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SUMMARY

A finite element computer program (TAP 2) for steady-state and
transient thermal analyses of convectively cooled structures is
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 fluid passages. Nonlinear
thermal analysis due to temperature-dependent thermal parameters is
performed using the Newton-Raphson iteration method. Transient
analyses are performed using an implicit Crank-Nicolson time in-
tegration scheme with consistent or lumped capacitance matrices as
an option. Program output includes nodal temperatures and element

heat fluxes. Pressure drops in fluid passages may be computed as an

option. User instructions and sample problems are presented in appendixes.

INTRODUCTION

TAP 2 (Thermal Analysis Program) was written in the course of
research focused on 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 references 1 to 3.

The main body of this report presents the salient features of
the finite element theory, the computer program organization, the
finite element library, the nonlinear solution algorithm, and the
transient time integration algorithm. Directions for program use
are presented in Appendixes A and B. Program input data and output

are illustrated with sample problems in Appendix C.



FINITE ELEMENT FORMULATION

Thermal analysis of convectively cooled structures includes coupled
conduction and convective heat transfer in a region consisting of a
solid structure amd a moving fluid. The problem may be mathematically
formulated in terms of the energy equations of the solid and fluid
assuming incompressible flow (ref. 1). The equations are derived for
a typical flow passage consisting of a thin tube containing a fluid
with a specified mass flow rate m. (fig. 1). Heat transfer is
expressed in terms of the wall temperature Tw(x,t) and fluid bulk

temperature Tf(x,t). The governing equations are

5 an . an

" 3x (Kg Ap 5) *meg 5 - he (T, - Tp)
an

+ Pp cp Ap = = 0 (fluid) (1)

9 BTw
- 3% Gy Ay 30 the (T, - Te)

3Tw

+ pw Cw _Bt_ =0 (wall) . (2)

where kf, Ce, pp are the fluid thermal conductivity, specific
heat, and densify, respectively; kw’ ¢, P, are the corresponding
quantities for the wall. Af is flow cross-sectional area, and Aw
is the tube conduction area. Heat exchange between the wall is
expressed in terms of the convection coefficient h and the convec-
tion perimeter of the tube p. Since the thermal parameters can be
temperature dependent, equations (1) and (2) constitute a nonlinear

set of partial differential equations.

The solid region wall of the convectively cooled structure is
represented by standard conduction/convection elements. Two conduc-
tion/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
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TYPICAL FINITE ELEMENT

TYPICAL FLUID-
SOLID INTERFACE
NODE

FLUID,
Tf(x,t)

TYPICAL FLUID NODE

Figure 1. Finite element representation of coupled conduction-
‘ convection in a fluid passage.



the coolant passages. Basic convective finite elements were devéloped
for the fluid to represent equation (1): a mass transport convection
element and surface convection elements with unknown fluid temperatures.
Special integrated conduction/convection finite elements were also
developed: a tube/fluid element and a plate-fin/fluid element. The
basic convection elements and the integrated 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. The program performs four
types of analyses: (1) linear steady-state, (2) linear transiént,

(3) nonlinear steady-state, and (4) nonlinear transient.
PROGRAM ORGANIZATION

The organization of TAP 2 is based on an earlier program (TAP 1)
for steady-state thermal analysis of convectively cooled structures
(ref. 4). A flow chart of the TAP 2 main program is presented in
figure 2. The main program consists of subroutines which are sequen-
tially called in a normal program execution. Sets of subroutines,
called solution modules, which perform the four basic types of
analyses are shown in figures 3 and 4. These subroutines 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 all input data and large
arrays in a blank common designated in the main program as A. 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 data.

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
(or card image) containing the node number, a boundary condition

code (zero or one), the nodal coordinates, a generation parameter,
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Figure 2. TAP 2 main program flow chart.
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and a specified or initial nodal temperature if required. Nodal
points are entered in rectangular Cartesian coordinates (x,y,z).
Input data for regular nodal patterns may be reduced by utilization
of a nodal generation capability based on linear interpolation. All
nodal point data are retained in core during the assembly of the
element matrices. Nodal point data are also saved on an auxillary

storage file if plots are requested.

