may be computed as an option. A companion plotting program
(TAPPLT) for displaying the finite element model and predicted temperature
distributions is presented. User instructions and sample problems are

presented in appendixes.

1 Associate Professor of Engineering, 0ld Dominion University, Noxfolk,
Virginia 23508.



INTRODUCTION

TAP 1 (Thermal Analysis Program) was written in the course of
research aimed toward the development of finite element methodology
for the thermal analysis of convectively cooled structures. The finite
element methodology and applications to several convectively cooled

structures are presented in reference 1.

The main body of this report presents: (1) the salient features of the
finite element theory, (2) the computer program organization, (3) the finite
element library, (4} the nonlinear solution algorithm, and (5) & companion
computer graphics program TAPPLT. General directions for use of the programs
are presented in Appendices A-C. Program input data and output are illus-

trated with sample problems in Appendix D.
FINITE ELEMENT FORMULATION

Thermal analysis of convectively cooled structures includes coupled
conduction and convective heat transfer in a region consisting of a solid
structure and a moving fluid. The problem may be mathematically formulated
in terms of the energy equations of the solid and fluid assuming incompressible
flow (ref. 2). For steady-state heat transfer, neglecting viscous energy
dissipation ir the fluid, the temperature T (x, y, z) satisfies:

e

-
Ve (K ) =0 (1)
for the solid region and

> - - -
pC, V + VT = ¥+ (K - ¥T) = 0 (2)

for the fluid region where és and é? denote the conductivity tensors of
the solid and fluid, respectively; p 1is the fluid mass density; and CP
is the fluid specific heat. The thermal properties of the solid (gs)égnd
fluid Q&F and CPJ are temperature dependent. The velocity vector V

{eq. 2) specifies the fluid motion as a function of the spatial coordinates
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and, in general, is unknown. Equations (1) and (2) must be solved subject
to specified boundary conditions on the external surfaces of the region

and appropriate continuity conditions at the solid/fluid interface.

In the most general approach to thermal analysis of convectively
cooled structures the steady-state velocity distribution of the fluid must
girst be determined by solving the momentum and continuity equations of
fluid flow. With the fluid velocity distribution known, equations (1) and
(2) may then be solved simultaneously for the temperature distribution in
the solid/fluid region.

In TAP 1 a simplified finite element solution procedure is employed
using a number of assumptions customarily used in practical heat transfer
analysis (ref. 1). The thrust of the assumptions is the elimination of

the computation of the fluid velocity distribution.

The solid region of the convectively cooled structure is répresented
by standard conduction/convection elements. Two conduction/convection
elements, a rod and a quadrilateral, are available in the program. The
fluid region of a convectively cooled structure is modeled by elements
which represent convective heat transfer in the coolant passages. Basic
convective finite elements were developed for the fluid to represent each
of the terms in equation (2). The first term is represented by a mass
transport convection element, and the second term is represented hy
surface convection elements with unknown fluld temperatures. Special
integrated conduction/convection finite elements were also developed: (1) a
tube/fluid element, and (2) a plate-fin/fluad element. The basic convection
elements and the 1integrated conduction/convection elements may be combined
with the standard conduction elements for analysis of a variety of convectively

cooled structures. Any of the elements may also be used independently.
PROGRAM ORGANIZATION

The organization of TAP 1 i1s based on the SAP family of structural
analysis programs (refs. 3, 4). A flow chart of the TAP 1 main program 21s
presented in figure 1. The main program consists of eight subroutines which

are sequentially called in a normal program execution. These subroutines

Wl
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CALL FILES | PLOT
INPUT NODAL DATA 8, 10 / DATA
ELEMENT DATA
YES NO
A ELEMENT
MATRICES
1
CALL
ADDSTF
SYSTEM
MATRICES
NO
ON-
VERGED > YES NQ
”?
YES 1

TEMP FILE \ prors

FILE ELEMENT
1 DATA

Figure 1. Flow chart of program TAP 1.



process input data, generate plot-files, assemble and solve the equations,
print nodal temperatures, and perform heat flux calculations. Dynamic

storage allocation is used to store 2ll input data and large arrays in a
blank common designated in the main program as A. At execution, the amount

of blank common storage available is calculated in the main program from

the JOB card field length. The amount of blank common is the only restriction
on the amount of input data, i.e., there are no other limitations on number

of nodes, elements and thermal parameters.

Nodes (INPUT)

The thermal system is described by a set of nodal points with unknown
temperatures. A nodal point is described by a data card containing the
node number, a boundary condition code (zero or one), the nodal coordinates,
a generation parameter, and a specified nodal temperature if required.
Nodal points which may be entered in rectangular Cartesian coordinates
(x, y, z} or cylindrical coordinates kR, Y, @)}. Input data for regular
nodal patterns may be vreduced by utilization of a2 nodal generation
capability based on linear interpolation. All nodal point data are
retained in core during the assembly of the element conductance matrices.
Nodal point data are also saved on an auxiliary storage file if plots are
Tequested.

A boundary condition code of zero indicates an unknown nodal temperature.
A boundary condition code of one indicates a specified nodal temperature
which will be held constant during the solution. Heat loads and convective

boundary conditions are specified as a part of the element input data.

Elements (ELTYPE)

Elements are entered into the program in groups which consist of a
number of sequentially numbered elements of the same type. There may be
more than one group of the same element type. Data generation schemes are
provided for all elements to reduce input data for regular finite element

meshes.

The input data for all elements follows the same general scheme-

(1) a control card for each element group, (2) a set of thermal parameter



cards, and (3) a set of element cards. For a linear analysis thermal

parameters are entered as constants; for a nonlinear analysis table

numbers are entered. Each element may have different thermal parameters.

Element conductance matrices, heat load vectors and heat flux matrices
are computed as the element data cards are read. These matrices are stored
sequentially on files for later use in assembly of the system equations and
in heat flux computations. For elements with more than one thermal parameter,
the element conductance matrices are resolved into components, one for each
thermal parameter. For a linear analysis the conductance matrices are formed
for the thermal parameters entered; for a nonlinear analysis the conductance
matrices are formed initially for unit thermal parameters. Element
connectivity data are saved on an auxiliary storage file if plots are
requested. ’

As element data are processed the system bandwidth is computed.
Bandwidth is defined herein as the maximum difference between two connected
node numbers plus one to account for the diagonal. The bandwidth is used
later in the program to determine storage requirements for the system
conductance matrix. For optimum program storage requirements and execution
times the bandwidth should be a minimum. Bandwidth is determined by the

user's nodal numbering scheme (see ref. 5).

After all element data have been processed, the nodal coordinates are
no longer needed, and the corresponding core storage area 15 used for other
variables. The nodal boundary conditions are, however, retained in core
since they are requared later in the solution process.

Thermal Parameter Tables (TABLES)

For a nonlinear analysis thermal parameter tables are required. The
input data consists of a control card for each table and a set of cards
containing temperature and thermal parameter data points. The thermal
parameter data are retained in core during the balance of the solution
process. Ordinarily, the amount of ccre storage required for the tables
i1s small in comparison to storage required for the system matrices. In the
solution process, linear interpolation and extrapolation are used in looking

up thermal parameters.
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Assembly of System Matrices (ADDSTF)

The system conductance matrix and heat load vector are formed in
blocks as shown in figure 2. Because of mass transport convection and the
Newton-Raphson iteration process, the system conductance matrix may, in
general, be asymmetrical. Hence, advantage of matrix symmetry could not
be taken as in structural analysis. The number of equations in a block
depends on the amount of blank common storage available and is computad

-

in the program from the equation:

NEQB = (MTOT - 2*NUMNP - 2*NUMTB - NENT)/(4*MBAND) (3)

where

i

NEQB - number of equations in a block;

MTOT - amount of blank common storage;

NUMNP - number of nodal points;

NUMTB

t

number of tables;
NENT - number of table entries:
MBAND ~ bandwidth of conductance matrix.

With the number of equations per block known, the thermal conductance matrix
and heat load vector are assembled two blocks at a time by direct addition
of the element matrices. During a nonlinear analysis the Newton-Raphson
correction to the element matrices is performed as part of the assembly
operation. In the assembly operation it is necessary to pass through the
element matrices which are stored on a file. In order to minimize file
reading (ref. 4}, element matrices which pertain to the next several blocks
are written on another file. Thas method, for large problems, significantly

reduces the amount of file reading in the formation of the equation blocks.
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In a linear analysis the equation blocks are assembled only once; in a

nonlinear analysis the equation blocks are reassembled for each iteration
(see fig. 1).

Boundary Conditions (TEMPBC)

In finite element thermal analysis with TAP 1 the only nodal boundary
conditions required are specified temperatures (i.e., temperature
gradients can not be specified). Specified nodal temperature data are
entered into the program with the nodal input data. Heat fluxes and
convective boundary conditions are entered with the element data and are
incorporated by the program into the system heat load vector. For a
boundary with zero heat flux, no boundary condition need to specified; the

heat load terms corresponding to zero heat fluxes are automatically taken
as zero.

The program handles the temperature boundary conditions using the method
described in reference 6. Basically, this method consists of modifying
the conductance matrix and heat load vector such that the size of the
matrices is unchanged. The advantage of this approach is the ease of
indexing the equations, i.e., the node numbers and equation numbers are
the same. A disadvantage is that extra equations are carried in the
solution process., For TAP 1 thermal analysis temperature is the only
degree of freedom per node, hence the penality is not very large since usually

only a small percentage of the equations have specified temperatures.

\

Solution for Temperatures (TAPSOL)

The general, banded, simultaneous equations are solved by Gauss
elmination. The subroutine 1s based upon the banded out-of-core symmetric
equation solver, BANSOL, presented in reference 7. Operations with zero
coefficients are skipped. Matrix data 1s transferred into core two blocks
at a time. If a sufficient amount of blank common is available to store the
equations in two blocks or less, an in-core solution is performed. The
basic limitation on the equation sol¥er for a given field length i1s that
the number of equations 1in a block must be greater than the bandwidth.

Normally, this restriction poses no problem and may be overcome by

REPRODUCIBILITY OF THE
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increasing the field length or renumbering the nodes to reduce the

bandwidth. Block size is automatically determined at execution.

For some assemblies (e.g., in series) of mass transport convection
elements it is possible to obtain zero coefficients on the diagonal of the
conductance matrix. Dependent on the boundary conditions, such a problem
may cause the equation solver to stop with an error message to avoid a zéro
divisor in the Gauss elimination process. This difficulty can normally
be overcome by renumbering the nodes so that a zero diagonal coefficient
is filled in during the elimination process. A zero diagonal coefficient
will not arise in the integrated thermal/fluid elements for a nonzero

convection coefficient,

Heat Flux Calculations (FLUX)

After the nodal temperatures are computed, element heat fluxes are
calculated using element matrices previously stored on a file, Typical
element fluxes calculated include, e.g., for the quadrilateral conduction/
convection element, conduction heat flux components at the element centroid
and convection heat fluxes on the top and bottom surfaces and four edges.
In" general, conduction heat flux components are positive in directions of
the local element axes, and surface convection fluxes are positive into a

surface,.

For the integrated thermal/fluid elements pressure drops are computed
as a user option in the heat flux computations. Pressure drop computations
include flow-friction and flow-acceleration effects (see ref. 8). Pressure
drops are computed for three user options: (1) constant densaity, (2) variable

density using a density-temperature table, or (3) an ideal gas.
THE ELEMENT LIBRARY

The labrary consists of six elements (fig. 3) for either linear or

nonlinear thermal analysis.

10



(a) Conduction/Convection (b) Conduction/Convection
Rod Element. Quadrilateral Element.

(c) Mass Transport Convection Element,

e J
L K
3 I
I

(d) Surface Convection Elements.

(e) Tube/Fluid Element. (f) Plate-fin/Fluid Element.

Figure 3. Element library of TAP 1.
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Conduction/Convection Rod Element

The rod element is based on the same assumptions as the NASTRAN rod

element (ref. 9). A linear temperature variation is assumed between nodes.

The element permits heat loading due to internal heat generation, prescribed

surface heat flux or surface convection. The convection heat transfer

coefficient and fluid medium temperaturs may be different at each node.

Conduction/Convection Quadrilateral Element

The quadrilateral element is based upon an isoparametric formulation
similar to the approach described for structural elements in reference 5.
The term i1soparametric means the same interpolation functions define the
element shape and the element temperature distribution. The temperature

within the element is given by

a4
T, n) = . N, Ty (4)
i=1
where N1 are the interpolation functioms,
Ny = 1
Np=z (-8 -
_ 1
Np =3 (L+8€) (1-n)
()
Ny =2 (1+8) (1+n)
_ 1
Nq-z‘(l‘g) (1 +n)

and Tl are the nodal temperatures. The quantities £ , n denote the
isoparametric coordinates for a unit square. The conductance matrices are
computed for the element by integration in the £ , n plane; in TAP 1
the conductance integrals are evaluated by the four-point Gauss quadrature

rule of numerical integration (ref. 5}.



For rectangular elements, the conduction heat flux component 9 varies
linearly with y , but it is independent of x ; similarly the component
qy varies linearly with x , but it is andependent of y . Conduction

heat flux components are always calculated at the element centroid.

The quadrilateral element permits a laminated composite material.
Each lamina*is assumed to be orthotropic; input data for a lamina consist
of a conductivity tensor, a material axis angle and the lamina thickness.
An arbitrary number of lamina are permitted. For a nmonlinear analysis the
lamina properties are assumed to have the same temperature variation, ile.,

an element is characterized by a single conductivity-temperature table.

The element permits internal heat generation, prescribed edge or
surface heating, and convection heat transfer on all four edges and
the top and bottom surfaces., Convection coefficients and fluid medium

temperatures may be different at each node. -

Mass Transport Element

The mass transport element represents energy transport downstream due
to fluid flow. The element represents the first term in equation (2) and
is based on the following assumptions (ref. 1): (1) the thermal energy state
of the fluid is characterized by the fluid bulk temperature which varies
only in the flow direction, and (2) the fluid velocity 1s represented by a
mean velocity V which varies only in the flow direction. The basic input

data 1s the mass flow rate, m , and the fluid specific heai cp

The mass transport element has an indefinite, asymmetric conductance
matrix (see ref, 1), As previously discussed (see Solution for Temperatures),
some assemblies of mass transport elements may create zero diagonal terms 1n

the system conductance matrix.

The computation of the element conductance matrix does not depend on
the coordinates of the fluid nodes. Thus, fluid nodal coordinates are

arbitrary and are used only in plots.



Surface Convection Elements

Surface convection elements (a quadrilateral and a triangle) represent
the energy transfer between a coolant passage surface and the fluid. The
heat transfer is based upon a convection coefficient for the fluid and a
surface area of the passage. The surface area is computed as the product
of the distance between wall nodes and an area factor supplied as input data.

The fluid nodal coordinates are arbitrary and are used only in plots.

Tube/Fluid Integrated Element

The tube/fluid element consists of fluad within a thin tube of constant
thickness and constant, arbitrary cross-section. The element has two
fluid nodes I and J and two tube nodes L and K . The fluid node
locations are arbitrary at a given flow section and are used only in plots.

The following heat transfer modes are represented in the element:
1. Axial conduction in the tube between nodes L and K ;

2. Convection between the internal tube surface and the enclosed
fluid (nodes L, K, and nodes I, J);

3. Mass transport convection due to fluid flow from I to J ; and

4, Heat transfer between the external tube surface and a surrounding
medium which 1s represented by specifying a heat flux or the medium temperature

and convective film coefficient.

The convection area between the internal tube surface and the enclosed
fluid 1s computed as the product of the distance between tube nodes and the
input tube perimeter. The external heating i1s assumed uniform around the
perimeter of the tube. The surface area for external heat transfer is
assumed equal to the internal convection area. The temperature and convection

coefficient of the surrounding medium may be different at each tube node.

As user options. (1) the fluad convection coefficient may be modified
for large temperature differences between the fluid and tube surface (ref. 8),

and (2) fluad pressure drops may be calculated (sees Heat Flux Calculations).

14
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Plate-Fin/Fluid Integrated Element

The plate-fin/fluid element consists of two walls (plates) connected
by an internal fin. For convenience a single plain fin is shown in figure
3; in practice other fin configurations (e.g., pin or offset fins) may be
represented by using an equivalent thickness and surface area for the single
fin. Filuid flows along both sides of the fins through an arbitrary flow
cross section (shown trapezoidal for convenience), which may vary linearly
along the element. The element has 6 nodes: two nodes to represent the
fluid bulk temperatures -{(nodes N and K} and four wall/fin nodes
(I, J, L, and M). The fluid ncde locations are arbitrary at a given flow
section and are used only in plots. The following heat transfer modes are
represented in the element:

1. Two-dimensional conduction in the fin between the nodes I, J
L, and M ;

3

2. Convection between the fin surfaces (nodes I, J, L, and M) and
the fluid (nodes N and K};

3. Convection between the wall surfaces (top nodes M and L; bottom
nodes I and J) and the fluid (nodes N and K); and

4. Mass transport convection due to fluid flow from N to K .

The fin is modeled as an isoparametric quadrilateral element with
surface convection to a fluid with unknown temperatures. Input data describing
the fin i1ncludes its effective thickness and zn area factor for convection.
These quantities may be adjusted as input to permit the plain fin to

represent other fin configurations.

Convection between the wall surfaces and fluid is based on areas
computed using input wall widths, the fin thickness, and internally
computed distances between wall nodes. The flow cross-sectional area may

vary due to a difference in passage height at the element entrance (I to M)
and exzt {J to L}.

User options are available to. (1) modify the convective heat
transfer coefficient for large temperature differences between the fluid
and wall surfaces (ref. 8), (2) modify the fin convective heat transfer

by an efficiency factor n which accounts for deviations in the fin

15



temperature variation from the assumed linear profile, and (3) compute

fluid pressure drops (see Heat Flux Calculations).
* NONLINEAR ALGORITHM

The finite element formulation employed in TAP 1 leads to a set of

nonlinear algebraic equations of the form
XK ()] {T} = {Q} (6)

where [K (T)})] denotes the temperature dependent system conductance matrix,
{T} denotes the unknown nodal temperature vector, and {Q} is the system
nodal head load vector. If thermal properties are not a function of temper-
ature, equation (6) reduces to a linear set of equations which may be solved
directly. If the thermal parameters are a function of temperature, the

Newton-Rapnson iteration algorithm i1s used:

(1, {ath ., = R} (7)

{T}

pey = (T v AATY (8)

where [J]n denotes the system Jacobian matrix, and {R}n Tepresents
nodal residual heat loads.