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 and capacitance 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
matrices are resolved into components, one for each thermal parameter.
For a linear analysis, the element conductance and capacitance

matrices are formed for the thermal parameters entered; for a nonlinear



analysis, element matrices are formed initially for unit thermal
parameters. Element conductivity 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 require-
ments for the system matrices. For optimum program storage require-
ments 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 is used
for other variables. The nodal boundary conditions are, however,
retained in core since they are required later in the solution

process.

Thermal Data Tables (TABLES)

For a nonlinear or a transient analysis thermal data tables
may be required. The input data consists of a control card for
each table and a set of cards containing data points. The tabular
data are retained in core during the balance of the solution process.
Ordinarily, the amount of core storage required for the tables is
small in comparison to storage required for the system matrices.
In the solution process, linear interpolation and extrapolation are

used in looking up values in the tables.

Assembly of System Matrices (ADDSTF)

The system matrices are formed in banded form as shown in
figure 5. Because of mass transport convection and the upwind
finite element formulation, system matrices may, in general, be
asymmetrical. Hence, the advantage of matrix symmetry cannot be
taken as in structural analysis. In steady-state analyses (see

fig. 3), system matrices are assembled bnly once. In transient
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analyses (see fig. 4), the equations are reassembled when the time
step is changed, i.e., if there is more than one time interval. 1In
a time interval the time step is constant, but an arbitary number

of time intervals may be used.

Boundary Conditions (TEMPBC)

In finite element thermal analysis with TAP 2 the only nodal
boundary conditions required are specified temperatures (i.e.,
temperature gradients cannot 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 needs to be 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 5. 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 2
thermal analysis temperature is the only degree of freedom per
node, hence the penalty is not very large since usually only a

small percentage of the equations have specified temperatures.

Solution for Temperatures (FACTOR and SOLVE)

The general, banded, simultaneous equations are solved by
Gauss elimination. For some assemblies (e.g. in series) of mass
transport convection elements it is possible to obtain zero co-
efficients 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 zero divisor in the
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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 con-

vection coefficient or if fluid conduction is included.

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. 6). Pressure drops are computed for three user
options: constant density, variable density using a density-

temperature table, or an ideal gas.

Restart Capability (RESTART)

A limited restart capability is available. As an option, the
“time and temperature at the completion of an analysis may be written
on a file for use in a subsequent analysis. This feature is
useful, for example, when the results of a steady-state analysis are

to be used as initial conditions for a subsequent transient analysis.
THE ELEMENT LIBRARY

The library consists of six elements (fig. 6) for either steady-

state or transient thermal analysis. Lumped or consistent capacitance

12
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(a) Conduction/convection (b} Conduction/convection
rod element. quadrilateral element.
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(c) Mass transport convection element.
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(d) Surface convection elements.

(e) Tube/fluid element. (f) Plate-fin/fluid element.

Figure 6. Element library.
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matrices are available on all elements as an option. Conventional
and upwind formulations (see refs. 1 to 3) are optional for all

convection elements except the plate-fin/fluid integrated element.

Conduction/Convection Rod Element

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 temperature may be

different at each node.

Conduction/Convection Quadrilateral Element
The quadrilateral element is based upon an isoparametric
formulation (ref. 5). Isoparameteric means the same interpolation
functions define the element shape and the element temperature
distribution. The temperature within the element is given by

1

4
T (E,n) = 2, N, T, (3)
i=1

where N. are the interpolation functions,

Ni=g (-8 (1-n)
1
Ny =3 (1+8) (1-n)
1
N3 = Z*(l +£) (1 +n)
No =7 (1-E) (1+n) - (4)

and Ti are the nodal temperatures, The quantities £,n denote the
isoparametric coordinates for a unit square. Matrices are computed
for the element by integration in the £,n plane; in TAP 2 the
integrals are evaluated by the four-point Gaussian quadrature rule of