A key assumption employed in TAP 1 1s that thermal parameters are
constant within an element. This assumption permits the nonlinear algorithm
to be based upon one initial computation of element conductance matrices
for unit thermal parameters. If a particular element depends on more than
one thermal parameter, the matrix is formed by summing component matrices,

one for each thermal parameter, TP . Thus a typical conductance matrix

1s expressed as

(Kl = 2. TP ~(Rl_ (9)
m



where the summation includes all thermal parameters, TPm , affecting the

element, and [K]m denotes a typical unit conductance matrix. For a typical

element with N nodes the average element temperature is computed from

)
2]

N -
2. Ty (10)
=1

and a thermal parameter is looked up in the table using linear interpolation.

The Jacobian matrix and residual load vector for a typical element are
computed from

N
- 1d(TP) «— =
= ® =
Jij TP KiJ + 5 i, 2‘2‘;1 K, T, (11)
N
R, = Q - TP* 9?=:1 K,y Ty - (12)

The quantity d(TP)/dTa represents the slope of the Fhermal parameter
curve. The formulations for the Jacobian matrix and residual load vector
have the following computational advantages: (1) the equations are

valid for all element types (i.e., rods, quadrilaterals, thermal/fluid
elements, etc.), (2) element matrices need to be computed only once, and

(3) the Jacobian and residual load vector have common operations.

The Jacobian matrices and residual load vectors are computed for each
element and assembled into system matrices at every iteration. The
computations are performed as a part of the assembly operations in the

subroutine ADDSTF called by the main program (see fig. 1).

TAP 1 automatically uses zerc nodal temperatures to initiate the
nonlinear solution process, The i1teration process is terminated when:
(1) a specified number of 1terations has been performed, or (2) the
largest change in nodal temperature (expressed as a percentage) is less
than a2 specified value. For typical applications convergence has been
obtained in from one to three iterations (x.e., two to four analyses)

using a convergence criteria of 0.1 percent.

17



PLOTTING PROGRAM

A companion program, TAPPLT, is used to plot the finite element model
and calculated temperature distributions. The program is based on

the oblique orthographic projection program described in reference 10.

The program includes options for plots of finite element models
annotated with grid point or element numbers. Another option allows
boundaries of an isolated portion of the model to be specified by cutting
planes to permit detailed inspection of the selected region. Also,
exploded views can be generated which separate the elements in a finite
element model to detect the absence or presence of elements. Temperature
surfaces, i.e., T = £ (x, y) , can be plotted superimposed on the nodes

of the model, or temperatures can be represented as vectors extending from
the nodes.

The program is limited to plotting elements with a maxamum of four
nodes so that the six-noded plate-fin/fluid element is plotted as two

quadrilateral slements.

CONCLUDING REMARKS

A finite element computer program (TAP 1) for steady-state thermal
analysis of convectively cooled structures has been presented. The program
has a finite element library of six elements: two conduction/convection
elements to model heat transfer in & solid, two convection elements to model
heat transfer in a fluid, and two integrated conduction/convection elements
to represent combined heat transfer in tubular and plate/fin filuid passages.
Nonlinear thermal analysis due to temperature dependent thermal parametiers
is performed using the Newton-Raphson iteration method. Program output
includes nodal temperatures and element heat fluxes. Pressure drops in

fluid passages may be computed as an option.

A companion plotting program (TAPPLT) for displaying the finite

element model and predicted temperature distxibutions has been presented.



APPENDIX A

PROGRAM DETAILS
Computer and System Requirements

TAP 1 and TAPPLT were written using standard FORTRAN IV and were
developed on the CDC computer system at LRC. TAP 1 is almost system
independent; only two system subroutines (JPARAMS and SIGMN) are called.
TAPPLT is dependent on the LRC computer graphics software for VARIAN and
CALCOMP plots, but can be converted to other graphics systems (see reference
10 for a documented source listing).

Storage Allocation

Dynamic storage allocation is used by both programs. In TAP 1 all
large arrays are stored in blank ccmmon designated as A; in TAPPLT large
arrays are stored in blank common designed ZZZ. TAP 1 computes the blank
common available from the job card field length and attempts to process
the input data and perform a solution. The program terminates execution
with an error message stating the additional storage required if insufficient
storage is available., TAPPLT prints the required blank storage required for
each execution; if insufficient storage is available, a system error message
will result. The field length for both programs is problem dependent; the
user may wish to estimate the required field length for any new problem
attempted.

TAP 1 Field Length Requirements. an approximate formula for the

required field length (in cctal) on the Network Operation System (NOS) at
LRC is

FLg = 77,4005 ~ Ng (A-1)

where N is the additional blank common requilred which depends on: (1) the

amount of nodal input data plus the storage required to process the element
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type with the maximum amount of material data, and (2) the storage constraint

imposed by the equation solver.

For data imput the additional blank common required (in decimal) may

be computed from
Nip = S*NUMNP + M*NMAT (A-2)
where NUMNP is the number of nodal points and NMAT is the number of

materzals to be used for an element. M depends on the number of material

parameters which can be input for an element:

Element M
Rod 3
Quadrilateral )
Surfaée Convection 3
Mass Transport 3
Tube/Fluid 16
Plate~-fin/Fluad 16

The second term in equation (A-2) 1s computed for each element group and the

maximum value 1s used.

For solution of the equations the minimum storage is determined by
the constraint that the number of equations in a block [see eq. (3)] be
greater than or equal to the system bandwidth. This requirement will be

met 1f
Nig = 4*MBAND**2 + 2“NUMNP + Z*NUMIB + NENT (A-3)

where NUMTB 1s the number of tébles and NENT 1s the number of table

entries.

For optimum execution times i1t 1is usually desirable to have an amount
of storage available larger than the minimum computed above (see Solution
for Temperatures). This guideline normally will insure that sufficient

storage is available to process the input data. It may be helpful to note
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that on the NOS a job card field length of 125,000 will make available
a blank common area of 11,0004 which is an adequate amount of storage for

most moderate size problems (say, less than 300 nodes).

TAPPLT Field Length Requirements. A conservative formula for the

required field length on the NOS is

Flg = 33,0005 + (5*NUMNP)g .

Auxiliary Storage Files

TAP 1 uses 10 auxiliary storage files in a normal execution. The

auxiliary storage files are identified in the table below.

TAP 1 Auxiliary Storage Files

File Function

Element flux and pressure drop calculation data

|3 . ]

Element conductance matrices

Temporary storage (TAPSOL)

System conductance and heat load matrices
Input data

Printer output

Temporary storage (ADDSTF, TEMPBC, TAPSOL)
Nodal data for plots

W oo 3

Thermal fluid modification data

—
L=

Element data for plots




APPENDIX B

INPUT DATA FOR TAP 1

General Setup of Input Deck

The general setup of a typical input data deck is shown schematically

in figure 4. A deck requires four basic data groups and a fifth optional

group of data as follows:

(1)
(2)

(3)

(4)

(5

A single heading card containing any desired title informationm;

A single master control card containing control values specifying

various program options;

A node input deck containing nodal coordinates, the boundary

condition code, and specified nodal temperatures,

An element input deck containing element data organized by groups.

Each group consists of the following sequence of cards:

{a) a control card containing control values and a heading to be
printed for the element group,

(b) a set of material property cards,

{¢) a set of element cards; and

For a nonlinear analysis, the thermal parameter tables organized

as a set of cards for each table.

(a) a control card containing control values and a heading to
be printed wath the table, and

(b) the data points in the thermal parameter table.

Several problems may be solved on one program execution by placing the problem

data decks in sequence. Plots can be obtained for only the last problem in

a sequence.

Input Data Cards

Data cards are described 1n detail in this section. Input data is

expressed in standard FORTRAN I, F, or A formats. Integers must be right
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Figure 4. 1Input data sequence for TAP 1.




justified. The F format may be used to read real numbers expressed in an

E format; however, numbers in an E format must be right justified.

Any consistent set of units may be used. In the input data

instructions which follow sample units are given for illustrative purposes
only.
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I. HEADING CARD (12A6)
notes columns variable entry ‘

(1) 1-72 HED(12) Enter the heading information to be printed
with the output

NOTES/

(1) Begin each new problem with a heading card.



IT, MASTER CONTROL CARD (715,F10.0)
notes columns variable entry
(1) 1 5 N{MNP Total number of nodal points in the
model
(2) 6 ~ 10 NELTYP Number of element groups
(3) 11 15 NUMTB Number of thermal parameter tables (for
nonlinear analysis)
(4) 16 - 20 NANA Analysis type )
LEQ.0; Data check only
.EQ.1; Linear
.EQ.2; Nonlinear
(5) 21 - 25 NDIAG Flag for diagnostic printing
.EQ.0; No diagnostic output
.GT.0; Diagnostic output
(6) 26 30 NPLOT Plot control code
.EQ.1; Thermal model and input temperature
plots
.EQ.2; , Thermal model and computed
temperature plots
(7) 31 - 35 NITER Maxamum number of Newton-Raphson iterations
(default .EQ.6)
(8) 36 - 45 TOL Convergence tolerance (default .EQ.0.1%)
NOTES/

(1) MNodes are labeled with integers ranging from "1' to the total
number of nodes in the system, "NUMNP."

(2) For each different element type (ROD, QUAD, etc.)} a new element
group must be defined. Elements within groups are assigned
integer labels ranging from "1" to the total number of elements
in the group. Element groups are input in Section IV, below.
Element numbering must begin with one (1) in each different
group. It 1s possible to use 'more than one group of the same
element type.

(3} For a nonlinear thexrmal analysis, parameters are defined by thermal

parameter tables. Thus for a nonlinear analysis (NANA .EQ.2) the
number of tables should be entered. For a linear analysis

(NANA .EQ.1), the number of tables may be left blank or entered
as a zero.
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II. MASTER CONTROL CARD (concluded)

(4) For NANA .EQ.0 the program reads all input data, generating nodes,
and elements as requested, and generates element matrices. Plot
files are created for checking input data. Exit is made before
the system matrices are assembled and the solution is performed.

For NANA .EQ.1 the-thermal parameters are constant, and a linear
thermal analysis is performed. An unsymmetrical set of banded
equations is solved using Gauss elimination.

For NANA .EQ.2 the thermal parameters vary with temperature and
are entered in tabular form. The equations are solved by
Newton-Raphson iteration.

For both linear and nonlinear thermal analyses conduction and
convection heat fluxes are automatically recovered.

(5) Diagnostic output may be obtained using this integer. This output
typically consists of all element matrices, the assembled matrices,
and intermediate steps in the solution process. This option should
only be selected for very small problems since a large quantity
of data will be printed.

(6) Two major plot options are offered: (1) For NPLOT .EQ.1 plots
of the thermal model may be obtained. In addition, plots of the
temperatures input on the nodal cards may be made as either
vector or surface plots (see plot instructions). (2) For NPLOT .EQ.2
plots of the thermal analysis model may be obtained, and plots of
the final computed nodal temperatures may be made in either vector
or surface forms.

(7) The Newton-Raphson iterative solution process will terminate when
the number of iterations reaches the value NITER. Nodal
temperatures are printed at each iteration, and element heat
fluxes are calculated after the final iteration. The largest
percentage change in nodal temperature will be printed at each
iteration.

(8) Convergence will occur 1f the largest percentage change in nodal
temperaturss is found to be less than the convergence tolerence.
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III.

notes

(1)

(2)
(3)

(4)

(5)

(6)
(7)

NODAL POINT DATA (2(Al,I4),25X,3F10.0,15,F10.0)

columns
1

2 5

6

7 10

36 45
46 55
56 65
66 70
71 30

variable

CT

IPR

ID(N)

X(N)
Y(N)
Z(N)

T(N)

entry

Symbol describing coordinate system for
this node;-

EQ. ; (blank) cartesian (X,Y,Z)

EQ.C; cylindrical (R,Y,0)

Node number

Print cods

EQ. ; (blank) normal printing

EQ.A; suppress second printing of
nodal data

Boundary condition code

EQ.O; No temperature specified
EQ.1; Temperature specified

X (or R) coordinate

Y coordinate

Z {or @)} coordinate (degrees)

Node number increment

Nodal temperature
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IIT. NODAL POINT DATA (continued)
NOTES/

(1) A special cylindrical coordinate system is allowed for the global
description of nodal point locations. If a "C" is entered in
card column one (1), then the entries given in columns 36-65 are
taken to be references to a global (R,Y,®) system rather than to
the standard (X,Y,Z) system. The program converts cylindrical
coordinate references to Cartesian coordinates using the formulae:

R sin ©
Y

X
Y
Z R cos @

Cylindrical cooxdinate input is merely a user convenience for
locating nodes in the standard (X,Y,Z) system, and no other
references to the cylindrical system are implied.

(2) Nodal point data must be defined for all (NUMNP) nodes. Node
data may be input directly (1.e., each node on its own individual
card), or the generation option may be used if applicable (see
note 6, below).

Admissible nodal point numbers range sequentially from "1" to the
total number of nodes "NUMNP." 1Illegal references are:
N.LE.O or N.GT.NUMNP. NUMNP must be the last card input.

(3) The IPR variable is used to suppress a second printing of the
nodal data. This would be desirable in the event that all nodal
data was input with no internal genmeration. If data is generated
internally, the default printing is all input data cards and
a second printing of input data plus generated data.

(4) The boundary condition code 1s used to designate those nodes which
will have fixed values of temperature in the solution process. The
fixed value of temperature is entered in the T(N) array.

(5) When CT (Col. 1} is equal to the character "C," the values input
in columns 36-65 are interpreted as the cylindrical (R,Y,8)
coordinates of node '"N." Y is the axis of symmetry. R is the
distance of a point from the Y-axis. The angle @ dis measured
clockwise from the positive Z-axis when looking in the positive
Y direction. The cylindrical coordinate values are printed as
entered on the card, but immediately after printing the global
Cartesian values are computed from the input entries.

{(6) Nodal point cards need not be input in node-order sequence;

eventually, however, all nodes in the integer set {1, NUMNP}
must be defined, ©Nodal data for a series of nodes
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IIT.

NODAL POINT DATA (concluded)

(7

{Ng, Np + (1 x KNp), Ny + (2 x KNp), . . ., N}
may be generated from information given on two cards in sequence:

CARD 1 / Nl, ID(NI): X(Nl)a L KNl: T(Nl) /

CARD 2/ Np, (D(Np), X(N2), . . ., KNy, T(Np) /

KNo is the mesh generation parameter given on the second card of
a sequence. The first generated mode is Nj + (1 x KNj) ; the
second generated node is N; + (2 x KN,) , etc. Generation
continues until node number N, - KN, is established. Note that
the node difference N, - N; must be evenly divisible by KNy .
Intermediate nodes between N; and N, are located at equal
intervals along the straight line between the two points. Boundary
condition codes for the generated data are set equal to the values
given on the first card. Node temperatures are found by lineaxr
interpolation between T(N;} and T(N,)} . Coordinate generation
is always performed in the (X,Y,Z) system, and no generation is
performed if KN, is zero (blank).

N1 N2
¢ - o ° < g ——————9

The nodal temperatures are used to specify temperatures which are
fixed in the solution process. In the nonlinear analysis, the
first iterataon is performed with the thermal parameters evaluated
for all nodes at a zero temperature value. Thereafter nodal
temperatures including the fixed values specified here are used

to evaluate the thermal parameters for the next iteration.
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IV. ELEMENT DATA

TYPE 1 - CONDUCTION/CONVECTION ROD ELEMENT

Rod elements (fig. 5) are identified by the number 1. A linear
temperature variation is assumed between nodes. Internal heat
generation, prescribed surface heating or convective surface heating

are incorporated

A,

into the element formulation.

Control Card (8I5,8A5)

Coluimms 1 - 5
6 - 10

11 - 15

16 - 40

41 - 80

The number 1

Total number of rod elements in this element group
Number of material property cards

Blank

Any desired identification to be printed with output

Material Property Cards (215,F10.0)

The program expects the number of material property cards given

above.

Notes Columns

1)

1 - 5 Material identification number
6 - 10 Table number for thermal conductivity
{nonlinear analysis only)

11 - 20 Thermal conductivity (k) (required for

linear analysis only)

Surface heat fluxes (positive into surface) (BTU/hr).

Element Data Cards

X (local axais)
3 ;
T

q\—
Positive sign convention for conduction
heat flux (BTU/hr)

One card per element in sequential order of element number starting
with one. If there is surface heating or convection heat transfer
two cards are required.
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IV. ELEMENT DATA (continued)

NOTES/

(1)

(2)

(3)

Notes Columns 1
(2) 6 - 10 Node number I

Notes Columns 1

Card 1 (Required) (5I5,3F10.0)

5 Element numbexr

1

11 - 15 Node number J
16 - 20 Material identification number

(3) 21 - 25 Optional element generation parameter KG

for automatic generation of element data
26 - 35 (Cross-sectional area for conduction
36 - 45 Heat generation per unit volume (e.g.,
BTU/HR-FT**3)
(4) 46 - 55 Area factor for surface heating or convection

Card 2 (Optional ~ required only if the area factor is greater than

zero} (5F10.0)

1

10  Specified surface heat transfer rate
(e.g., BTU/HR-FT=~2) (positive into element)
11 - 20 Convective medium heat transfer coefficient

Hy at node I
21 - 30 Convective medium temperature Ty at node I
(3) 31 - 40 Convective medium heat transfer coefficient

Hy at node J
41 - 50 Convective medium temperature Ty at node J

For a linear analysis the thermal conductivity k input

on the material property card is used to compute the thermal
conductance matrix and the heat flux recovery matrix for an
element. For a nonlinear analysis and a table number greater
than zero, the thermal conductance matrices are initially com-
puted using k as unity. Later, after the thermal parameter
tables have been read in, the matrices are multiplied by
appropriate values of k determined from the parameter tables.
The temperature used in the table 1s the average temperature
of the element, 1.e., (T1 + Tj)/2

The order of I and J determines the dairectaion of the local
X-axis (see fig. 5). Conduction heat fluxes are positive 1in
the direction of the local X-axis.

If a series of elements exasts such that the element number, N, ,

is one greater than the previous element number (1.e.,
Ny = Nj_3 = 1) and the nodal point number can be given by

I3

"

Ij_1 = KG

Ji = Ji-1 ~ kG,



Iv.

ELEMENT DATA (continued)

4)

(3)

then only the first and last elements in the series need be provided.
The material identification number and the temperature for the
generated elements are set equal to the values on the last card.

If KG (given on the last card) is input as zero, it is set to

one by the progranm.

If the area factor is greater than zero, the second caxd will be
read. The area factor is used to compute the surface area for
surface heat transfer, i.e., A (surface) = Area factor * length
of element.

If Hy or Ty is left blank, the program will set
Hy = Hr and Ty = Ty .

i
[#1]
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IvV.

TYPE

ELEMENT DATA (continued)

3 - CONDUCTION/CONVECTION QUADRILATERAL ELEMENT

Quadrilateral elements (fig. 6) are identified by the number 3. The
element is based on an isoparametric formulation. The nodes can be
located at gemeral points in space, but they must lie in a plane. The
element conduction heat fluxes are computed at the element centroid

in local coordinates. The element may be laminated with an arbitrary
number of different layers with different conduction tensors for each
layer. Internal heat generation, prescribed edge or surface heating,
or convective heating on all four edges and the top and bottom surfaces
of the element are included in the element.

A. Control Card (8I5,8A5)

Columns 1 - 5  The number 3
6 - 10 Total number of quadrilateral elements in thas group
11 - 15 Number of material property card sets
16 - 40 Blank
41 - 80 Any desired identification to be printed with output

B. Material Property Card Sets

One card is required per set. Cards 2, 3, . . . number of laminae is
optional. -~
Card 1 (315,5F10.0)
Notes Columns 1 - 5 Material adentification numbexy
(1) 6 - 10 Table number for thermal conductivity

tensor temperature variation (nonlinear
analysis only)

(2) 11 - 15 Number of laminae
16 - 25 Lamina thickness, t \
(3) 26 - 35 Conductivity tensor component,
Kxx
36 - 45  Conductivity tensor component,
- .
K-XY ?' Lamina 1
46 - 55 Conductivity tensor component,
Kyy ’
56 - 65 Material axis angle, 0 (degrees)/
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Iv.

ELEMENT DATA {continued)

Conduction fluxes

Card (2, 3,

Coluwnns 16
26 -

36 -

46 -

56 -

25
35

43
55

GE)

. No. of Laminas) [15X,5F10.0)

lamina thickness

Conductivity tensor component,
Kxx

Conductivity tensor component,
ny

Coluduetivity tensor component,
K

Material axis angle, ©

C. Element Data Card Sets

¢

/

MATERTAL AXIS

Lzmina 2, 3,

No.

of Laminae

One card per element 15 requived in imcreasing numerical crder.

Missing elements are gensrated.

additional element cards are requirTed.

If there 15 edge or surface heating,



IV. ELEMENT DATA (continued)

NOTES/

(1)

Card 1 (9IS5,F10.0)

Notes Columns 1
(4) 6
11

16

21

26

31

36

41

46

10
15
20
25
30
35
40

45

55

Card Set 2 (IEDGE cards)

Notes Columns 1
6
11

21
31
(6) a1
51

1

5
10
20

30
40
50
60

Card Set 3 (ISURF cards)

Notes Columns 1

(7

11
21
31
41
51
61
71

10

20
30
40
50
60
70
80

Element number

Node I
Node J
Node K
Node L

Material identification number
Element generation parameter XG

IEDGE .EQ.0 No edge heating
or edge convection
.EQ.1,2,3,4 Number of edges for
which there is edge
heating or edge
convection
ISURF .EQ.O No surface heating or surface
convection
.EQ.1 Heating or convection on top
surface
.EQ.2 Heating or convection on top
and bottom surfaces
Volumetric heat generation rate (e.g.,

BTU/HR-FT3)

(215,5F10.0)

Edge node,
Edge node,

N1
N2

Edge heat loading, q, (e.g., BTU/HR-FT3)

(heat fiux
Convection
Convective
Convection
Convective

(8F10.0)

Convection
convective

Convective
Convection
Convective
Convection
Convective
Convection
Convective

is positive into element)
coefficient, hi, at node N1

medium temperature, T;, at node Nl
coefficient, ho, at node NZ
medium temperature, T2, at node N2

coefficient hy at node I, or

BTU
surface heating, q_(§§:?¥§
medium temperature Ty at node I
coefficient, hy at node J
medium temperature Tj at node J
coefficient, hg, at node K
medium temperature Ty at node X
coefficient, hy, at node L
medium temperature, Tp, ac node L

All of the components of the conductivity tensor are assumed to have
the same temperature variation 1n a nonlinear analysis so that only

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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Iv.

ELEMENT DATA (continued)

(2)

(3)

(4)

(5)

(6)

one table is input for the entire tensor. The look-up temperature
is (T + Ty + Tg + T)/4 . For a nonlinear analysis, the element
conductance matrix 1s formed for the first iteration using the
conductivity tensor entered as input data. On subsequent
iterations the thermal conductivity table is used as a multiplier
of this tensor. Thus, for a single layer the user may

input a conductivity tensor with the largest value normalized to
1.0 and enter the actual conductivity values in the table.

For an element with one homogeneous layer, only the first card is
Tequired,

For an isotropic material, the conductivity value K should be
entered as K, . The remaining entries may be left blank. The
program will set Ky =05 Kyy = Kxx ©

The orientation of the local X-axis is from I to J (see fig. 6).
The local y-axis then lies in the IJKL plane, and the direction of
the local z-axas is determined by the right-hand rule. Element
conduction heat fluxes are positive in the local coordinate system.

Element cards must be in element number sequence. If cards are
omitted, element data will be generated. The node numbers will
be generated with respect to the first card in the series as
follows,

In = In.q + KG

Jn = Jp_1 + KG
Kp-1 * KG

= Ln_l + KG .

-
[=
l

=h

All other element information will be set equal to information on
the last card.

If hyg and T; are left blank, the program will set hy, = hy ,
T2=T1
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IV. ELEMENT DATA (continued)

(7) The top surface is located on the positive local z axis:

e

L

TOP SURFACE

BOTTOM SURFACE

Surface heating is positive into the element. If there is surface
heating, the heat flow is entered in columns 1-10, and the remainder
of the card is blank. For uniform convection, if hy , Ty , etc.
are left blank, the program will set

hJ = hK = hL = hi

Ty

tl

Tg = T, = T -



K TYPICAL SURFACE HEATING
OR CONVECTION

LOCAL
ELEMENT
AXES

X

THICKNESS

TYPICAL TYPICAL EDGE HEATING
NODE OR CONVECTION

Figure 6. Conduction/convection quadrilateral element.
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IV. ELEMENT DATA (continued)

TYPE 8 - MASS-TRANSPORT ELEMENT

Mass transport elements (fig. 7) are identified by the number 8. The
element is used to represent convective energy transport due to a mass
flow rate m .

A,

NOTES/

(1)

Control Card (815,8A5)

Columns 1 5 The number 8
6 ~ 10 Total number of elements in this group
11 - 15 Number of thermal-fluid property card sets
4] - 80 Any desired identification to be printed with the
element output data

Fluid Properties (I5,F10.0,I5)

Notes Columns I - 5  Property identification number
(1) 6 - 15 Fluid specific heat, C
16 - 20 Table number for fluid specific heat

Element Data Cards (5I15,F10.0)

One card per element is required in increasing numerical order,
Missing elements are generated.

Notes Columns 1 5 Element number
(2) 6 - 10 Node number, I
11 - 15 Node number, J
16 - 20 Property identification number
(3) 21 - 25 Element generation parameter, KG
26 - 35 Fluid mass flow rate (e.g., lbm/hr)

J
'//q,"

2 hr

AN
T, + T
Heat flux, ¢ =m CP ( I J)(?TU)

For a linear analysis, the fluid specific heat read-in on the
fluid property card is used in element computations. For a non-
linear analysis, values from a specific heat table are used if
the table number is greater than zero.
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Iv.

ELEMENT DATA (continued)

(2

(3)

The nodal coordinates are arbitrary and are used only in the plot
output. The order of the element nodes determines the direction
of fluid flow, i.e., the fluid flow is fxom node I to J.

Missing elements are generated using the same scheme as for the
rod element, i.e., node numbers will be generated with respect
to the first card as follows:

Il _'Ii--l + KG

Jl Ji-l + KG .

All other element information will be set equal to data from the
last card.
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Figure 7, Mass transport element.
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IV. ELEMENT DATA (continued)

TYPE 9 - SURFACE-CONVECTION ELEMENTS

Surface-convection elements (fag. 8) are identified by the number 9. The
elements are used to represent convective heat transfer between a surface

and a fluid with unknown temperature. Two elements, a quadrilateral
and a triangle, are available,

A. Control Card (8I5,8A5)

Columns 1 5  The number 5
6 - 10 The number of surface convection elements in thas
' group
11 - 15 Number of thermal-fluid property card sets
41 - 80 Any desired identification to be printed with
the element output data

B. Fluid Properties (I5,F10.0,I5)

Notes Columns 1 - 5  Property identification number
(1) 6 - 15 Convection coefficient, h
16 - 20 Table number for convection coefficient

C. Element Parameter Data Cards (715,710.0)

One card per element is required in increasing numerical order.
Missing elements are generated.

Notes Colums 1 - 5 Element number
(2) 6 - 10 Node number, I
11 - 15 Node number, J

16 - 20 Node number, K

(3) 21 - 25 Node number, L (default .EQ.0)
26 - 30  Property identification number
(4) 31 - 35 Element generation parameter, KG
(5} 36 - 45  Area factor for convection (default .EQ.1.0)

NOTES/

(1) For a linear analysis, the fluid convection coefficient read-in on
the fluid property card 1s used in element computations. For a
nonlinear analysis, values from a convection coefficient table are
used if the table number is greater than zero.

(2) For the quadrilateral element, nodes I and J always denote fluid
nodes; for the triangle, I denotes the fluid node.

(3) For a triangular element, leave L blank or enter L as zero.
(4) Missing elements are generated using this same scheme as for the

quadrilateral conduction element, i.e., node numbers will be
generated with respect to the first card as follows:
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IV. ELEMENT DATA (continued)

I, = Ii.1 + KG
Jy =Jj-1 + KG
Ky = Ki.1 + KG
Ly = Li_ + KG .

All other element information will be set equal to data from the
last caxd.

(5) The area factor 1s used to compute the convection surface area,
e.g., for the quadrilateral, A (surface) = area factor * distance K-L .
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(a) Quadrilateral Element.
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—
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(b) Triangular Element.

Figure 8. Surface convection elements with unknown
fluid temperatures.
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IV. ELEMENT DATA (continued)

TYPE 10 - TUBE/FLUID INTEGRATED ELEMENT

Tube/fluid integrated elements (fig. 9) are identified by the number 10.
The element represents conduction/convection heat transfer in a thin tube
of constant thickness and flow area enclosing a fluid with mass flow
rate m . Heat loading on the tube external surface due to a specified
heating or a convective exchange with a surrounding media is included.
Pressure drop computations are performed as an option.

A. Control Card {8I5,8A5)

Columns 1 5 The number 10
6 - 10 Total number of tube/fluid elements in this group

11 - 15  Number of thermal-fluid property card sets

16 - 20 Flag for pressure drop calculations
.EQ.0; Pressures are not calculated
.GT.0; Pressures are calculated

21 - 40 Blank

41 - 80 Any desired identification to be printed with the
element output data

B. Thermal-Fluid Property Card Sets

Card 1 - Tube Properties (I5,F10.0,I5)

Notes Columms 1 - 5  Property identification number
(1) 6 - 15 Thermal conductivity, k
16 - 20 Table number for tube thermal conductivity

Card 2 - Fluid Properties (F10.0,2(F10.0,I5),I5)

Notes .
(2) Columns 1 - 10  Fluad convection coefficient, h
(3) 11 - 20 Exponent in equation for modification of
convection coefficient, n (real)
21 - 25 Table number for convection coefficient

(4) 26 - 35 Fluid specific heat, C
36 - 40 Table number for fluid specific heat
(%) 4] - 45 Table number for fluid viscosity

(Optiomal)} Card 3 - Tube-Fluid Properties for Pressure Recovery
(2F10.0,2(F10.0,15),2F10.0)

Notes
{6) Columns 1 - 10 Tube hydraulic diameter, Dy
(7) 11 - 20 Fluid fraiction factor, f
(8) 21 - 30 Exponent in equation for correction of

friction factor, m (real)
31 - 35 Table number for fluid friction factor
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Iv.

ELEMENT DATA (continued)

Notes
(9) Columns

36
46
51
61

C. Element Data Cards

45
50
60
70

Fluad density, o

Table number for £fluid density

Gas constant, R

Proportionaility constant in Newton's
second law, ge¢

One card per element is required i1n increasing numerical order.
Mrssing elements are generated. If there is external surface heating
on the tube, two cards per element are required.

Card 1 - Element

Parameters (815,4F10.0)

Notes Columns

(10}

(11)
(12)

(13)

(14)

1

6
11
16
21
26
31
36

41
51

61
71

)
10
15
20
25
30
35
40

50
60

70
80

Element number
Node number, I }
Node number, J
Node number, K }
Node number, L
Property identification number
Element generation parameter, KG

Fluid nodes

Tube nodes

ISURF.EQ.0; No surface heating or
convection
.GT.0; Surface heating or
convection

Tube cross-sectional conduction area
Perimeter of tube for internal convective
heat transfer to fluid

Fluid mass flow rate (e.g., 1bm/hr)
Element inlet pressure, Py

Card 2 - External Tube Heating or Convection Data (6F10.0)

Notes
(15) Columns

(16)

I

11

21

31

41

51

1

10

20

30

40

50

60

Area factor for surface heating or
convection {default .EQ.1.0)

Specified surface heating rate (e.g.,
BTU/HR-FT**2) (positive into surface)
Convective heat transfer coefficient, hj,
at node L

Surrounding medium temperature, Ty, at
node L

Convective heat transfer coefficient, hy,
at node K

Surrounding medium temperature, Ty, at
node K
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IV. ELEMENT DATA {continued)
NOTES/

(1) The thermal conductivity is used to represent the axial conduction
of heat in the tube wall. The thermal conductivity of the tube
wall may be constant or may be entered in tabular form for a
nonlinear analysis. The look-up temperature is (Tyx + Tp)/2 .

(2) The fluad convection coefficient h 1s used to represent
convective heat transfer between the tube and fluid. The
convection coefficient may be constant or may be entered in
tabular form for a nonlinear analysis. The look-up temperature
s (Ty + T5)/2 .

(3) In the nonlinear analysis, the convection coefficient may be
modified at each iteration for a variation of fluid temperature
at the flow section. The correction takes the form:

Ty \ B
Gases: h' = h (Tp) Tg

Hy \ T
Liquids: h' = h (Ty) EE"

For a gas, T, denotes the wall temperature and Tp denotes the
bulk fluid temperature. For a liquid, u,, denotes the viscosity
evaluated at the wall temperature and u, denotes the viscosity
evaluated at the fluid bulk temperature. No modification is
performed if the exponent n (real) 1is entered as blank or zero.

(4) The specific heat C, is used in representing the heat transfer
due to mass transpor% and may be entered as a constant or as a
tabular function of temperature.

(5) The fluid viscosity 1s required only 1f the correction described
above in note (3) 1s to be performed for a liquid. Otherwise, a
table number for viscosity is not required.

(6) The tube hydraulic diameter 1s defined by

DH = 4 % Flow cross-sectional area
wetted perimeter

1

(7) The fluid friction factor f 1s used to compute the pressure drop
in an element. The pressure drop is computed from the equation,
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IV. ELEMENT DATA (continued)

L o6 1,62 (1 1

AP = £ = = -
Dy 28 om 8 \Py PI

where

AP - pressure drop, (P71 - Pj)

f - friction factor

L - element length
Dy - hydraulic diameter

G - mass flow rate/flow area (e.g., lbm/hr/ft2)
oq - element mean density, (pp + pJ)/Z

fluid densities evaluated at the temperatures of
the fluid at nodes I, J

o
H
.
o
o
1

g. - proportionality constant in Newton's second law
(p _ 32.17 £t - 1bm>
-85 & ibge - sec2

(8) In the calculation of pressures for a nonlinear analysis, the
friction factor may be modified for a variation of fluid temperature
at the flow cross section. The correction takes the form:

Ty \ m
Gases: £' = £ (Ty) Ty

Hy \ I
Liquids: £' = £ (Ty) ™

b

where the quantities have the same definition as in note (3).

The modification is not performed 1f the expoment m (real) 1s
entered as blank or zero.

(9) Pressure drops arve computed for three density cases: (1) constant
density, (2) variable density as specified by a density-temperature
table, and (3) an idea gas. If the density table number is entered
as zero, case (1} 1is assumed, If the density table number 15
greater than zero, case {2) is assumed.
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iv.

ELEMENT DATA (continued)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

If the gas constant R 1is entered as a positive quantity, case (3)
is assumed. For case (3) the pressure drop equation above is
solved simultaneously with the gas law P = pRT .

The direction of fluid flow is determined by the node numbering
sequence. Flow is from node I to node J (see fig, 9).

Element cards must be in element number sequence., If cards are
omitted, element data will be generated. The node numbers will
be generated with respect to the first card in the series as
follows:

In = In~1 + XG

Jp = Jp-1 + KG
KG

Ln-l + KG .

Fe
jm ]
i
~
jou
t
[a]
+

)

-

All other information will be set equal to the data on the last
card.

ISURF.GT.0 indicates the tube is heated externally by a specified
heat flux or convectively. The program expects to read a second
card with the heating data,

The perimeter of the tube is used to compute the wetted area for
convective heat transfer to the internal fluid by multiplying it
by the element length.

Pressures are computed at successive nodes by Py = Py - AP
until a new inlet pressure is specified for an element.

The surface area for external heating is computed as the product
of the area factor times the perimeter times the element length.

If hy and Tg ave left blank, the program will set hy = hr-
and TK = TL .

EPRODUCIBILITY OF THE
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Figure 9.
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Integrated tube/fluid element.
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IV. ELEMENT DATA (continued)

TYPE 11 - PLATE-FIN/FLUID INTEGRATED ELEMENT

Plate-fin/fluid integrated elements (fig. 10) are identified by the
number 11, The elements represent conduction/convection heat transfer
in a coolant passage defined by two plates connected by an internal
fin. Fluid flows through the passage with mass flow rate m .

A. Control Card (8I5,8A5)

Columns 1 5 The number 11
6 -~ 10 Total number of plate-fin/fluid elements in this

group

11 - 15 Number of thermal-fluid property card sets

16 - 20 Flag for pressure calculations
.EQ.0; Pressures are not calculated
.GT.0; Pressures are calculated

21 - 40  Blank

41 - 80 Any desired identification to be printed with the
element input data echo.

B. Thermal-fluid Property Card Sets

Card 1 -~ Fin Properties {I5,F10.0,I5)

Notes Columns 1 - 5  Property identification number (Fin and
fluid properties)
(1 6 - 15 Thermal conductivity

16 - 20 Table numbexr for f£in thermal conductivity

Card 2 - Fluid Properties (F10.0,2(F10.0,I5),I5)

Notes
(2} Columns 1 - 10 Fluid convection coefficient, h
(3) 11 - 20  Exponent in equation for modification of
convection coefficient, n (real)
21 - 25 Table number for convection coefficient

(4) 26 - 35 Fluid specified heat, C
36 - 40 Table number for fluid specific heat
(5) 41 - 45 Table number for fluid viscosity

(Optional) Card 3 - Properties for Pressure Calculations
(2F10.0,2(F10.0,15),2F10.0)

Notes
(6) Columns 1 - 10 Hydraulic diameter, Dy
(7N 11 - 20 Fluid friction factor, £
(8) ) 21 - 30 Exponent in equation for modification of

friction factor, m (real)
31 - 35 Table number for fluid frictaion factor
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IV. ELEMENT DATA (continued)

NOTES/

1)

Notes

9

Columns

36
46
51
61

45
50
60
70

Fluid density, o

Table number for fluid density

Gas constant R )
Proportionality constant in Newton's
second law, g¢

Element Parameter Data Cards

Two cards per element are required in increasing numerical order.
Missing elements are generated.