numerical integration (ref. 5).
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For rectangular elements, the conduction heat flux component
q, varies linearly with y, but it is independent of x; similarly
the component qy varies linearly with x, but it is independent
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
nonlinear analysis the lamina properties are assumed to have the same
temperature variation, i.e., 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 fluid conduction and
energy transport downstream due to fluid flow. The element represents
the first, second, and last terms in equation (1) and is based on
the following assumptions (ref. 1): the thermal energy state
of the fluid is characterized by the fluid bulk temperature which
varies only in the flow direction, and the fluid velocity is
represented by a mean velocity V which varies only in the flow
direction. Conventional and upwind formulations are available as
an option (refs. 1-3). The upwind formulation can be useful in some
applications to eliminate spurious spatial fluid temperature oscil-
lations, but it can have the adverse effect of introducing artifical

diffusion with an attendant loss of accuracy.

The mass transport element has an indefinite, asymmetric con-

ductance matrix (see ref. 1). As previously discussed (see Solution

15



for Temperatures), some assemblies of mass transport elements may

create zero diagonal terms in the system conductance matrix.

Surface Convection Elements

Surface convection elements (for surfaces with one to four nodes
and a fluid with one or two nodes) represent 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 from the wall nodes
and an area factor supplied as input data. The fluid nodal coordinates
are arbitrary and are used only in plots. Conventional and upwind

formulations are available as an option.

Tube/Fluid Integrated Element

The tube/fluid element consists of fluid 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 is represenfed 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 is computed as the product of the distance between tube

nodes and the input tube perimeter. The external heating is assumed

16



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 a user option the upwind formulation is available, and fluid

pressure drops may be calculated (see Heat Flux Calculations).

Plate-Fin/Fluid Integrated Element

The plate-fin/fluid element consists of two walls (plates) con-

nected by an internal fin. For convenience a single plain fin is

shown in figure 6; 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. Fluid flows along both sides of
the fins through an arbitrary flow cross section (shown trapezodial
for convenience), which may vary linearly along the element. The
element has six nodes: two nodes to represent the fluid bulk
temperature (nodes N and K) and four wall/fin nodes (I, J, L, and M).

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;

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 includes its effective thickness and an area
factor for convection. These quantities may be adjusted as input to

permit the plain fin to represent other fin configurations.

17



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 exit (J to L).

User options are available to: (1) modify the fin convective
heat transfer by an efficiency factor n which accounts for
deviations in the fin temperature variation from the assumed linear
profile, and (2) compute fluid pressure drops (see Heat Flux Calcu-

lations).
NONLINEAR ALGORITHM

For temperature-dependent thermal properties in steady-state
analyses the finite element formulation employed in TAP 2 leads to

a set of nonlinear algebraic equations of the form
[(k(m] {1} = {Q} (5)

where [K(T)] denotes the temperatﬁre—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 temperature, equations (5) reduces to a linear set of
equations which may be solved directly; If the thermal parameters
are a function of temperature, the Newton-Raphson (N-R) iteration

algorithm is used
1, {at} ., = {R}n , (6)
{T}n+1 = {T}n + {AT}n+1 (7)
where [J]n denotes the system Jacobian matrix, and {R}n Tepresents

nodal residual heat loads.

18



A key assumption employed in TAP 2 is that thermal parameters
are constant within an element. This assumption permits the nonlinear
algorithm to be based upon one initial computation of element conduct-
ance 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 is expressed as
= *[K ’
[X] gn; TP * (K1, | (8)

where the summation includes all thermal parameters, TPm, affecting
the element, and [f]m denotes a typical unit conductance matrix.
For a typical element with N nodes the average element temperature

is computed from
: ﬁi
T =+ T (9)
a N =1 £

and a thermal parameter is looked up in the table using linear inter-

polation.