Element Parameters (1015,2F10.0,/,3F10.0)

Card 1

Notes
(10)

(11)
(12)

(13}
Card 2
Notes

(14)
(15}

(16)

Columns

Columms

1

11
16
21
26
31
36
41
46

51
61

21

31

10
15
20
25
30
35
40
45
50

60
70

10
20

30

40

Element number

Node number, I

Node number, J

Node number, K (Fluid node)

Node number, L »

Node number, M

Node number, N (Fluid node, inlet)
Property identification number
Element generation parameter, KG
Flag for fin efficiency

.EQ.0; Fin efficiency computed

.NE.O; Fin efficiency set equal to one

Fluid mass flow rate (e.g., 1bm/hr)
Element inlet pressure, Py

Effective fin thickness

Effective width of top wall for convection

(default, 1.0)

Effective width of bottom wall for
convection (default, 1.0)

Fin area factor (default, 1.0)

The thermal conductivity is used to calculate two-dimensional
heat conduction in the fin. The fin connects the top and bottom
walls, and heat conduction is represented by an isoparametric

quadrilateral finite element formulation.

The thermal conductivity

may be constant or entered in tabular form for a nonlinear analysis.
The look-up temperature is (Tp + Ty + T + Tw)/4 .
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Iv.

ELEMENT DATA (continued)

(2)

(3

(4)

(5)

(6)

(7

The fluid convection coefficient h is used to represent convective
heat transfer between the top and bottom walls and between both
sides of the fin and the fluid. The convection coefficient may be
constant or be entered in tabular form for a nonlinear analysis.

The look-up temperature is (Ty + Tx)/2 .

In the nonlinear analysis, the convection coefficient may be
modified at each iteration for a variation of fluid temperature at
the flow section. The correction takes the form:

Ty n
Gases: h' = h (Ty) _—
b Tb

By \ 1
Liquids: h' = h (Ty) .

For a gas, Ty denotes the wall temperature and Tp, denotes the
bulk fluid temperature; for a liquid, wu, denotes the viscosity
evaluated at the wall temperature and 3 denotes the viscosity
evaluated at the fluid bulk temperature. No modification is

performed if the exponent n (real) 1is entered as blank or zero.

The specific heat C, is used in representing the heat transfer
due to fluid flow and may be entered as a constant or as a tabular
function of temperature.

The fluid viscosity 1s required only if the modification described
above in note (3) 1s to be performed for a liquid. Otherwise, a table
number for viscosity is not required.

The passage hydraulic diameter is defined by

4 Flow cross-sectional area
wetted perimeter

Dy =

The fluid friction factor £ is used in computing the pressure
drop in an element. The pressure drop is computed from the
equation

REEPRODUCIBILITY OF THE >
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Iv.

ELEMENT DATA (continued)

(8)

9

where

AP - pressure drop, (Py - Pg)

f - friction factor

L - element length

Dy - hydraulic diameter

G - mass flow rate/flow area (e.g., lbm/hr/ft2)
py - element mean demsity, (og + pp)/2

Pk, oy - fluid densities evaluated at the temperatures of the
fluid nodes K, N

gc - proportionality constant in Newton's second law

. 32,17 ft - 1bm)
( *8+2 Be T TTh. - sec?

In the calculation of pressures for a nonlinear analysis, the
friction factor may be corrected for a variation of fluid

temperature at the flow crcss section. The correction takes the
form:

'I‘w m
Gases: f' = £ (Tp) Ty

s m
Liguids: f' = £ (Tb) ﬂg-

where the quantities have the same definition as in note (3). The
modification is not performed if the exponent m (real) 1is
entered as blank or zero.

Pressure drops are computed for three density cases. (1) constant
density, (2) variable density as specified by a density-temperature
table, and (3} an ideal gas. If the density table number is
entered as zero, case (1) is assumed. If the density table number
1s greater than zero, case (2} is assumed.

If the gas constant R is entered as a positive quantity case (3)
1s assumed. For case (3) the pressure drop equation above is
solved simultaneously with the gas law P = pRT .
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Iv.

ELEMENT DATA (continued)

(10)

(11)

(12)

(13)

(14)

The direction of fluid flow is determined by the node numbering
sequence. Flow is from node N to node K (see fig. 10).

Element cards must be in element number sequence. If cards are

omitted, element data will be generated. The node numbers will be
generated with respect to the first card in the series as follows:

In = I + KG

Jp = Jp-1 *+ KG
Ky = Kp-1 + KG
Ly = Ln-1 + KG
Mp = Mp-1 * KG
N, = Np_1 + KG .

All other information will be set equal to the data on the last
card.

The fin efficiency n 1is computed by the equation

_ 2 coshmt -1
" mf sinh m%

where £ 1s the average height of the fin and

2 h
m = «/ 1/—-
tp k

in

The fin efficiency is used to modify the convective heat transfer
between the fin and fluid for the linear temperature distribution
assumed i1n the surface convection finite element (see note (16)
below).

Pressures are computed at successive nodes by Py = Py - AP
until a new inlet pressure is specified for an element.

The fin thickness 1s used in two ways. The thickness is used in
representing the conduction heat transfer of the fin. In addition,
the fin thickness 1s subtracted from the widths of the top and
bottom walls in the computation of convection areas. For multiple
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IV.

ELEMENT DATA {concluded)

(35)

(16)

fins, an effective fin thickness equal to the number of fins
times the thickness of a single fin should be used.

The top and bottom widths are used to compute the convection areas
from the walls to the fluid (see note 14). The average of these
widths 1s also used in the computation of the flow areas at the
inlet and outlet of an element.

The fin area factor for convection may be used to account for
multiple fins. The fin surface area is multiplied by thuas

factor. The convective heat transfer between the fin and fluid is
based upon the equation

Tr + Ty + T, + Ty
q = nh (Ag * Ap) 7 - TBuLK

where

n = fin efficiency {see note 12)
h = convection coefficient
A, = surface area of fin (2 sides)
Ap = fin area factor
Tpurk = (Tn + Tx}/2 .
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(a) Side View.
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{(b) Oblique View.

Figure 10. Integrated plate-fin/fluid element.
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THERMAL PARAMETER TABLES

Thermal parameter tables are required for nonlinear thermal analysis. The
total number of thermal parameter tables 1s entered on the master control

card as NUMTB (see section II),

Individual table numbers for reference

to the data input here are read in as part of the element input data.
The thermal parameter data tables are described by the following sequence

of data cards:

A, Control Card (2I5,7A10) {(one card for each table)

Columns 1 - 5
6 - 10
11 - 80

Table number

Number of data points given in table
Any desired table heading information

B. Thermal Parameter Table (8F10.0) (4 points per card, as many cards as

required) (typical card)

Columns 1
11
21
31
41
51
61
71

10
20
30
40
50
60
70
80

Temperature for point 1
Thermal parameter for point 1
Temperature for point 2
Thermal parameter for point 2
Temperature for point 3
Thermal parameter for point 3
Temperature for point 4
Thermal parameter for point 4

Point 1

Point 2

Point 4

}
|
}  Point 3
}

60



APPENDIX C

INPUT DATA FOR TAPPLT
General Setup of Deck

In general the ainput deck for the plotting program consists of three

separate groups of data as shown schematically in figure 11. These groups
are as follows:

(1) A single card containing any desired title information,

(2} NAMELIST OPTION containing values to allocate storage in blank

common and control values specifying various program options, and

(3) NAMELIST PICT containing values to specify the type of plot

desired and information to be included on the plots.
Input Data Cards

I. HEADING CARD - This single card contains any desired alphanumeric

information in columns 1 to 80, The title will appeaxr at the beginning
of the plots:

II. NAMELIST OPTION - This NAMELIST contains values to allocate storage in

blank common and control values specifying various program options.

FORTRAN Default

name value Description
NNDEST 200 Estimated number of nodes, must be equal
to or greater than the actual number of nodes
NWDISP 0 0 no temperature data
1  temperature data
KPLOT 1 Specifies the type of output device to be used
I CalComp
2 CalComp with plotting speed reduced for
Leroy pens
3  VARIAN
XSPACE 10.0 Space between plots in x-direction, in inches
gﬁEEKNEUCEHHjTY OF ‘1w 61
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/NAMELIST PICT

/ NAMELIST OPTION

/ TITLE CARD

Figure 11. Input data sequence for TAPPLT.




II1T.

FORTRAN Default
name value Description

PSIZE 25.0 Paper size in y-direction, in inches (used in
scaling of plots to insure this dimension 1is
not exceeded)

NAMELIST PICT - This NAMELIST contains values to specify the type of

plots desired and the information that is to be included on the
plots.

FORTRAN Default

name value Description

KHORZ 1 Integer designating the horizontal axis of the
viewing plane where 1 =X, , 2 =Y, , and
3= Z

KVERT 2 Integer designating the vertical axis of the
viewing plane where 1 =X, , 2 =Y, , and
3 = Z,

PHI 0.0 Angular rotation of model about its x-axis in
degrees (must be performed third)

THETA 0.0 Angular rotation of model about 1ts y-axis in
degrees (must be performed second)

PSI 0.0 Angular rotation of model about its z-axis in
degrees (must be performed first)

NEWFR 1 1  frame change before plotting (a frame change

resets the x-origin past previocus plot by
XSPACE given in NAMELIST OPTION and resets
the y-origin at 0.0)

0 no frame change before plotting

ISCALE 1 1 automatic computation of proper origin
location and scaling of plot
2  user-specified origin and scaling

PLOTSZ 10.0 Maximum dimension desired on completed plot, in
inches (used for scaling if ISCALE = 1)

XORGN 0.0 x-location of plot origin (used 1f ISCALE = 2)
YORGN 0.0 y~location of plot origin (used if ISCALE = 2)
PSCALE T1.0 Model size reduction factor (i.e., PSCALE is equal

to actual model size divided by desaired plot size
(used if ISCALE = 2))
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FORTRAN Default
name value
NOTAT 0
XLHT .15
KDIsp 4]
IDMAG 2
DMAGS 1.0
KSYMXY 0
KSYMXZ 0
KSYMYZ 0

Description

no numbering on plots
numbering of nodes
2  numberang of elements

= O

Height of integers specified by NOTAT, in inches
(must be > 0.07)

plot of thermal model

plot of temperature surface
exploded plot of model

temperatures represented by vectors

Lo

1 direct magnification of temperature data by
DMAGS

2  scaling of temperature data to a maximum
value of DMAGS

Magnification of temperatures (if KDISP = 1 or 3)
Reduction factor of elements (if KDISP = 2)

1  symmetry about X-Y plane
1  symmetry about X-Z plane

1 symmetry about Y-Z plane

Symmetries are performed consecutively (i.e., a plate quadrant with
KSYMXZ and KSYMYZ equal to one would yield a complete plate).

XXMAX,
YYMAX,
ZZIMAX
XXMIN,
YYMIN,
ZZMIN

NDMAX

NDMIN

NELMAX

NELMIN

1.0 E+20

-1.0 E+20

9999999999

9999999999

Locate cutting planes parallel to principal planes
(X-Y, X-Z, Y-Z) to limit plot

Maxzmum node identification number to be
included in plot

Minimum node identification number to be
included ain plot

Maximum element identifacation number to be
included in plot

Minimum element identification number to be
included in plot
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FORTRAN Default
name value Description

KODE 0 Specifies control option after plot is complete
0 last plot, exit from program
1 read another NAMELIST PICT

This section describes a complete basic set of input data if KODE = O

in NAMELIST PICT.

The deck must end with NAMELIST PICT having & value of KODE = 0 .
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APPENDIX D

INPUT DATA AND PROGRAM QUTPUT FOR SAMPLE PROBLEMS

Four sample problems are presented: (1) a linear conduction analysis
of a transverse cross-section of a panel with a "D" tube, (2) a nonlinear
analysis of a convectaively heated, water cooled pipe, (3} a nonlinear analysis
of a simplified heat exchanger, and (4) a linear analysis and plots of
conduction in a simple fin. The sample problems are presented in figures

12 to 15. Plotter output for sample problem (4) is shown in figure 16.
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SAMPLE PROBLEM 1

Linear Conduction Analysis of a D Tube Cross Section
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Figure 12. Conduction analysis of a panel - "D" tube section (sample problem 1).
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INPUT DATA (SAMPLE PROBLEM 1)

TUBE CROSS SECTION
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PROGRAM OUTPUT (SAMPLE

PROBLEM 1)

. .D_TUBL CROSS SECTION __ 3/16/76 o ——— T
CONTYROL__INFORMATIOR . B
.. NUMBER DF NODAL PRINTS = 58 _ I
o NUMBER UF ELEMENT. TYPFS. = 2 —_—
NUMBER OF TABLES T o T .
ANALYSIS CODE(NANA) S - — ]
. E0.0, DATA CHECK ONLY, o
EG.l, LINLAR, - e T
EQ.2, NONLINEAR — e T . , - .
_PLOT CPOE(NPLIT) 0 A e
E0.0» NO PLOTS GENERATED . e T o L
£Q.1, UNDEFOPMED PLOT e e L T
e . _EQ.2, TLHPERATURE_PLDT_ _
.. . ITERATION PAKANETERS T
.. HAXIHUM TTERATIONS e T
—— . TOLERANCE = . 10000E+00 —_
BLANK COMMON LOCATIONS = 10967 . _ o —— T T .
NODAL POIHT INPUT DATA _ T T - - STt oo
NODF BOUNDARY CONDITION CODE. . _ . NODAL. ROINT..COORDINATES . . T
NUNGER e X T TR TEMPERATURE

1

V00J ST AV TVNIHIYD
THL J0 XITTa0Nq09dEs

)
t
i
t
i
1
i

~eQ083 . 0.000

$300.. .0 L

0.000

0 . S

11 . 0 e e e e Q83 — 0a000 _ __ _ .250 _ 2 . 0.00¢
- Y | B =045 0,000 «500_ . 0___ . 0.000
12 - 0 - -~ . __:'-0’1b___ —— 0.000 e e rwn we 0250 2 0'000
13 ¢ mmme—o . =083 . 0,000 .. _ _ .22% o 0.000

U N R I =045 0.000 2250 e 02000 .
15 4] o . =035 cememan QL 000 em mwu s 228 — QL 0.000
16 0 - 0.000 — . 0,000 __ ~ +225 Q . ¢.000

w YT e 0 _— — Q83 0,000._ » 190 0 . 0.000 ___
18 0 e - =045 _ __ . 0.000 cem - #0190 L O 0.000
19 0 -+035 0.000 «190 0 0.000

w0 o 0 - 0.000 0,000 $I90 0. . _ 0,000 __ _.
21 0 - - =.083 0.000 .. _.__ _.160 0 . 0.000
22 o eeee =a04Y 0.600 -+ 160 0 ¢.000
. 23 0 . ——— . =035 ¢.000 _ 2160 __ 0 0.000
24 ¢ s e e 04000 0 04,000, . . L1600 0.000
2/ — — 0 m e e =W 083 0,000 L 120 0L - 0.000

~ 78 — Q. ZaeD43 0.000 » 140 O 0.000 .
29 0] - e v ~ e Q30 _ 0.000 ... _..120 n C.200
- 29 0 0.000 0.000 AP0 v 0.000
i 33 0 ~.0483 0.004 ML o 0.040
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=+083 0.000 » 040 -.0.000 ...

".-0‘15 0-000 00410 01000 4 e e -

~e035 0.000 «040 e e e 04000 L

G.000 0.000

+ 040
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0.00C . ..__..
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0.000

=+035 0.000

0.000. Q.000..

0.000

—— 90.000 _ .
80,000

‘¢ 57 T T e T L T T s190 L 0.000 _
C. 55 | B ,190 0,000
53 o T80 L 04000 . 70.000

e e e #1990 0.000 . 60.000 __.

«130 ¢.000Q

0
Y
0
0
0
0
2.G00 0
0.
0.
0
0
0

50.000____0.

+190Q 0,000

«190C ¢.000

30,000

2190 0.000

20.000 0

0.000 .
— 0.000 .

w. 0000

0.000

e 0,000

6.000
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. 0.000 -
40,000 0. 0.000 ____
O oiee —- 0000

0.000 _._
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[EL}
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10000 O . 0.000 __ ...

T4 £72% Q.000 20,000 o 0.000
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.L 50 » 225 0,000 50,000 Q ~.0.000 _
C 52 - e e w225 0.000. __ 60.000. . O__ .. 0.000 -
Lt 54 - i e — 4828 e 0,000 70000 . .0 L._ .. 0.000 R
C 56... —_— - 223 0.000 80.000 ___O0____  __0.000 ____
C 58 . ... . L 0. L. e +223 0.000 20.000 . __ O0______ 0,000 . __
GENERATED_NODAL_DATA _._ . _. - e . wa e e -

.NDDE
NUMBER R .

_ _BDUNDARY _CONDITION_COOE

__MODAL_POINT_COORDINATES ___

- - - X e X e L KN T
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14 =+ 045
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H
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0,000

22285 _ o _ ... 0.0O00
« 130 0,000__

18 ~+ 043

0.000

+ 190 0.000 _

19 =+033

0.000

2« 190 _0.000, .

20 0,000
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28 I, e e —-.Q45 _____ 0,000 _____ W 120 __ ___ .. ..
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—_ NUMBER OF_DIFEFERENT_MATERIALS

MATERIAL __ CONDUCTIVITY _ LAYERS THICKNESS
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ELEMENT INPUT_DATA

N I J B . MATID KEG. IEDGE ISURFE 0

— 4 .3 _ 1 __ 2 .1 _. 1 1. 0 0. . , _ o
. E0GE___ 3_.. 1 __ 0S= _.5415E+¢00_ Hl=_0. Tl= 0. ____H2=® O, 32w 0. _

— 2. & 5 3 bl b 0 RiE e mm e e e e
EDGE 5 3 Q5= L8330E-01._ Hl= 0, . Ti=_0.

-3 8 7 b 6 1 2 I S ¢ I 0. .
EDGE 7 5 Q5= LB8330E-01 _ Hle 0. _Tl= O,

b 10 .9 7 T8 1. 2 1 0 0._ - T
e EDGE. . 9 7 aS2___.83306=01_ _Hl= 0. Tl=_0. HZm 0. ... . . Teeop._ T
T o127 9 10 1 2 1. 0. 0. - T
_ EDGE _ 11 9 . 0S= ,83306-01._ Hl= 0w . Ti= Oue— . Hew. 0. T2= 0. .
6. 14 .13 11 12 1. 2 ._ 1 o 0o ——— e
.. . EDGE. 13 11 0S*  .8330E-01 ._Hl~ 0. T1= 0. H28. 0o . .. .. T2% Gu_..._ 77
TR e T 17 T 1 T T T PO T
EDGE 17 13 0Se  ,8330E-01_.Hi» 0o _ Tl= Qs . _ — Hew 0u .. . T2= 0w . . . __
8. 22 .21 17T 1a 1. _ 1 1 O__ Ou_ e T oo oo
EDGE 21 17 0S=  .83306-01___H1% 0, Tl= O._._ _ _  Hze 0. _ .. Ta2= 0.

-9 28 _27 21 22 .1 1 1 -_ 0. ___.__ .. __T__—omm T ormmeme e
. EDGE  27. 21 QS*  .8330E-01__ Hl=.0, T1z 0. Hze 04 . T2a 0e

. 10 34 33 27 28 1 S N e .

EDGE 33 27 aS*  .8330E~01__ _ Hle 0. e T1%. 0 Hze 0. O T2=_ Qe T
TT11. a0 39 733 34 1. 1. 1 0. 0._ . ) o
- EDGE 39 33 0S=* ..83308-01. _Hl= 0. Tlm 0w . H2= 0. T2a 0.

12 . 46 __45 39  40. 1 . 1 1 0 0. N
7 TEVGE. 45 39 OSw | _o8330Ex01. Hlx 0. ¥lx 0a_______fzs 0. T TiEeoiT T
13 Tzo 19 15 Tre . L1 L 1 -0 6T g — . T

lg 24 _ 23 19 20 I S, |

N N O e e . P

EDGE 20 24 Q5= 0. Hi= .1?45£-02 Tl*_ . 40Q0Q0F+02 Ho= .1745E~*02 TZ2=_ :.‘fOOOE*'OZ

15 30 29 23 24 1 1 1 0 0.
EDGE 24 30 0S= 0. Hi= o 1745002  Tl= .4000F+C2 __ HZ= L1T4%E6~02 _ T22 40008402 .
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16 36...35 29 _ 30 . 1 . 6 _ .1 4.  _ o. T T T

. EDGE. 30 36  QSr.Qu. . His _.17456-02__ Tls_ .4000E+02 _H2=. ..1745E=02  T2n. . 4000E+02 ..

__l? 42 ‘rl 33 36 - me me e i e —
e . EDGE 36 42 .. QSE. Qe Hlme _L1745E-02__ Tlx_ .4000E+02 _ _H2w . .1T45E~02 . _T2x ,4000E+C2

....... 1 o) 1 o __0. ———— e =

S 18 48 47 41 &2 1 6 1 oo, T T T
. EDGE 42 4B Q8= O Hl= (1745602 Tl=. ,4000E+402 __ H2=_ 1745602  T2=...4000E+02
T19 0 26 zs 20 Te 1 —.oa. 1. 0 . T Tt

- 0. ——mar mom nren - i —— - - en ——r—
- Hle 41745E- 02 - Tl= - .‘1000E+02 H2=  J1745E-02 TZH ~.+%4000E+02,

20 32 31 25 26 1 . 1 0 ol cr e e e

EDGE 25 20 Q5= 0.

EOGE 31 25 0S% 0. . . Hls  L1745E-02 . Tlx. .4000E+02 . H2= .1745E-02  T2= .. .4000E402
—-21 38 a3y 32 | il T Ty T T

. . EDGE 37 31 QS* 04 " Hl= _ .1745E-02 _Tlr__ 4000E+0Z__ Hz=,. ~1745E-02 .. T2n_ 40006107

__22.. 44 _ 43 _ 37 38 1 6 1 00 =

- EDGE ___ 43 37 . L QS=_0._. Him . 1745E= 02___1‘1! —» 40008402 __HZ!_..IT#SE 02_ ..IZ“-_ .‘1000E+.02

.23 50 .49 &3 _ 44 . .1 ____ & 1 O O e —— e
. EDGE 49 43 QS* 0w Hi= __W1745E-02.._ Tlw__ . 4000E+02 __H2w_ .1745E=02._. T2+% . .4000E+02

.24 %2 51 49 50 oA o o i o

- 2 Qa . R P

EDGE 51 49 0S% 0a __ .. Hl= _,1745E=02 _ Tl=__.4000E+02 _ H2=_ . 1745E-02  T24. - +40008+02
_ 25, 54 53 51.. 52 1 2 1_ 0 o

LV

- EDGE ... 53 51 Q5= Qa . _ _,.,..,,____Hl-__._o.l?’t5E 02___Tl= _.4000E+02_ _HZ'.'-._._.1745E OZ_,,.“TZ'E__-.‘:OOOE‘!'O?_

—26...56__55__ 53 54 __ 1 2 1 0 o
. EDGE_ _55_. 53 . 0Sn. 0 Hlz_ o )745E=02 _Y1= _,4000E+02 ___HZ=_ ,1745E-02 _ T2  .4000E+07

—_27. 58 __57 .55 56 Y omo 2 0 Oe_ . T

0

—w e EDGE . 57 .. 55 052_0u.._ e H1® _1745E=02___ Tlx __.4000F+02__ H2=__,1745E~ 02___T2£___.4000E+02
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IS0 PARAMETRIC OUADRILATERAML FLENENTIS

_NUMBER_ OF QUADRILATERIAL_ELEMENTS = _ 6

NUMBER OF DIFFERENT MATERIALS <]

- T T TUBE TO PANEL BOND_ I

MATERIAL __CONDUCTIVITY  LAYERS THICKNESS

CONDUCT.IVITY TENSOR

TABLE KXX KXY

KYY

21 000F+01 2 7712FE=03 O

0.

1
e o e Lo« 1000E+0Y____,V715E=03__0._
e ¢ X0COE+C1___ L T715E~03 _0,.

— 0.

O. N

O

1

1 »1000E+0)_ .7715E=03_ 0.
1

1

-6 19 (.18 . 14 13 . __ Q

O

N e 0 L 71 . J1000E+01 __ J7715E-03 0. __ Ov . 0. .
o T S _ _e1000E+01_._ y1000E=20_ 0. __ o, _ "o, T T
ELEMENT.INPUT DATA . - T
LN LT e T kT T THEATID . Ke. __1EpeE. ISURE a. T oo
T w1 lae w0 a1 7Ty 1 0 0 0. o — .

L2 __ 41 __40 34 33 2 1 . 0 o o, .
_ 3.__35__34_ 2829 3 1 0 0 O N
— h._29 28 _22 23 _._ _&__ 1. 0 0 0. )

5 23 22 18 19 5 1 0 . . 0. 0.. e
5 1 0




S OLUTION P ARAMETER

5
TOTAL MUMBER OF EQUATIONS = 58
SEMI BANDWIDTH . = 11
NUMBER OF EQUATIONS IN A BLOCK = 58
NUMBER 0OF BLOCKS ] = 1
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79
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1 EMPERATURE VECTOR o

NODE- NOs_ . _NO____VALUE_ NO£1_VALUE NO+2 VALUE NO+3_VMALUE _ NO+4 VALUE, ___
e L +308296E+03____.302064E%03. +296985E+03, —+293883E+03__ ___.274681E+C3 . _
———b +274203E403_____L,250905E+03  ,2500Q00E+03 1 223872E+03 +223054E£03
e X e 0 19394 8E+03 +»193003E+03 ___.180758E+03 +173957E+03 «158251E+03 __
e L6 T L #1421 08E+03 L, 165575E+03 . +159427E+03 -+ 1534015E+03. ____«142965E+03 . _
21 e 157723E+03. +154087E+03 «150422E+403 »146206E+03 +126453E+03 ___
26 .. . . <127939E+03 _____,182174E+03 . __.1496G8E+03__ «147580E+03 .. +144229E+03 __.
31 cem - "»114069E+03___ .115092E+03 .. ___+149113E+03 +14688TE+03 ____ _+145084E+03 ...
——. 36 +142065E403 +103918FE+03 __ «104829E+03 s L4T450E+03 +145284E+03 __
me— 4L L 2143564FE+03 ____.140622E403_ _____.958405E402 «966330E+02 _____.146911E+C3 .
— 80 0 144759E403 —«143053E4+03, .+ 140133E+03.____ .895571E+02_____+902609E+02
51 «848683E402 2855054F+02. 28162286402 .822139E+02____ ,T797164E+02 . _
96 .. +BO2B04E+0Z_____,790877E£+02 «T642TE+O2 N .
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I.5.2.0P A RAMETRIC _QUADRTILATERZRAL E L E M ENTS .
T CONDUCTION FLUXES SURFACE FLUXES EDGE _FLUXES
L {LDCAL_AXES) (POSITIVE INTO SUPFACE) (POSTTIVE INTO EDGE}
_ELENENT ax ay TQP BOTTGH IJ JI, U S S LT -
e o 1 _=.2305E+400 ~.3610E+Q0Q__ 0. O.._. 0. L1 0. _______ 0. —
2 | ~.BB4OE-0l =-.7775E+00 0, 0. 0. 0. 0. R
3 —e3415E-0)1__ ~.BBBOE+00 _ 0. (I8 0. G. — Q. G,
———a— 4 . . _-425‘?E‘”01 _19997E+00 ___0- O. o., 01_ ____0- ,_____...__..____0-___ -
5 =.4353E-01__=.1111E+01 _ 0. 0. 0. 0. 0. Q.
6 _-1913E+00 *.1194E+01 0. - e —a——— _00 e e e i Q. e ———— O e 00-__ —_ - _00.__.__._,_........ —
7' —«3198E+00 -—-.7861E+00 0. N .Y 0. L0 T ¢
—e .8 —u2410E+00 __ ~.4072E400__ 0. O 0. 0, SR ¢ S
B ze1522E400 __~.23)02E400__0. O.s Qe Q. 0. L0 -
10 L _ =« 1178E400 -+ 134BE+00___ 0. G, O [+18 O e Qe
1y ~.1085E400_ —.?559E-01_ Q. 0. 0. O O 0.
—_— 12 . =.1066E+00 - 2464E-01 _0.. O, -0, 0. S ¢ TN ¢ —
— 13 ~«719DE+00 ~.894IF=01__0. Q. 0. 0. Ot e O S —
14 ~e4039E+00__~.)085E=0L_ O, O 0. 0. 0 —2D4TSE=02 __
e 15 L —.2002E+400 . -.11160+00_ 0. Oal G. 0. Y « O —a T344E~D2 _.
v oo 16 .=+ 1685E+00 -.1079E+400 O, o O O - O~ T200E~02 ___
— 17 “+1577Er00__=.6B860E-01___0. O Oy Ox 0. =« TO074E-02
e 18 0 —el35LE40Q ~42315E~0L : Qe - 0. O o eee 0. .. . = TOQBE-02 __
-— 19 .=e5182E~0)1 -—.7B839E+00 .Q. O 0. ————aD4T4E-Q2 Q.. . __ _.0. R
——20 +1008E-01__ ~=.6493E4+00__0, O O =e8039E-02_ Qe O
R 21 - 15616E"02 —05251E+00 ,_0. Q. Q. “-3987E—02 0-.............._...-...._ 0. mm wm - —
. 22 . «8756E-02 —.4190E400 Qe o ..._ D, S Y . —e3461E-02 0. 0. —
— 23 e 113DE-0)1 -.3262E+00_G, G Qs —e3046E-02 O ... 0. e
o= o 2% . J1440€-01 -,2440E+0Q _0, Q. 0. ~e2729E~02 04 ... .. 0.. —_—
. 25 . WJ1791E-01 -.1636F+00__0, O._. -0 =+ 249%9E-02 0. ___ - 0. _. ————
— 26 .2199E-01 _—+1006E+00__90. Q. 0. =+2350E-02._0. — O
27 - +267BE-01 -.34B%E-01 _ 0. 0. Qs ~e22T7E~02 0. . . _ . Qeci o _
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I SOPARAMETRIC OUADRTILATLERAL ELEMENTSS. 7 -

COGNDUCTION FLUX-S____ SURFACE. FLUXES _EDGE_FLUXES__ ._

" ELEMENT.____ ax Y. _TOP._ _ __ __BOTTOM TJ. JK_. . . . KL

——- (LOCAL AXESY _ _ __ (POSITIVE_INTO _SURFACE) {POSITIVE _INTO.EDGE)

e LX

1. . ~,1322E+00
2 =.1359E+00__~.3011FE~0l_ 0. Oe 0. 0.

3

. 4
_——3
&

~29993E=02___0» .. . .. ._ 0. O Qe . o, —.o0.

14 U ¢ P

-

e 14G3E+00 "‘15070E"‘01 .__Oc,_,.. 0 % Qa 0._ IR ¢ I ¢ I —
~«2212E400 =-.7023E-01..0a. _ O 0. 0.

... . 0e . . woe 0o

" -=+3502E+00 _ ~.1149E+00_ Q. 0. 0, O.a 0. '

N ¢

. —«+8146E+00 ~.2068BE+00. _0. - 0. 0. O ... O. B ¢




oV

ER AL L T 1M E L G

N_U__DA_L pUINT IN__E_UT..-.-.ucoooaon 03_6_
FORM ELEMENT STIFFNESSESsseoass 2 73
FORM TOTAL STIFFNESSoessceacassse .10
IMPOSE BOUNDARY CONDITIONSsesss «03
EQUATIDN SULVING‘O.D.CQQG.D.O.D 010
ELEHENT FLUXES..-..oowncoooncoa 91_5_
TOTAL SQLUTION TIMEsseevsoeasses 1.47
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SAMPLE PROBLEM 2

Nonlinear Analysis of a Convectively Heated, Water Cooled Steel Pipe

84
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Figure 13. Convectively heated, water-cooled steel pipe (sample problem 2},
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INPUT DATA (SAMPLE PROBLEM 2)

25 THFL 1 #¥2 INCH PIPE WITH WATER #% NONLINEAR ANALYSIS 2/1371976

52 1 3 2 o} 0 o} 0a0

i 1 Qe Cs QO«0

a3 O ls Oe Qe
21 QO 10 O 0.0
51 0 40. Oe 0.0
* 2 0 Oo 1'11 OOO
22 0 ' 10, loll Ce0
52 0 40 1a11 De0
10 25 1 0

1 00 ‘1

0.0584 0.0 3 1.0 2 0

1 1 3 4 2 1 2 1 1.0750 644940
1.0 G0 003472 300a
25 49 51 52 50 i 2 1 1.0750 64940
10 0.0 D.03472 300.

1 4 THERMAL CONDUCTIVITY FOR TUBE--STEEL
32, 2.208 212. 2.167 572 2.083

2 7 SPECIFI1C HEAT FOR FLUID-~WATER

32 e 1«01 50 10 100, 0.9098
300 103 400« 1 .08 5004 1419

3 7 CONVECTION COEFFICIENT FOR TUBE TC FLUID

32 0.0561 S50 0.0884 100, Q2064
300. 040694 400 0.0670 500 . 0.0614

2
z2
2
2
1000
1000
932,
200
200

S50«

0«0

0.0

0.0

0e0

1.833

1«00

00693
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PROGRAM OUTPUT (SAMPLLE PROBLEM 2)

— 25 _THEL1 %42 INCH PIPE_WITH_WAYER *+% NONMLINEAR_ANALYSIS 271371974 e o
L O N_T.R.OL I NFORMNATILION - —_ .
—_KUMBER _OF_NODAL POINTS___ = 52 e ot e
— NUHAER_DF _ELEMENT_JTYPES » 1 — -
—_. NUHBER DF_YADLES.. ) 3 e o
oo ~ANALYSIS CODESNANAY ___ = _ 2. — e - e
—EQ.0e  DATA.CHECK_DNLYs — —
e e EQale LINEAR,.. . e e o e e e
——  EQe2s . NONLINEAR . oo oo e . e
e PLOT _CODE{NPLOT) = 0 I —n

. . EQu0s ND PLOTS .GENERATED S

-~ EQ4Yy UNDEFORMED PLOT._.. T TTTTITTTT TR o .

e EQa 2. _TEHMPERATURE_PLODT

e JTERATION PARARETERS __

.~ . MAXIHUM_ITERATIONS ___ » 6. —_ - T

TOLERANCE = .10000E+0Q -
—_DLANK_ CONHON LOCATIONS .= 10947 LT
NODAL POINY_INPUT DATA_ . —_ T

NODE BOUNDARY CONDITION CODE _ _____
NUHBER . . . . - X

NODAL _POINT _COORDINATES

e Yo T KN _ ._TEMPERATURE ____

U R — " - Q.000 —0.000_
3 0 1.000 0.000

e e 202000
— - - 0000 _ ..

0.000.____
0.000

0,000 0,000

— 2k 0 : 10,000 0.000
. 40,000 0.000

0.000 0.000 . .

0209 1110

Q. 000 D000 0 L

0,000 ! 0,000

—_ 450,000 1.110

. "
NN MNNO D

Q0.000 e 32000 L

0
Q

22 0 10,000 1110
o_

GENERATED NDDAL_DATA . .