The Jacobian matrix and residual load vector for a typical element

are computed from

= *K
3y; = PR (10)

N
= - * X
R, =Q - TP sz:l Ko Ty (11)

The algorithm indicated by equations (6), (7), (10), and (11) is known
as a modified ‘N-R iteration scheme (ref. 5). The Jacobian matrix

is formed once and is held constant during the iterations (see fig. 3).
At each iteration the unbalanced nodal loads are computed from
equation (11), and the temperature increment is computed from equation
(6). In the full N-R iteration scheme (ref. 7), the Jacobian matrix,
equation (10), contains an additional term, and the Jacobian matrix is

completely reformed at each iteration. The modified N-R scheme can

19



require more iterations, but each iteration is less expensive than
the full N-R scheme. Hence, in many cases, the modified N-R

scheme has a net gain in efficiency.

TAP 2 automatically uses input nodal temperatures to initiate
the nonlinear solution process. The iteration process is terminated
when either a specified number of iterations has been performed or
the largest change in nodal temperature expressed as a percentage is
less than a specified value. For typical applications convergence
has been obtained in from one to five iterations (i.e. two to six

analyses) using a convergence criteria of 0.1 percent.
TRANSIENT ALGORITHM

For linear transient analysis the finite element formulation
employed in TAP 2 leads to a set of ordinary differential equations
of the form

[c] {T} + [K] {T} = {Q} (12)

where [C] is the system capacitance matrix. The capacitance matrix

in TAP 2 as an option may be used in two forms: (1) a consistent
formulation or (2) a lumped formulation. The capacitance matrices
produced directly in the finite element formulation are called
consistent capacitance matrices because their derivation is consistent
with the mathematical formulation of the conductance matrices. The
consistent capacitance formulation requires an implicit time-integration
scheme because the time derivatives in equation (12) are coupled

through off-diagonal terms in the capacitance matrix. TAP 2 employs

the implicit Crank-Nicolson time integration scheme (ref. 8).

To find the transient solution to equation (12) a step-by-step
procedure is used with the solution at each step computed at the

middle of the time interval (ti’t' where 1 denotes the time

),
i+l
step. Defining {Ta} as the temperature vector at the middle of the

time step At, then the algorithm is

20



{Q; + Q) + 55 €] {1}, (13)

N| =

2
[K + A_t—c] {Ta} =

{1}, = 2(1.} - {1}, | (4
The square matrix on the left-hand side of equation (13) is an
equivalent conductance matrix. For a linear analysis, within a time
interval having a constant time step, the equivalent conductance
matrix can be formed and factored once at the beginning of the time
interval (see fig. 4). The right-hand side of equation (13) is an
equivalent load vector which must be reformed at each step since it

depends on current heat loads and temperatures.

Although the Crank-Nicolson method is unconditionally stable, a
method of estimating the time step is desirable because: (1) too
small a time step may be excessively expensive; (2) too large a time
step can introduce temporal oscillations which obliterate the true
solution; and (3) too large a time step can introduce errors in the
spatial temperature distribution. In TAP 2 the time step is estimated

on an element basis. The time step is computed from
At = — . (15)

where FDT is an arbitrary time step computation factor, and Amax
is computed by a method (ref. 9) developed for symmetric conductance
matrices. Since the method gives an approximation to Amax for the
asymmetric matrices encountered in TAP 2, the time computation factor,
FDT, has been adjusted by experience to give a reasonably reliable

value of an estimated AT; FDT = 5 is currently used.
PLOTTING PROGRAM

A companion program (ref. 10) is used to plot the finite element
model and calculated temperature distributions. The program includes
options for plots of finite element models annotated with grid point

or element numbers. Another option allows boundaries of an isolated
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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 absénce or presence of elements. Temperature
surfaces, i.e. T = f(x,y), can be plotted superimposed on the

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

extending from the nodes.
CONCLUDING REMARKS

A finite element computer program (TAP 2) for steady-state and
transient thermal analyses 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 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 fluid passages. Non-
linear thermal analysis due to temperature-dependent thermal parameters
is performed using the Newton-Raphson iteration method. Transient
analyses are performed using an implicit Crank-Nicolson time inte-
gration scheme with consistent or lumped capacitance matrices as
an option. Program output includes nodal temperatures and element
heat'fluxgs. Pressure drops in fluid passages may be computed as an

option.
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APPENDIX A: PROGRAM DETAILS

Computer and System Requirements

TAP 2 was written using standard FORTRAN IV and was developed on
the CDC computer system at NASA/LaRC. TAP 2 is almost system inde-

pendent; the program is also operational on the DEC 10 computer system

at 0ld Dominion University.