NODE ___BOUNDARY COMDIYION CODE NDOAL POIHT COORBINAYES
NUBBER__ - X Y

By KN JEHPERATURE _.___

0,000 0.000

0.000 50,000 _

— 1

0,000 1.110

0, Q00 0.000Q

e

-—-3 1,000 0,000

0.000 .. __ o.000_

1.000 1110

0,000 0.000

2.000 l.110
3.000 0.000

~
cokoooi=

2000 0.000__ _____0.000___ ... _0,000.___ _

0.000 0.000
0.000 0.000
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3.000 1.110

4.000 0.000

1

4,000 1110

5.000 0.000C

oo 'O olo

5.000 1,110

6,000 0,000

6,000 1.110

7.000 0.000
7.000 1.110 I
B.000 0.000

}
1
L
]
i
'

45

0 cole opoeo

g§.0040 1+110
J9.000_ 0.000
9.000 1.110

e e O . e = o F0W000 ________0.000___ e e o~
ST 0 o “T10.000 1.110 0.000 """ G4.o00 . .
Q 12.000 0.000 0.000 0.000 __. __
0 12.000 1,110 0.000 0,000 ____
0 14,000, 0.000 0.000 -.0.000 .
0 14.000 1.110 0.000 0.000
. —— 0 L16.000 ___ 0,000 _. 0000 . - . 0.000 -
- . . O — 16,000____ ____.1.110 0.C00 __..0.000
0__ 18.000______ 0,000 0.000 000000 L
i ——— .0 e 1BW000 . 1G110 QL0000 ___ 0,000 __ __
—_ - 0 . ——t . 204000 _0.000___ .0,.,000Q e e, 04000
0 . 20.000Q 1.110 0.000 G.000 ____
e - O @ e e 22.000 0.000 — 0000 .. ... 0.000 __._
D ¢ e e et e 220000 1.110 —0.000 .. _ .. . 0.000 ___
_,0 2_‘}.-_000____,________.0_.000 0'000 09000 e ———
e e e O 24,000 1,110 04000 . . . 0.000 ___.
0 - e 26,000 0,000 0,000 _______ . 0.000
0 26.000 T.110_____ 0,000 ___ e 20000
e ro——— o ___ 28,000 .. 0,000 ___ _ 0Q.0Q00 __ ___ 0.0060 -
. e —— 0 _ - 28,000 __ ______1.110 J04000 .. 0,000 .
0 30.000._ 0,000 0.C00 c.000 _____
S ¢ 30.000 ________ _1.110.______ 0.000 .. 0.000 - ...
- e e O 324000 . 0.000 0,000 .. 0.000 _
0 32.000_ . 1.110____ g.000 .. ___ 0.000 _ _
—_—— . .= . 0 . e e e 34,000 ____ 0.000 0,000 ___ ___ 0.000 __._
P ¢ e . 34,000 . 1,110 ~0.000 ______ - 0,000 ...
o__. 36,000 .. 0.,000___  _ 0,000._. __ ___  0.000 ____
-— R ¢ e e e 36.000 L . 1110 ______0.000 . _ . 0.000
SR ¢ e e e, 38000 ____ 0.000 04000 oo, . 0.0600
—_ O 38.000 l.110__  0.000____ .. _ 0,000
U ¢ e o e e 200000 G000 0.000 o . 0.000 . __
S ¢ R 40.000_ 1.110 e 0.000 0.000____



http:hO.OOO1.10.Qo

68

O.NE_O.LHWENSLONAL THERBAL=-FLUTIO £LEMENT o T 7" m— =

_NUMBER OF THERMAL—FLUID_ ELEMENTS. =_.25 -
. NUJBER OF THERMAL-FLUID_PROPERTIESH 1

THERMALU-FLUID PROPERTIES  _. . o T

e T U B E_ EL W I1D PROPERTIES

"PROPERTY CONDUCTIVITY CONOUCTIVITY__ CONVECTION_ CONVECTION .CONVECTION __.SPECIFIC. . _SPECIFIC _ VISCOSITT
D _ K. TABLE i EXPONENT TABLE HEAT HEAT_TABLE __ TABLE..

R S YO Ty \5840E=01__ 0. 3 . 1000E401 2 0 -




WONJOddEE

M00d ST 3oVd TYNEOTEE
{ ‘qﬂ AtTJI’II

o
H

06

ELEMENT INPUT DATA — —_

o — CONDUCTYON _ CONVECTION  MASS_ FLOW____ INLET —
L__PI1D KG_I1SURF AREA PERIMETER RATE PRESSURE

R S N R 1 L1075E+01  .6494E+0] L 10Q0F+02

_AFx __ .1000E+0) _SURFQs_ 0. ____ ____ HK=_ __ .3472E=01_ TFNPK=. . +3000E+03 Hl=_ __ -3472E~01. TELPL= _ .30GO0E403 . .

1 J1075E401 _ _.6494E+0L___,1000£402 0. _ e

3 ) 6 4 1 2

ny

TEMPK= _ .3000F+03_ HlL=__ .3472E=01 TEHPLN_ _ .3000E+03. . ..

_AFx __gIOOOE+01-,SURFQ- .0 HK = 2 3472E-Q1

8 & 1 . 2 ..., _____«1075E+01 _+6494E+01 _ «1000E+02 0. __ I, D

3 5 v

_Afx___.1Q00E+0)_ SURFQ=__ Q. HKs  ,3472€~01 _ TEMPK= __,3000F+03_ HLx___ . 3472E=0L_ TEHPLE . 3000E+03_

4 _ 7.9 _10__8 | N S L LO75E+01 L, 6494E401 _.3000E+02_ 0. T
"AFe  .1000E+01 SURFQ= _ O._ _ __ ___HKx___.3472E-01 _TEMPK=__ ,3000£+03 HiL=._ +34726-01 TEMPLx_ _,3000E+03 ._

LT e 1y a2 e T L I 0756401 J6494E+0L . .1000E402 0. - e e e

_AF~___,1000E+01._SURFO=__ 0. HK=__ . 3472F=01__TENPKa . __.3000E+03 _HLx___.34726-01 TEMPL® . _.30006+03. .

6 . 11 13 14 120 1l Zamd o WMOTSE40L___WB494EH0L L W1000E402. 0e . o. | Lo ot e

_HL=_ . .3000E+03 .. _

O._ _HKa___.3472E=01__TENMPK=__.3000E+03. _HLs __.3472E-0L TEMPL=

..AF_._.___- 1000E+0] SUBFQ*

L2 T L1075E40) . 6494E40% . 1000E402. Qe . e T

71315 __16.__ 14
TAFm__ J1000E+01 SURFQ=_ 0. __ ___HK=___.34726-01 TEMPKx  .3000E+03 HL=  .3472E=01 TEMPL=. . ,3000E+03

T8 15 .17 .18 16 L2 . 1 _ T TL10756+01  ,6494F401 _ _ 100064020 _ o

.3472E-01 TENPK= . .3000E+02.. HL=  .3472E~01 TEMPL®  .3000E+03 .

TAEm  L1000£401  SUKFQx Q. .. HKe



16

9171920 18 _ 1. _ 2 T QTHE40L . 6404EA0L. s LO0DGEA0Z. 0w .. _ . T
AEx .. .1000E+01__ SUREQm=__ 0o, HK= ___.3472E=0l_ TEMPK=___ .3000E+03_ HL= _. ..3472E-01 TENPL= .. .30006403 . .

.619‘!E+01_.__.__.1000Ef02__0.___._. . —-

10, 19_ 21 _. 22 . 20o...1 2 1 VL0Z5E+01

TAFe  .1000E+01__SURFQ= _Q..__ MK 23472E=01.__TEMPX=~___.3000E+03__HL=___.3472E~0L. TERPLE. . +3000E+03 .

- 11 21 23 246 . 22 .l 2 1. . J1075E+0Ll . _.6494E+01_ .. J1000E+02 _ - . — e —

L AF®___.1000E+01__ SURFQ= _ 0. __ HKx__ ,3472E= 01:___7'56%1'{-;_.3oooe+03!___HL:,_,_,.34?2& o:n--.xsmfi— .3000E+03 _

l2__ 23 _25 ._26__24 1 2 1 .10155}01____.ea945+01_-_.1oooe+oz O .

"AF®  .1000E+01 SURFQ=. 0. . HK*___ ,3472E=01. 1 _.iémpt(-____.soooe+03-_ HL= .. .3472E-0L TEMPLe_ . .3000E403 . .

—13__25 . 27 . 28 ..26.. .1 2 ] #10THE+0L_ .6#_9’1E+01-:__.1060E+02 Oe__ " e e

—» 3000EA03__HL=__ .3472E~0L__TEMPL»__ .3000E+03_ ___

_AF=_ . .1000E+01_ SUREQ=__ 0. HK® __ _.3472E=01__ TEMPKa

—lSea 27 _29 _30__ 28.....1 Fi 1 LOTSEXOL 64946401 . 1000E4P2 0. - e

_AFx__ L1000E+Q1 _SURFQs Q. HK= __,3472F=01  TEMPK= _ .3000F£03 Hi~. '_'.'a'iz_a_é'-'ﬁl__,un?l- _ .3GOOE+03._

15 29 3132 30 1 2 1 «1075E+01 2 H494FE+0) . 1OQDE_+_02__._0.

_AF* _ ,1000E+01 _ SURFO=_ O, HK= ___.3472E-01__ TEMPK=_

_<3000£+03____

.3000E+03_ HLx _ . 434726~01" TEMPL=

— — B dp e rmEnE e mmmm mem mems Hes o —— e

—.16_ 3L .. 33 34 . 32 .1 2 1 -}.0?5E+01__-6’t9‘tE+01____.lOOOE+0?__O. e —

«3000E+03_____.

—AF= __.1000E+0)__SURFQ=__0, HiK 2 +3472E=01_ TEMPKa -3000_E_.+03.._..HL_!._'3‘!.725:01._.._151“19._1.'=__

AT C 033 L 35 36, . 340 .2 1 +LOTOEA0) L 6494E10L 2 1000E+02 _0..__ . . S

_AFs . 1000E$0L SUPFQx. 0. K= .3472€-01__TEMPK= _ 30006403 Hiz .3472E=01 _TENPLE . -~ 3000E+03

_J8_ 35__ 37 3p 3e 3 T 5" 4 1075 E+0]_ o 649HEA0L L 1000E+02_ 0w

T AFx LLO0DE+01 SURFQw= 0. HK=  .3472€-01 TEMPK™  .3000E+03 HL=s  .3472E-01 TEMPL= . 3D00E703



z6

1937 ___39.__40__ 38 ) 2 1 L1O75E+01_ L 6494E+01___,1000€402 . 0. _ _ _ _ e

AF= _ .1000E+01 SURFQ= 0. HK= _ ,3472F-01 TEMPK= _ .3000F+03 HL= _ ,3472F=0)  TEMPL= +3000F403

2039 41 42 40 1 2 1 L1075F+01 .6494E+01 L 1000E+02 0.

TAF=__ J1000E+QL_ SURFa=_ 0. HK=  .3472E-01_ TEMPK= _ .30Q0E+03__ W= _.3472E-01 _TENPLe _ .3000£403_

CU21 4l 43 44 42 Nz 3 1079E+01___ 649440k JL000E+0Z. Oe—. .. .

TAF=  .1000E+01 SURFQ= 0. . HK= _ +3472E-01 _ TEMPK=_ _.3000E+03 HL» _ .3472€~0) . TEMPL=___ .3000E+03 _
224345 &b 44 1 2 1 c107BE+01_ <6494F+01_ . 1000FE+02_ 0. -

_AF=__ ,1000E+01 SURFO= 0. HK=  .3472E-0) _TEMPK»  .3000F+03 HLx  ,3672E-0)_ TENMPL= __ .3000E+03
23 45 47 48 46 3z 3" J1075E401 . 6494E+01 L 1000E+0Z__0._ - -

AF®___ J1000E+0L_ SURFQ= O,_ HE = 34728 01..JEMEK:._....__.3000E+03 HL'__-.3472E—-01__.__TEM.PL_ +»3000E+03 |

.. R4 47 _L49__.50___48 .1 . 2__. 1___,__._..__..10,75E+01__.__.6’1‘ME+01-___ «100GE+02. 0._ m e m———

LAFE __ JT000E+0L_. SURFQx__0. HKke +3472E=0L _TEMPK= +»3000E+03 _HL=____.3472E-Q01 _TEMPL= +3000E+03.___

— RBP4 9 __ 51 ___52__ 50_.__.1 2 1 e LOTSEXQ) . «06494E+0L ___J1000E+02,_ _ 0. —— - -

~AE=_ ,1000E+01__SUREQx_ 0, HK= _ _.3472F=01  TEMPKx _ ,306'6'5_03,___ . 3472E=0L _TEMPLE _ ,3000£403____
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MATERIAL PROPERTIES T ABLES. _ ) N
. _TABLE_NUMBER__ 1 THERMAL CONDUCTIVIIY FOR TUBE-—STEEL o

_ TEMP.___ PROPERIY TEMP o PROPERTY TEMP . PROPERTY

TEMP .

i 32,0  2208E+01ls. __ 212.0. +2167E+01s 57240 _42083E+01s__ 932.0__ 1833E+01,

_PROPERTY

____TABLE_NUMBER 2 SPECIFIC HEAT FOR_FLUID—-WATER o

TEMP.____PROPERTY._ __ TEMP, PROPERTY TEMP., PROPERTY

Téﬁf’:o_

o 32.0._ . 1010E+0ls 50.0__ +1000E+01s 100.0  +9980F +0.0s

200.0

300,0. s1030E+01» 400.0 2+ 1080E+01 50040 + 11308401

PROPER IY_

+10G0E+01,. |

- —- TABLE.NUMBER __ 3_______ CONVECIION COEEREICIENI_EOR TUBE_TO_FLULD

o ..TEMP.___ PROPERTY YEMP.____ PROPERIY_ . TEMP., PROPERTY

TEME.

T 32.0__ . 5610E=01, 50.0 __ +5840F—01s 100.0 _ +6400FE-01,

200.0

—300,0. ___#6940E-0Ls 400.0 »HT00E=01z 500.0 «0140E-01»

PROPERTY. ..

.6930E-01s_
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TOTAL NUMBER OF EQUATIONS = 52
SEMI BANDWIDTH = 4
NUMBER OF EQUATIONS IM A BLOCK = 62
NUMBER OF BLOCKS = 1
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S6

T EMPERAILUGRE VFECTOR

e MONUINEAR ANALYSIS KITERATION NUMBER 1
NODE _NQ. ND VALUE __ NO+1_ VALUE NO+2 VALUE  NO+3 VALUE NO+4 VALUESs .
. 1. . . . «300000F+02___ _.154050E+03 __ «333261E+02 —+154457E+03 «566534E+02
— 6 .+155450E+03 +P98251E402 . 135678B8E+03 —»630282E+02 s 158325E+03 __
- 11 . . . +660914E+02__ . 159973E+03 _____.691989E+02 __ ,161680F+03___ .721716E+02 ..
S - - «1063412E+03 ____.751953E+02 . .165151E+03 ____ «780855E+02.. ...« 166BB85E+03
Y45 S +810310E+02 +168608E+Q3_  .B866835E+02 #172001E+03 ______.922465E+02
——26 _ _ _«175318E+03 «976060E£02 «+ 17854GE+03 «102887E+03 -« 181700E+03 _
—.31 L W107969E+03, +184767TEL03 . .112982E+03. 2 18TT757E+403 __._+117801E+03 _
36 +«190667E+03 2 122560E+03 +»193503E+03 «127129E403_____+196260E+03 _,
— 41 ... «131647E+03 ____.198942E+03 «135977E+03. «201534E+03 ____+140263E+03, _
— 46 +204014E403 ___ ,144357E+03 + 206296E+03. «148397E+03. «208172E+03 |
51 +152198E+03___ .209047E+03 — -

o . __LARGEST .CHANGE. _.]000000E+03 PERCENT AT NODE 2 .




"O0d SI EHVI TVNIDIRQ
SHL 0 ATTTEINa0ddEs

96

JTEMPERATURE VECTOR - SN

NONLINEAR ANALYSIS TTERATION NUMBER 2

NCDE NO. NO VALUE NO+1_ VALUE NO+2 VALUE NO+3 VALUE NO+4 VALUE,
e X __.+500000E+02 1471806403  .535535E+02 . 147584F+03___ ,571364E+02
— -6 »148556E403 «505377F+02 +149860F+03 L 639999Ex02_ ___ ,151359E+03 _
N 1 w .. «bT2946E+02 (.. J15296BE+03 __ _.706636F+02 «154039E+03 .. .738685E+02

16 - «156340E+03 ___ +771548E+02 _ _ .1958056E+03 —+802763E+02_____,159773E+03
—_— .21 +834842E%02 L 161486E+03 + 896196E+02 2164912E403 ____.956770E+02..
— 26 168294Ex03 .]101509E+03 . 171631€+03 L 1072B81E+03_____ ,1749B7E+03 _
.31 «112807E+40Q3 +178353E+03 +.118261E+03 +181673E+03 _____ _«123480E+03

36 +164917€E+03 +1286406+03 2 18B8089E+03____ ,133569E+03 L 191178BE+03 _
2l +138451E+03_-  .194190E+03 +143103€E+03 __ 2 19710Q9E+03 . ,147717E403 |
— 4 «199918E+403 +152095E+03 22023306403 ___ __.156424E+03____.204720E403 _
——2d +160447E+03 22057728%03

. .. LARGEST CHANGE. _+5141430E+01 PERCENT AT NODE__ 51



http:ERCENT._ALTIODE_.5o

L6

JE M P ERATURE VYV ECTOR —

— e NONLINEAR ANALYSIS TTERATION NUMBER 3
NODE..ND. NO VALUE NO+1 VALUE ____ NO+2 VALUE NO+3 VALUE NO+4 VALUE,
1 . . . +200000E+02 ____«146779E+03_. » 5356208402 L 147184E+03_____.5T71547E+02 __
-6 et +148157E403. . 605642E+02 v 149462E+03 L 640361E+02 +150963E+03 __
11 ... . «673390E+02 #+152573E+403 L07179E+02_  154245Ex03___ . 739310E+02 __
~ 16 o .+1559409F+03____,772271E+02 —«15T7667E+03 +803569E+02 «159388E+03 __
21 «8035746E+02 2 J61106E+03  .897276E+02 +164550E203 +958045F+02 __
—lbl .0 16T969E+03 .101658€403 «171395£403 »107429E+03 +»17483B8E+03 _
e—— 31 . +11295BE+03 «178238E£403 «118416E+03 «181575E+03____ ,123638E+03_ .
36 «184832E+03 2128802403 .188014F+03 »133734E+£03 ____,191113E+03_ _
o 4l . L . «138618E£+03. +194135E+03 . 143272E+03.___ +197053E+03 __ ,147889E+03 ___
46 - .+ 199B8B1E+03_ +152268E+03 «202502E+03. +156598E+03 .+ 204699E+03 __

51 »160621E+403 +200755E303 —_

LARGEST CHANAE. .2729551E+00 PERCENT AT NGDE.. 2 T
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TEnWPERATURCE VECTGOR o

NONLINEAR ANALYSIS ITERATLION NUMBER 4 ' T
NODE NO. NO___ VALUE NO+1 VALUE NO+2 VALUE NO+3 VALUE NO+4 VALUE.
ol . 500000E+072__ .146758E+03 WG35625E+02. __ .1471.63E403 V5715576402
T e ‘ .148136F+403 L605657E+02 1494426403  640380E+02 W150943E+03_
11 . - +b673414E+02 . . ,152553E+03. __ . 707207E+02 ____.154226E403. __ ,739343E+02
16 . . ... <155930E403 ____.772309E+02. ___ .157649E+03 ___ .B803610E+02 __ ,159370E+03
21 ¢B35792E+02 «161089E%+03 «897330E+02__  .164535E+03 « 958107602 __
26, +167957E+03 L 101665E£403 .1713B8BE403____ ,107436E+03 v174835E+03_
31 «112965E+03 .178237E+03 »118422E+03 L181575E403_ _ 123645E+03 _
36 <1864832E403 ,128B09E+03 L188015E+03 .133740F+03 W191113E403_
41 . .138625E+03 21941366403 «143279E+03____ ,19T7064E403___ .147895E+03 _
a6 T 199883E403  (152274E+03 ,202503E6403___ ,156604E+03___ .204701E+03.
51 . 160627E403 .205757F+03 e
_ . LARGEST CHANGE. _,1440769E<01. PERCENT. AT _NODE 2 — === ==~
T CDNVERGENCE _ACHMIEVED T TrTmmom S



http:NO+__VAL.ED

66

e T i

JONE D THMENSIODNAL THERBMAL-FLULD €1 EMENTS . .