Storage Allocation

Dynamic storage allocation is used; all large arrays are stored in
blank common designated as A. On the CDC system, TAP 2 computes the
blank common available from the job card field length and attempts to
process the input data and perform a solution. On the DEC 10 computer
system the length of the blank common is set by a FORTRAN statement
within the program. The program terminates execution with an error
stating the additional storage required if insufficient storage is

available.

Auxiliary Storage Files

TAP 2 uses 8 auxiliary storage files in a normal execution. The

auxiliary storage files are identified in the table below.

TAP 2 Auxiliary Storage Files

File Function
1 Element flux and pressdre drop calculation data
2 Element conductance and capacitance matrices
3 Capacitance matrices and heat load vectors
5 Input data
6 Printer output
8 Node and .element data for plots
10 Restart temperatures
20 Temperature for plots

23






APPENDIX B: INPUT DATA

General Setup of Input Deck

The general setup of a typical input data deck (or a data file

for input via a terminal) is shown schematically in figure 7. A

deck requires four basic data groups and three optional groups of

data as follbws:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

A single heading card containing any desired title

information;

A single master control card containing control values

specifying various program options;

For nonlinear analyses, a single control card containing

control values for the iterative solution;

A node input deck containing nodal coordinates, the boundary

condition codes, and specified nodal temperatures;

An element input deck containing element data organized by
group. Each group consists of the following sequence of
cards: ‘ '

(a) a control card containing cohtfol values and a heading

to be printed for the element group,
(b) a set of material property cards,
(c) a set of element cards;

For nonlinear or transient analysis, thermal data tables
organized as a set of cards for each table:
(a) a control card containing control values and a heading

to be printed with the table, and
(b) the data points in the thermal data table; and

For a transient analysis, one or more control cards specify-

ing control values for the transient response.
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REQUIRED ONLY FOR
TRANSIENT ANALYSES

TRANSIENT CONTROL CARDS

OPTIONAL, FOR TRANSIENT
OR NONLINEAR ANALYSES

TABLE INPUT DECK

(/ ELEMENT INPUT DECK

REQUIRED //NODE INPUT DECK
ONLY FOR

NONLINEAR NONLINEAR CONTROL CARD
ANALYSES

(/ MASTER CONTROL CARD

// HEADING CARD

Figure 7, Input data sequence.




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 in detail in this section. Input data
is read using list-directed READ statements. Input data is, therefore,
free-field and may be entered in any column on a card (or card image)

separated by blanks or commas. All parameters specified on a data

card must be entered; a blank cannot be used for a zero.

Any consistent set of units may be used. In the input data
instructions which follow sample units are given for illustrative

purposes only.

I. HEADING CARD (18A4)

Note Columns Variable Entry

(1) 1 -72 HED (18) Enter the heading information to be printed
with the output

NOTE

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

IT. MASTER CONTROL

Card 1 (8 parameters)

Note Variable Entry
(1) NUMNP Total number of nodal points in the model
(2) NELTYP Number of element groups
(3) NUMTB Number of tables for transient head loads or
temperature-dependent thermal parameters
€)) NANA Analysis type
.EQ.0 Data check only
.EQ.1 Linear static
.EQ.2 Linear transient
.EQ.3 . Nonlinear static

.EQ.4 Nonlinear transient. -



II. MASTER CONTROL (Continued)

Card 1 (8 parameters)

Note Variable Entry

(5) NDIAG Flag for diagnostic printing
.EQ.0 No diagnostic output
.EQ.1 Diagnostic output
.GT.1 Diagnostic output without element

matrices

(6) NFILE File control code
.EQ.0 No files are created
.GE.O Plot files are created
.EQ.2 Restart file written
.EQ.3 Read old restart file

(7) NINT Number of time intervals for transient analysis

(default .EQ.1)

(8) NOPT Option for transient time step, DT
.EQ.0 DT computed
.EQ.1 DT input

Card 2 (required only for NANA = 3 or 4-—2 parameters)

Note Variable Entry

9) NITER Maximum number of Newton-Raphson iterations
- (default .EQ. 6) '

(10) TOL Convergence tolerance (default EQ. 0.1%)

NOTES

(1) Nodes 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.