- R HOE AT E LU X ES LU LD . PRRIES.S.URE _D. AT A
ELEMENT __ . FLUID __.__ TUBE EXTERNAL FRICTION_PRESSURE __FLOW ACCELERATION_ ___ __ PRESSURE _ _PRESSURE .
- HEAT FLUX _CONDUCTION . CONVECTION FLUX . . OROP.. . . ... PRESSURE DROP.e. oo NODE-I . _KODE~d. ... ..
1 +JLTBE+QY  =~,9491E400 34516402 . . Qe . o Lo 0. — 0. [N | F
2 =9530E403, ~.2283E+01 __..3435E+02 O, 0. Qe 0,
3 «5B884E+03  ~,3061E+01 . J3409E+02 . e e On o o e - - 0. [N NS 0.
t 4 «b22TE+03  —,3519C+01 PEENE -5 I + B 0. R — . —— Qa
e B eBBOLEH0I - ATTHEOL L 3343E402 Q.. R | 0. 0.
- b . J6B90E+03 _=.3922E+01.. (3306E4+02 O. ——. 0. ———— 0. O Py
7 Z7226E+03 - 39%2E+01___ .3268E+02 0. [N | P Gan O e
e o B e o TSHLEH03 L= 4029E401 . L3229E402 0. N PO 0. I .
_— 9 . «7B71E+03  —~.403LE+01 ___.3190E+02. -G, ———m 0. — e m - O Qe P~
_— 10 +BlETE+03 ~.40Z26E+Q1___ 3L51E+02 0. 0. G Qu . .
11 G653E+03 =, 40345301 «OLBOEHOZ Q. 0. Oa 0.
- 12 . +9261E+03 _—.4005E+0)1 __ +6032E+402 0. 0, 0. Qs
13 . +GHL5E+03  —.40140+01 __.5877E+02 -0 .0, 0. 0.
JE—— L Epar S LLL Y-S 3 DT 1 DN i3 0722002 Oe Qe G 0.
15 . J1}OCE+04 .~ 3977E+01 ___.556B8E+02 Qo — 0 0. 0.
- 16 JML55E+04 =, 3901E+0)1  _.5416E+02 0. [ I 0. 0.
— )T L 120CE+04 = BEOSEL0L L .5267E+02 0. O 0. Qe
. 1B .. #126UEH04 (- 3TLIGE+OL. _.59122E+02 — 0. .06 Q. 0,
i - 19 WX31)E+04 _-.3618E+01__ .4980E¢02 0. J— 0. 0.
29 »1360E+04__=,3528E+0L «4342E 402 Q. Qe Qn Oa
e e 2L 14080404 = 3516E+01 SHTOBE+O2 0. 0. —0a 0.
e em e 2R _W1454E404 = 320BE+0L w40 T7BEX02 0. 0. 0. 0.
— 23 e 1499E+04,_ = 3056E401.__,4456E+02 Oa O Qs 0.
e e 2% el J1543E404 = 2562E+01 _44347E+02 0. -0 [N 0.
- 25 » 15858404 —,L231E+0L L 4274€+02 Qs C. 0. 0.




G VERALL TIME LDOG

ND__DAL PQI_N}L_I_N_E_U_T&G.ncnoq--vnoa «15
FORM ELEMEMT STIFFNESSESsesosnse . 49
FORM TOTAL STIFFNESSeeassscease .93
IMPOSE BOUNDARY CONDITIONS.saes L 06
EQUATION SOLVINGaevesassssasoces .14
ELEMENT FLUXESesossvovancesvons .15
TOTAL SOLUTION TIMEesseessoosce 1.93

S EPRODUCIBILITY OF THE
QRIGINAL PAGE.IS BHIR
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SAMPLE PROBLEM 3

Nonlinear Analysis of a Simplified Heat Exchanger
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Z01

T = 50.0 AN TOP WALL, T; = 500. 1.0\
fo= 41.0
—> N ~—FIN-EFFICIENCY, n = 1.0 T
‘ < \ 1.5
BOTTOM WALL, Ts = 250. L
« 40.0 >
14
A
T 6 9 12[ 15 18 21| 241 27] 300 33 34 39 42] 45 48] :1
5 8 11[ & 1720, 23 28] 29] 33 3a T 4d 4 a2 5o
o > > & < > & O- > b p— X
4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49
Figure 14. Simplified heat exchanger (sample problem 3).
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INPUT DATA (SAMPLE PROBLEM 3)

SIMPLIFIED HEAT EXCHANGER H#EaTH¥ HEMNOMNUINEAR#AIMEMORIAL OAY.s 19748

51 1 & 2 0 8]

3 1 G (.0 0«0 3 Z250.

449 ] 4040 0.0 Q.0 3 250,

z i 0.0 Oa75 D0 3 S0
b} O 25 0+75 0.0 3 O

50 O G040 G758 0«0 3 De

3 1 CaeD 1490 D«0 3 500«

51 1 40,0 150 0.0 3 S00«

11 G 1 c INTERMAL FIN
i 0.0231 &

O.2513 D0 1 Oe7 2 3

1 1 4 5 23 3 2 1 3 O 41 .04
C.3 1.0 10
16 LY A9 50 51 48 a7 1 3 0 4104
0.3 1«0 1.0
1 12 FLyll TO WALL CONVECTION COEFFICIENT —RHIBTUAFTZSF )
400 D.2513 ngE 80 Ou2627 53«53 De2T37T &0=18 O«2848
S TT Q29548 T3+ 29 0.30665 T TS D«3178 Beel9S Q«32B%
= ] 043397 8. 77 0.3501 10S.00 Q4011 105 . Cs+AD11
z2 & SPECIFIC HEAT - € SuUB P (ATU-/LBM-F}

=500 D+53 O+ D875 &0=0 De 735 1200 e BOS
14040 J.84 220.0 0.B850
2 20 FLUID VISCOSITY — MU (LBMAFT-5EC)

T-50. D 2450 —a B, 0y 1350 —20.0 D0D85213 Oaly 0.02352"
20« G.01220 4G4 a 0., D07299 G0«+0 Cenl4649 BGQe@ O« 00304%
100 0002081 120a D.001581 1300 Oen01 32995 1380 Qe 0D1269
140a D001 247 L42 0,00121L9 1600 0«0003878 180.0 CL 0007849
200 Q. 0006248 220, D000B131 240:0 00004324 3000 Q+ 0002960
4 11 FRICTION FACTOR -~ F
40410 D.01228 46.80 0.01192 S3.53 Da0115¢ 6018 Q.01133
GCaTT Q01109 73.29 ND.01174 T2e25 NeD1142 Bas15 0.0110%
2449 D«01072 9877 0.01040 10500 Da1012
3 o FELULID DENSITY - RHO (LBMAFT3
-50.0 700 D.0 59e 1 0.0 GBa.2 100 67«15
150.9 5.8 1750 650 2G0.0 &4 e 25 225« 635
[+ 4 THERMAL COMDUCTIVITYs K-{BTLW/ SEC~FT-F)

32,0 0021949 212 Q= 02306 392. Q.02444 ST 0.0258B3



POT

PROGRAM OUTPUT (SAMPLE PROBLEM 3)

A—— i e v mremn w oam brmEEd ML e L e

e SIMPLIFIED HEAT EXCHANGER #%EATS% _ #NONIINEAR¥*MEMORIAL DAYs_ 1976 —
COHTROL INFEORMATLLOR .
T _RUMBER_OF_NODAL PDINTS. . = _ 51 oo
—_ MUMBER_Of ELEMENT_TYPES = 1 —
___NUNMBER OF_TABLES. = 6 __ o
o _AMALYSIS_COOE{NANA) = 2 T
e EQ.0s  DATA_CHECK ONLY,
o EQels _LINEARs R .
- EQu.2s NONLINEAR . - _ _. . _ __ . o . — i
e PLOT_CODE(NPLOTY . o .-
.~ EQ.0s NO PLOTS GENERATED - _— . .
. EQ.ls UNDEFORMED . PLOT.. ... _ . .
- _EQe2s_ TEMPERATURE PLOT : B
— JTERAYION_PARAMETERS ‘ —— ———
e JMAXTHUM _ITERATIONS ___ = 6 e
TOLERANCE = L 100G0E+00 -
o BLANK_COMMON_LOCATIONS = 10967 T
NODAL POINT_INPUT. DATA R
NDDE . _BOUNDARY_CONDITION CODE______ NODAL_POINT COORBINATES _ o
NUMBER X Y Z__KN TEMPERATURE,
3 1 0,000 0000 0.000 3 250,000 . ____
49 ] 40,000 0,000 0,000 3 250,000
2 1 0.000 .750 0.000 3 50.000
5 0 2,500 " 150 0,000 3 L 0.000_______
50 Q 50,000 ) 0000 3 4,000
3 1 0.000 1.500 0000 3 500,000
—5l__ 1 40,000 1.500, 0,000 3 500,000 .
GENERATED_NODAL DATA )
NODE BOUNDARY CONDIFION CODE NODAL POINT CNORDINATES e
NUMBER X Y KN TEHFERATURE
1 1 0,000 0,000 0,000 o _zs0.000
2 1 0..000 750 0.000 . . 50,000 __ .
3 1 0,000 1.500 0.000 T 500,000
4 1 74500 0,000 0..000 250,000
5 0 24500 150 0,000 . o0.000__ .
76 1 2,500 1.500 04000 500,000
7 1 . 5.000 0,000 0.000 250.000


http:E.ENJTJ2_.ES
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B 0 5,000 £ 750 0.000 0.000
9 _ 1 5.000 1..500 0.000 . 500.000 ___
B R | 7.500 0.000 0.000 250.020
11 o 7.500 . 750 0,000 _0.000____
_ 12 1 7500 1.500 0.000 _ __500.000_ __
__13 1 10.000 0.000 0. 000 250.000__
14 0 10.C000 .750 0.000 0.000
___15 1 10,000 14500_ _.0.000 _____ __500.000
16 1 12.500____ __ _0.000__ 0.000___ _2bh0.020
17 o] 12.500 . 750 0.000 _6.000____
18 1. 12.500 L.%00._ 0., 000___ 500.N00  _.
T 16,000 0.000, . 0,000 . ____.. _... 2-0.000
290 0 15,000 750 0.000 0.000
21 . 1 . - 156000 . 0. 1500 __ ___ 0,000 ___ _ __. _500.000
22 1 o . 17.500 0.000_ __ ____0.000___ ___ _.250.000 . _
23 0 17.500 . 750 0.009 . 0.000  __
24 1 17.500 1500 0.000 500.000
25 _ 1 20.000 0.000 0.0C0 250,000
26 0 20.000 « 750 0.000 _ 04000 _ _
2T 1 20.000__ 1 .500 ____. . 0,000 ____._ . .. b500.000
28 ___ . i . 72.500 .0.000 0.000 ._250.000 _ _
— 29 0 22_-500 -‘_?_59 0-000 - 06000 —
- 30 . 1 22.500 1.500__ .. 0.,000.__ _ _ . _._500.000 __
3 S 1 e e 25,000 0W000 0,000, .. 250.000 ___
32 - ) 254000 « 750 0,000 0.000____
.33 R S 25,000 1.500 0.000 e 500.000
_ .34 I T - . 27.500 __________0Q.000 L0L,000 _______ _ _.250.000
35 0 27.500 «750 0.00Q . 0.0n0  __
0 BE e e Y ———_2TeB00L  1.B00 0,000, . _. 500.000
o 3T i 1 - e 30.000 .. __0.000._ ... 0.C00 __ 250.000
.38 0 304000 750 0.000___ . 0W00C
. T S 30,000 . 1,500, . 04000 . e .. 900.000
40 e 1 _ 32.500 o 0.,000 ________0,000.___ _____ _ 250.000
4l 0 32.500 s 750 0.000 0.000 __ .
42 o e L 32.500 1.500 0,000 ... 500,000 _
. 1 S S 35.000 . 0,000 0.000 250,000 ___
__4% ¢ 35,000 + 750 0.009 0.000 .__
_ 45 L. . | 35,000 1,500 _ 0.000 s . 500.000
46 ) 1 e 3T4500 e 0,000 . 0.000 ... . 250.000
47 0 37.500 v 750 0,000 . 0,000 _._
a8 1 e 37,500 14500 . 0.000 ... 500.000 _ _
49 . . . 1 e H0L000 . 0,000 ___ ____0.,000 ____ 250,000
50__ 0 40.000___ &« TEO ____ _____0e.000 ____ i} 0.000 _
51 .. . 1 e e B&QL000 1.500 ___ _____0.000 e _ 5%00.000 _’

J00d I FHVA TVNIDIEO
HHL 0 AITTII0QA0EdEsE
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TWwO. DIMENSIONAL. LHERMNAL-F LU T D

ELENENT . T T
_NUMBER OF THERMAL—FLUID ELEMENTS =16 R
_HUNBER OF THCRMAL-FLUID_PROPERLIES= 1
- e - e e e emo e oo e e VN TERNAL_EIN o .
THERMAL-FLUID PROPERTIES . . . - A . IR

- i 2 O

£ L U X D

PR OPERTIES -
PROPERTY CONDUCTIVITY CONDUCTIVITY_ _ CONVECTION _ CONVECTION CONVECTION. __SPECIFIC._ . SPECIFIC.. _VISCOSITY..
.. _JD K TABLE

H EXPONENT.

TABLE HEAT

HEAT. TABLE _ TABLE
1 _-2310E=01_______ & 2513600 O, 1 I000E+00___ 7 3 -

NIOTAE
NQOddEH

004 81 #Hvd TV

a
AHL §0 A0



LOT

ELEMENT TNPUT DATA __ N I . e - —
. FIN FIN AREA REL EOTTON HASS_FLOW __ INLET
TEI0_ 1 J K L H N__PID__ K6 THICKNESS EFFICIENGY___ FACTOR WIDTH WIDTH RATE PRESSUPE ___
R 4___ 5 & 3 2 1 3 230006400 .1000E+0L___ . 1000E+01 _ _.7000E+00 _ _.7000E+00___ . 4104E+02_ 0. . _
.z 4 7 g 9 5 5 1 3 L3000E+00 .1060E+01 _ ,1000£401. . 70000+00___ . 7000E+00 _ .4104F402 0. . _
37 ooYo__al a2 9 8.1 3 »3000E+00 __ .1000E+01___,100GE+OL _. . TOO00E+00 __o7O00E+G0___ o 4404E402 Oy .
L4 10 13 _14 15 __12__Al___1._ .3 — _-300GF+00___.1000E+01___ ,1000E+0L . .7000F+00 _ _,70006+00___ J4104E402 _ Ou . . .
e 5 A3 6L AT 18 15 14 1 3 +3000E+00 ___,1000€+07 . 1000E+0L ___ «7000F+00___.7000E+00___ohL1CHE+02 . Qu______ _
6. 16 19 20 21 18 17 1 .3 .._.. +3000E+00 _ .1000E+01  ,1000F+01  .7000E+00 . .70GOE+00_ _ 41048402 0.
7 19 2z 23 2% 21 20 1 .3 ___... .3000E+D0 _ .1000E+01 _ ,1000C+0L _ .7000E+00 . _.700GF+00__ _.41C4E+07 0. _
— B__P7_._.25__..26__.27...24__23 X 3 +3000E+00___ . 10Q0E+0}____. 10007 +0L, .. 7000C+00 _ _.7000L+00___ 61046407, Qe __ . __
¢

-9 . 28,
PR B VG L N J. .- 1)

29...30 _27__ 26 1.____3_
26 .31 __.32 __ 33._.30__.29_.__1___3

3000E+00____.1000F+02_ . +10C0L+01 _ L7000L+Q0 __ ,70CLE+00 _ _,4104F+02 0., _ ..
«1000F+01

«3000E+00....,10000+01 _ - TOCOE+00 __ . 7000£+0C _ ,4104E+07

L R

34 37 . 38 .39
37 40 . 4] 42
40 43 ___ A4 . 45

43 _ 46 A7 .48 |

46 49 50 51

33 32 1 3 2 2000E400____oX000E+0) ___«1000E+QL . TOCOL+00 o . 7C00L*00U__ ,4E04C+02_ 0w
36,35 ) L L3 30098400 . .1000E+01 + 1000E+01 »TOOOE+00 __ .7000C+00 ., _+4104E402 0. -
39, 38, .1 3. —+3000E+00 __ L1D00E+01 _ .1000E+01 +TO00E+00 ___ 4 FOOCL+00. L4104E+02., 0. -
42 41 1 3 +3000E+00___ 4 1000F+01, L +1000E+0) ___+7000L+00 . __,7000(+00 _ . .4104E402 . Ou ______ _
45 %4 . Y} .3 J3000E+00 __..1000E+01 . .10C0£401 +TOO0E+00 ... 7QGOCE+OC SAR0SEL0Z2 0. ..

48 _ 47 .1 3 . .. «3000E+00 .. ..1000E£+01 __.1000E+01 «TO00E+00 L 700QGEACO | L41040+02 O .




30T

MATERTIAL..PROPERIIES T ABLES. o — T

TABLE NUMBER ____1 FLUID, TD NAL_L__CU\JVFCTIQN COEFFICIE}\T —'H(BTULFTZSFL

_..TEMP. ___ PROPERTY .

. 40.0
— .,,_“Jﬁoa. -
- 2.5

2513E400,
.29561’-' +00,

03397TE+00, . .

46.8

TEMPa_

PROPERTY

TEMP. PROPERTY

TEHP.

-26275+005 ___.__53-)____.2737E+00:

7343 »3066F~002

1.8 ___«3175E+00,
99.8 . _.3501E+0Gs__._..205.0_ _

--%60.2

- ...TABLE NL'NBER

___ZW-WSPECIFIC_HEAT = C_SUB.R _(BTUZLBM=FL _ ___ .

. .ZRQBE-‘-OOJ -
BBV 2 s 3284E100,

+A4011E4000 . 205,0 __ 40115400,

c o LEHP. e

PRDPERTY______TEMP-,___, PRUPERTY _____ TENP .. PRO

IPERTY_ _YEMP. __ .

PROPLRTY

L6300E+00s . __ 0.0
VB400E+00s ___ 220.0

=50.0 .
130.0 .

-2 b6T50E+00Qs_
+8500E+000,

60,0

. TABLE NUMBER 3

—ELure

VIS C_US_I_LY - My

(1 BM/ET-SEC)

TEMP.

IE.%P. PF‘OPERTY

PRGP_ERTY

TEMP, PROPERTY

TEMP,

PRUPERTY

PROPEPTY .

<1350E400s ____120. O 8050E+00:

_ =50.0 __.2450E400
. ?0.0 __ .1220E-01, ____
- .100.,0 __.2081E~02,

140,90 _ .1243E-02,

e 2000 LB24BE-03,_

142.0

____"‘11000_
‘_('0.0__
- - 120,0 __1581E~-02s ___._130.0 __
_e121QFE-02y _
220.0__

et 135CE+00>

=20.0

2 T295E-02s

60.0

—+51316=03,

_.160.0
240.0

+9B878E-03,
+4394E~03,

S52Y3E-0%s .
+464GE=02,_

100,090

0.0 ___ .
«3049E-02, . _ .
~+1395E-02,___ 138.0.___.1269E-0¢s. __
.~ TB49E-03,
+2960E-03,

. 80.0___

180.0._

«2352E-01,

TABLE NUMBER _ 4

_ERICT]

10N _FACTOR -

F

“TEMP, PROPERTY __  TE

0.0 .1¢2BE=OL,

,}1925—61:"

LROPERTY .

_TEMP.__ _

53,5 11617~01s

T TbbeE . 1100600
92.%  JiG72E—01s

_..u.o'o‘ .31

O—J-&‘
‘.'"JUJCQ

- .],1?"5"‘01)
+1040E~01»

PROPERTY

(02

TEHR,

e F903

105.0 210121 =01,

# 1142601, __

. 86.2

.. »1109E-01,

PROPERTY

L1133E=01,
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I

I#BLE _NUMBER____ 5 FLUID DENSITY — RHO (LBM/FT2) N
TEMP. PROPERTY TEMP PROPERTY TEMP., PROPERTY TEMP . PROPERTY
250.0___.7000E+02, 0.0 .6910FE+07s 50,0 _ .6820E+02,  100.0___ 67156400, _
150.0 ___.6980E+02, 1750 <6500F+02.s 200.0 . 6425E402 225.0___ .6350E+02; _

T TABLE NUMBER 6 THERMAL CONDUCTIVITY, K~(BTU/SEC—FT~F) “'
TEMP. PROPERTY TEMP,.  PROPERTY. . TEMPa . PROPERTY TEMP . PROPERTY. .,
32,0 _+2194E=01s_ _ 212.0  .2306E=01s 392.0__ «2444E=01s 572.0.__ .2583E-01s




SO0l UTIOMN PARAMETLER.LS

TOTAL_NUMBER 0OF EQUATIONS = 51
SEMI_BANDUWIDIH = b
— NUHMBER OF_EQUATIONS._IN_A BIOCK = 5.1
NUMBER_OF _B81OCKS = !

oF
B 500k
wepRO0 o acn 15 PO

110
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TEMPERATURE VECTOR _
NONLINEAR ANALYSIS ITERATION NUMBER 1
NODE NO. NO  VALUE NO+1 VALUE NO+2 VALUE NO+3 VALUE NO+4& VALUE, _
______ 1 . . _+250000E+03____ .500000E+02 «500000E+03 +250000E+03 .603029E+02,
6 .500000E+03 «250000E+03 . 702241E+02 +5000Q0F+C3 ___ .250000E+03_
o 11 «795882E+402 _ _ .500000E+03 ___,250000E+03____.891895E+02___ ,500000E+03
16 «250000E+03 _ __ .982547E+02 ____.500000E+03_____ ,250000E+03____ ,106975E+03 _
21 .500000E+03 2 250000E+03 . 115478E+03 «50000QF+03 «290000E+03 _
__.26 +123653E403 +500000E+03_____.250000E+03 2131630E403_____.500000E+03
31 ____ . 2%0000E+03 «139294E403_____,500000E+03 +250000E+03____,146777E+03
36 +200000E+03 ___ .250000E+03 «153961F+03 . 500000E+Q3____ .250000E+03 _
a1l _.1609B1E+03 +500000E+03__ ,250000F+03_ +167715E+03_ __ .500000E+03
46 o +250000£+03 «174301E403 . 500000E+03 +250000E+03_ . 180613E+03
51 ..500000E+03 #_ o L

LARGEST CHANGE._ .1000000E+03, RERCENT AT.NODE . _5__ _ 77 """ -~




rAN!

T ENPERAIURE VECTOR . . N

e NDNLINEAR ANALYSIS ITERATION NUMBER 2 e e
NODE_NO.. . . _NO___VALUE__ NO+1_VALUE NO+2 VALUE___ NO+3 VALUE  NQ+4 VALUE,
o . +250000E+03.___ +500000E+02.___ ,500000E+03____, 2500006403 _ ___,637866E+02

b . «500000E+063 +250000E+03 2 T72645E+02._ «500000E+03 ____.250000E+03.

I i ¢ - . «G08493E402 +500000E+03, +250000E+03 »104004E+03, ___  .500000E+03
- 16 - . +250C00€E+032 «117158E+03 .-+ 300000E+03 -+230000E+03 ____ +132354E+03,
—— 2 . .__+500000E+03 2 230000E+03 +.145004£403 _-_5OOOOOE~I:03_______,250000E+O3g
—26 —e156702E+03 +200000E103 +250000E+03 +.167487E+03 .+500000E+03"
31 L L _250000E+03 ____,177430E+03 +500000E+03____+250000E+03 _ «187416E+03

36 «200000E+03 _____.250000E+03 1967738403 ».500000E+03 +250000E+03 "
— Al T w205764E+03, +50000CE+03_ 2 250000E+03 +214176E+03. «500000E4103

4o +220000E+03 2222276E403___ 500000E+03_ +250000E+03 _____. »229841E+03
—_ P _»50QCG00QE+03 - -
—_ e o« LARGEST CHANGE _ .2176458E+02 PERCENT_AT _NODE_._41 e e —— e
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TENPERATURE VECTOR

NONLINEAR ANALYSIS ITERATION NUMBER 3

NODE NQ. NO  VALUE NO+1 VALUE NO+2 VALUE NO+3 VALUE NO+4 VALUE,
) 1. : «250000E+03 «500000E+02 +500000F+03 _ -,250000E403 __ ,637703E+02
6 ~500000E+03 «250000£+03 «775219E+402 .500000E+03_ .250000E+03
11 ~—— «913021FE+02 ___ ,500000E+03___ .250000E+03 . _ _,104910E+03 _ _ .500000E+03
16 «250000E403 | _.119341E+03 .500000£+03 ___ ,250000E+03 ___ ,132569E+03
21 «500000E+03 +250000E+03 + 144R95E+03 «500000E+03 +250000E+03_
26 «156443E+03 «500000E+03 «250000F+03_ +167499E+03. «500000E+03
31 .250000E+403 .177872E403. «500000E+03 .250000F+03___ .187821E+03
36 +500000E+03 «250000£+03 £197144E+03 +500000E+03 +250000E+03_
41 . 206104E+03 +500000E+03_____,250000E+03 _«214487E+03_____ .500000E+03
. kb .250000E+03 +222561F+03 +500000E+03_ «250000E+03___ .230103E+03

21 +500Q00E+03 - —— .
LARGEST CHANGE . «1829206F+01 _PERCENT. AI_NODE 17 — - e
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T EMPERAITURE VECTOR e
. . NONUINEAR ANALYSIS JITERATION NUMBER 4 -

. NO.._ VALUE ND+1 VALUE._ NQO+2 VALUE NO+3 VALUE

NODE NO. NO+4_ VALUEs.

1 ' +250000E+03 __ _.500000E+02.. .. .500000E+03 ____,250000E+03______ .637706E+02
. B cevewm . +200000E4+03 . 250000E+03 +»175265E102 . 500000E+03 —+290000E+03 _|
11 «913209E402 +500000E+03._..__,250000E+03 ~«104950E+03 ___ .500000E+03
16 «»250000E403 ____.119376E+03 __.. +500000E+03 ¢+250000E+03 ___ +132606E+03
—ll . _+500000E+03 +25Q000E403 « 1494930E+03__ . 500000E+03 +250000£+03
— 26 . L L +156475E+03___L,500000E+03 +220000E%03 « 167530403 ____.500000E+03
. B «250000E+03__ «177901E+03_ «500000E+03..___. «250000E+03 . .187849E+03
36 +500000E+03 2220000E+03 =197171E+03, s J00000E+03 025C000E+03 _
- Y. . . 2206129E+03.. «500000E+03.____ ,250000E+03 _____.214511E+03 ____ ,500000F+03
- %6 . +250000E+03______.222584E+03 »500000E+03 . 2 250000E+03_ _____.23G124E+03
51 +500000E£403 e —

... .. LARGEST CHANGE . .3878953€~01 PERCENT.AL WODE__ 14 I,

__CONVERGENCE ACHIEVED.
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 NODAL. POINT_INPUT e eoromssssmrm w15

—— FORM _ELEMENIT _STIFFENESSESeoaseae a L% __
FORM TOTAL . STIEFNESSs evesos01 e le.is

-_IMPOSE BOUNDARY CONDITIONS.e s ees «13_

E‘,QUATIQN__ SULViHGO_.__._G_._S.,.'_Q.9’00.! 12

[ EL EMEN]’ FLUXES.."._‘J & 0 ¢ & S % 4 O 9 0 0__1_2_

o TOTAL SGLUTION TIMEsoesescensoes  2.40_
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SAMPLE PROBLEM 4

Linear Conduction Analysis of a Fin with Plots
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SURROUNDING MEDIUM

T =70.0, h = 0.0111
T = 250.
= A= 0,196
k = 2.75
CONVECTION AF = 1.57
2 o 3 o 4 o 5 o 6 T o 8 o 0
3 4 5 6 7 8 9

A

81T

12,0

¥

Figure 15. Conduction in a simple fin (sample problem 4).
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INPUT DATA (SAMPLE PROBLEM 4)

FIN PROBLEM CHAPMAN TEXT PAGE 76

13 1 o 1 0 1
1 1 0.0
2 o] 10
13 (4] 12.0
o1tz 1 . o
H 0 275
1 1 2 1 0 0019635 =0
Ue0Q 0011111 7040
12 12 13 1 1 0e195635 Qa0
0.0 0011111 7020

FIN PROBLEM .

%0OPT I ON

NNDEST = 13 «NWDISP =1, KPLOT =3,
&
SPICT

NOTAT=1 yKODE=1 4
%
SPICT

NOTAT=2 +KODE=1 s
L -
SPICT

NOTAT =14 KDISP =2+DMAGS=007+ KODE =1,
B
BPICT

NOTAT =24+ KDISP =2+DMAGS=007s KODE =1,
%
SPICT

NOTAT=0+KDISP=1 +KVERT=3+KODE=1 »
$H
SPICT

KDI1SP=3+KODE=0,

CHAPMAN TEXT PAGE 76,

b

EAT NOVEMBER 1441975

(oo e
° e e
[*Nele]

0
0
0

OO0

15708

15708

EAT NOVEMBER 14.1975%

0

250
Os
Qo
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PROGRAM OUTPUT (SAMPLE PROBLEM 4)

£IN PROBLEH CHAPMAN TEXY PAGE 76y EAT MOVEMBER 14,1975

CONTRIOL INFORMATIOQON

NUMBER OF NODAL POINTS = __ 13 e
NUMBER DF ELEMENT TYPES = 1
NUMBER _OF TABLES u 0 e e
ANALYSIS CODE(NANA} = 1 W e e e
EQ.0, DATA CHECK ONLY, - -
EQely. LINEAR, e e
e EGe2s _NONLINEAR —— - - e
PLOT _CODEINPEOT) " 1 . ——
e — EQeOs _NO_PLOTS _GENERATED — e e e e .
e EQ.1, UNDEFORMED_ _PLOT.. I e e e
EQ.2, TEMPERATURE PLOT e
ITERATIQN PARAMEYERS — .
- HAXINUM_LTERAYYIDNS " 6 —
TOLERANCE = .10000£400
- ——BLAHK COMMON_ _LOCATIONS = 10967 - e -
NODAL _POINT_INPUT DATA__. R,
NODE_ ____BOUNDARY_CONRITION CODE NODAL POINT_COORDINATES —_— . —_—
NUMBER_ _ X Y Z___KN. _ TEMPERATURE ___
— 1 1 0000 0. 000 0.000 0_ . ....250.000 _ ___
2. 0 1.000 0,000 0.000___0_.. __ 0.000 .
13 0 12,000 0,000 0.000___2 04000 ..
GENERATED KHODAL DATA
NODE __ BOUMDARY_CONDITEION. COCE_ NODAL_POINT CODRDINATES - - e
RUBBER X Y 7___¥N TEMPERATURE ..
S 1 04000, ... 0.000.__  ___0.000_..____ 250,000 —
2 0 1,000 0,000 0,000 0.000 .. _.
e 0 L o e _24000.________ 0,000 0.000_.. _. . 0.000 _ .
Y Y S . 3.000 00000 0.000 . . . 0.000 ___ .
5 0 4.000 0.00Q ________0.000 _____ . 0.000
e 6 o 0 . _.5.000_______0.000 0.000 ——_ 0.000 .o
T __ 0 6.000 0.000___ 0,000 0.000___ ___ ..
B 0 7000 0,000 0,000 0..000
- e O e e 84000 0.000_____ __0.000._._ . —__ _0.000 .
10 0 9.000 0.000 0.000 0.000
.11 0 10.000 0.000 0.000 0.000
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121

13
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S SR ¢
2 . e
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T 11..000

. e e e 17,0000 .

o 0,000 0,000 T 8,000
Q. 000 . _

04000, . o 0,000 —




ONE DIMENSIONAL ROD ELEMENT
" NUMBER OF ROD ELEMENTS = 12
NUMBER OF MATERIALS 1
MATERIAL CONDUCTIVITY  CONDUCTIVITY
TABLE K
1 0 L 2750E+01




AN

———- SRR — —— — . e e - warn Ma s o e eee e e j— ——

T T . 1 . MAT_ _ AREA

‘CONDUCTIDN _ VOLUKE
Q

T CONYECTION. —  CONVECTION o OATAm o - T T

JUREACE
Q

AREA e e Bl VL BT e

«1964€400

1
r

—_—

«1964E400
A1964E+00
meae LGOHE+QO.,
«1964E+00
<1964E4+Q0

ol R N

- 20 1) ) L

e «19H4E400
12 12 13 1. Lo «19GAE+00

ZL9HHEXQQ

el'?bf'CtOQ.,

L.

el T 1964E400_ Oa o @e o o 4 L19TIF0L_  cLL1LLE-Ok . o+ TOGO0E+0Z__ y1111E-01 . . 70008402
21 - «1964E+00

0. o e o ROTACFOL. LJL11RE-01 L _L.TO00OE#D2 __ .1111E=0} STRO0ELO2 L

0.

P

0, —_

«1571E401  _.3)12E-01 70006402, +11110E-0Q1 _ .7QQCE+G?_ _ _
0. SLETLIEF0] | L.1111E-01_ . +70Q0E+02 ___.1}11E-01 « TOQOF20? ..

0. -
0. .

.0 —_—

0. - - «LlbT1lc+0l +»1111E-01 «TO00E+02 ._ 1LLLAE~01 _ LT7ODQE+C2 _ ..
O¢ e e —nw «1BT1E40] +I111E~0L »7TO00E+02 _..1111E-01 . .7CGOCE+02 .. ..
Qo —+107)E+0L . _ 1111E-0L __ .7Q00C+02 . L111}E-QL___ .TOQO0QR+02._ __ _

|

[

0.

Qoo W )3TLE4DL «1111F=01 ~7000E+02 .. 2111E-0) . .7000E+02 ...
¢ R —— 15710401 »1111F=-01 «7000E402 __.1111E-01 __ .7000E+02 .___
0. #»1571L401 ___L11100L-0L1 __ .7000€E+902 . _.1331F=01 __.7000E+02 _____

0. e LEJLEFQY _ L 1121E-01 «7000E+402 __ J11116-01.. .70C0E+02 _ ___

-0
-0..

U N - o l2FLC403 | LW1L11E-0L.

» T000E+D2 «LE1RE=0) | TQOQE+Q2 |




S 8L UTTI TN P ARAMETETRS

~TOTAL NUMBER OF EQUATIONS = 13
SEMI BANDWIODTH = 2
NUMBER OF EQUATIONS IN A BLOCK = 13
NUMBER OF BLOCKS = 1
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YAl

T EMPERAIURE _VECTIOR

NODE NOw. .

 .250000E+03____ ,221199E+03____ .197312E+03.___ +1775626403___ 1613

N <148020E+03____ ,137268E403 .128703E+03 1220456403, 117079F+03_
11 N 2 113642E403 _ 2111624E+03 ___ «11095BBE+03____ _ _ _ ___ . .

- NO__VALUE NO+1 VALUE NO+2 VALUE NO+3_VALUE ND+4 VALUEs .

O7E+03




O NEFE-DIMENSIODNAL ROD FLEMENTS

ELEMENT CONDUCTION SURFACE CUONVECTION
FLUX FLUX

1 «15551E+02 ~+28902E4+01

2 «12898E+02 ~o24304E+01

_ 3 »10664E+402 —220496E401

& «87768E401 ~«17354E+01

5 «T1T746E+01 ~414776E+01
R - . _ .. «58B055E+01_ = 12679E+0] .
- - 7 _ +46251E+01__ ___ —.10993E+01 _

8 «35950E+01 -~ .96645E+00

9 «26817E+01 —+86501E+00

10 W 18556E+01 —.79168E400

11 .10898E+01 - T44CBE+00

. 12_ .395936E+G0 e (2066E+00
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———— U S ——

DY E R AL L T I M.E LOG

e NOGDAL _POINT _INPUloo cevesscrvose 07
e FORM_ELEMENT STIFENESSESwnacsas o1l
e FORM TOTAL_ STIFEFNESSevaswosserse 202
_IMPOSE BOUNDARY CONDITIONS s eesae 01
—_EQUATIGN_ SOLVIN_GO_.__..---_-_g-ooecoo o_.01___
________ELEMENT FLUXES‘!O...Iﬂ‘.ﬂ_‘_l'oe_ﬂq 4_0_5_

U YOTAL_SOLUTION TIMEeesscnssonnn 226
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FIN PROBLEM  CHAPMAN TEXT PAGE 74. EAT  NOVENMBRR 14,1375

I 3 45 5 7 § g 10 11 12 13
fa) Nodes Numbered,
1 z 3y 5 A 7 8 3 gt
(b) Elements Numbered.
2 H 3] 5] 7 4) 9 10 11 12 13
(¢} Exploded with Nodes Numbered.
—1 £ 3 —4 ) & 7 &) -3 1+ H Ho—

(d) Exploded with:Elements Numbered,

Figure 16. Plotter output for sample problem 4,
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