(3) For a nonlinear thermal analysis or a transient analysis
with time-dependent heat loads, thermal data may be
entered by tables. If tabular thermal data is to be
input, the number of tables Should be entered. Otherwise,
a value of zero should be entered. = . h
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II.

MASTER CONTROL (Continued)

@)

(%)

(6)

(7

‘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 Gaussian elimination.

For NANA .EQ.2 a linear transient analysis is performed.
Time-dependent heat loads may be entered as tables. The
optional transient control card is required (see fig. 7).
The equations are solved step-by-step using the Crank-
Nicolson time integration algorithm.

For NANA .EQ.3 the thermal parameters vary with temperature
and are entered in tabular form. The optional nonlinear
control card is required (see fig. 7). The equations are
solved by modified Newton-Raphson iteration.

For NANA .EQ.4 a nonlinear transient analysis is performed.
Time-dependent heat loads and temperature-dependent thermal
parameters are entered as tables. The optional nonlinear
and transient control cards are required. The equations

are solved step-by-step using the Crank-Nicolson time
integration algorithm with modified Newton-Raphson iteration
at each time step.

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.

For the NFILE .GE.O node, element and temperature data are
written on files 8 and 20 for subsequent use in plotting.

See reference 10 for the source listings of the subroutines
which generate the plot data files in an unformatted binary
format. For NFILE .EQ.2 a time value and a single tempera-
ture vector are written on file 10 at the end of the program
execution (see fig. 2). For NFILE .EQ.3 a time and tempera-
ture vector are read from file 10 during the input data

phase and are used as the initial conditions for the analysis.

The total time for which the transient thermal response is
to be computed may be divided into NINT intervals. In each
interval the time step is held constant. Thus, this program
option permits utilization of variable time steps during the
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II.

MASTER CONTROL (Concluded)

(8)

(9)

(10}

transient response. System matrices are reformed at the
beginning of each new time interval (see fig. 4). A new
transient control card is required for each time interval.

For NOPT.EQ.O0 the program automatically computes the time
step needed or if NOPT.EQ.l1 the user supplies the time
step. The selection of a time step is discussed in the
Transient Algorithm section in the main body of the report.
NOPT.EQ.O0 should be used with caution since a very large
amount of output could be generated if the program selects
a small time step.

The Newton-Raphson iterative solution process will terminate
when the number of iterations reaches the value NITER. For
NANA.EQ.3 nodal temperatures are printed at each iteration,
and element heat fluxes are calculated after the final
iteration. The largest percentage change in nodal tempera-
ture will be printed at each iteration. For NANA.EQ.4 nodal
temperatures are printed only at the completion of the
iterations.

Convergence will occur if the largest percentage change in
nodal temperatures is found to be less than the convergence
tolerance.



ITI.

Note

(n

(2)

(3)

(4)
(5)

NODAL POINT DATA (7 parameters)
Variable
N

ID(N)

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

T(N)

Entry

Node number

Boundary condition code

.EQ.0 Temperature unknown
.EQ.1 Temperature specified
X-coordinate

Y-coordinate

Z-coordinate

Node number increment

Nodal temperature
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ITI. NODAL POINT DATA (Continued)

NOTES

32

(1)

(2)

)

(4)

Nodal point data must be defined for all (NUMNP) nodes.
Node data may be input directly (i.e., each node on its own
individual card), or the generation option may be used if
applicable (see note 4 below),

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

The boundary condition code is 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) arrary.

The coordinates of all nodes are entered in a common global
coordinate system.

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

{Ny, Ny + (1 x KNp), N1 + (2 X KN2), . . ., Na}

may be generated from information given on two cards in
sequence:

CARD 1 /Nl, ID(NI)’ X(Nl): « .« ., KN, T(Nl) /

CARD 2/ Nz, ID(N2), X(N2), . . ., KNz, T(N2) /

KN2 is the mesh generation parameter given on the second card
of a sequence. The first generated node is N; + (1 X KN2);
the second generated node is N; + (2 x KN2), etc. Genera-
tion continues until node N» - KN2 1is established. Note
that the difference N2 - N1 must be evenly divisible by

KN2. Intermediate nodes between N; - 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 linear interpolation between T(N;) and T(N2). No
generation is performed if KN2 1is zero.



III. NODAL POINT DATA (Concluded)

(4) (Concluded)

N1 ' N2
L *

®
¢
<

<

®
®
®

(5) Nodal temperatures entered for nodes with a boundary condi-
tion code ID(N) .EQ.1 are fixed in the solution process.
For a nonlinear steady-state analysis the first iteration is
performed with the thermal parameters evaluated for the
input nodal temperatures. For transient analyses the input
nodal temperatures are used as the initial conditions.

IV. ELEMENT DATA

Type 1 - Conduction/Convection Rod Element

Rod elements (fig. 8) are identified by the number 1. A linear
temperature variation is assumed between nodes. Internal heat

generation, prescribed surface heating, or convective surface
heating is incorporated into the element formulation.

A. Control Card (4 parameters)

1 The number 1

NUME Total number of rod elements in this
element group

NUMAT Number of material property cards

0 Zero

B. Material Property Cards (7 parameters)

Note Variable Entry

MID Material identification number
(1) TK . Thermal conductivity (k) (required for

linear analysis only)

ITABK Table number for thermal conductivity
(nonlinear analysis only)

cp Specific heat (c_)

ITABC Table number forpspecific heat

ICQNS ICONS: .EQ.0  Lumped formulation

.EQ.1 Consistent formulation
RHO Density '
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Figure 8. Conduction/cohvection rod elemerit.
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IV. ELEMENT DATA (Continued)

B. Material Property Cards (Concluded)

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

X (locai axis)

e

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

C. Element Data Cards

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.

Card 1 (required—9 parameters)

Note Variable Entry

ID Element number
(2) I Node number I
J Node number J
MTYPE Material identification number
(3) KK Optional element generation parameter
for automatic generation of element data
A Cross-sectional area for conduction
VOLQ Heat generation per unit volume (e.g., BTU/
HR-FT**3)
4) ITAB Table number for heating time history
(5) AF Area factor for surface heating or convection

Card 2 (Optional—required only if the area factor is greater
than zero)

Note Variable Entry

SURFQ Specified surface heat transfer rate (e.g.,
BTU/HR-FT**2) (positive into element)

(6) HI Convective medium heat transfer coefficient

HI at node_I
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IV. ELEMENT DATA (Continued)
Note Variable Entry
(6) TI Convective medium temperature T. at node I
(Concl'd) HJ Convective medium heat transfer coefficient
H, at node J
TJ Convective medium temperature TJ at node J
NOTES
(1) For linear analyses the thermal conductivity - TK and specific

36

(2)

(3)

(4)

(5}

heat CP input on the material property card are used to
compute the thermal conductance matrix, capacitance matrix,
and the heat flux recovery matrix for an element. For a non-
linear analysis and table numbers greater than zero, the
thermal matrices are initially computed using k and as
unity. Later, after the thermal parameter tables have been
read in, the matrices are multiplied by appropriate values
determined from the parameter tables. The temperature used
in the table is the average temperature of the element, 1.e.,
(TI + TJ)/2.

The order of I and J determines the direction of the local
x-axis (see fig. 8). Conduction heat fluxes are positive in
the direction of the local x-axis.

If a series of elements exists such that the element number,
N., 1is one greater than the previous element number (i.e.,

N; = Ni-l + 1) and the nodal point number can be given by

Ii = Ii—l + KK

Jo=J , * KK

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

on the last card. If KK (given on the last card) is input
as zero, it is set to one by the program,

Only one time-dependent thermal load per element may be
specified in a table. The table number ITAB may be used to
define the time history of the heat generation per unit
volume, or a specified surface heating, or the convective
medium temperatures.

If the area factor is greater than zero, the second card 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.



Iv.

Type

ELEMENT DATA (Continued)

(6) Convection heat transfer is based on an average convection
coefficient, H = (HI + HJ)/2.

3 - Conduction/Convection Quadrilateral Element

Quadrilateral elements (fig. 9) are identified by the number 3.

The element is based on an isoparametric formulation. The nodes

can be located at general 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 is
included in the element.

A. Control Card (4 parameters)

3 The number 3

NUME Total number of quadrilateral elements in
this group

NUMAT Number of material property card sets

0 Zero .

B. Material Property Card Sets (NUMAT sets required)

Card 1 (5 parameters per card)

Note Variable Entry

MID Material identification number
(1) ITABK Table number for thermal conductivity tensor
temperature variation (nonlinear analyses
only)
ITABC Table number for specific heat temperature
variation
ICONS .EQ.0  Lumped capacitance formulation

.EQ.1  Consistent formulation
LAYERS  Number of laminae

(2) Card Set 2 (Number of cards required equal to LAYERS;
7 parameters per card)

TH Lamina thickness

(3) KXX Conductivity tensor component, K (Real)
KXY Conductivity tensor component, K (Real)
KYY Conductivity tensor component,. Ky§ (Real)
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Figure 9. Conduction/convection quadrilateral element.

38



IV. ELEMENT DATA (Continued)

Note Variable Entry
(4) THETA Material axis angle, O (degrees)
CP Specific heat
RHO Density
3T
R HR-FT
Ay ) Kyx Kyy 3T
3y

MATERIAL AXIS

C. Element Data Card Sets

One card per element is required in increasing numerical order.
Missing elements are generated. If there is edge or surface
heating, additional element cards are required.
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IV,

40

'ELEMENT DATA (Continued)

Card 1 (11 parameters)

Note Variable Entry

) M Element number
I Node I
J Node J
K Node K
L Node L
MAT Material identification number
(6) KG Element generation parameter
IEDGE IEDGE .EQ.O No edge heating or edge
convection
.EQ.1,2,3,4 Number of edges for which
there is edge heating or
convection
ISURF 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
Q Volumetric heat generation rate (e.g., BTU/HR-

FT?)
(7)  ITABQ Table number for time dependent heat load
Card Set 2 (IEDGE cards) (7 parameters per card)

Note  Variable Entry

(8) N1 Edge node
N2 Edge node
QS Edge heat loading, q (e.g., BTU/HR FT?) (heat
flux is positive into element)
H1 Convection coefficient at node N1
T1 Convective medium temperature at node Nl
H2 Convection coefficient at node N2
T2 Convective medium temperature at node N2

Card Set 3 (ISURF cards) (8 parameters per card)

Note Variable Entry

(9) HI or Convection coefficient at node I, or con-

QSURE vective surface heating, q(—l§1L~>
. HR-FT?



IV. ELEMENT DATA (Continued)

NOTES

(1)

(2)

(3)

(4)

)

Note Variable Entry

(10) TI Convective medium temperature at node I
HJ Convection coefficient at node J
TJ Convective medium temperature at node J
HK Convection coefficient at node K
TK Convective medium temperature at node K
HL Convection coefficient at node L
TL Convective medium temperature at node L

All of the components of the conductivity tensor are assumed
to have the same temperature variation in a nonlinear analysis
so that only one table is input for the entire tensor. The
look-up temperature is (TI + TJ + T+ TL)/4. For a non-

linear analysis, the element matrices are formed on the first
iteration using the input values of the conductivity tensor
and specific heat. On subsequent iterations the values
entered in the thermal conductivity and specific heat tables
are used as multipliers of the matrices. Thus for a single
isotropic layer the user should either: (1) input KXY, KYY,
and CP as one (1.0) and enter the actual conductivity and
specific heat values in the tables, or (2) enter conductivity
and specific heat values and use normalized conductivity and
specific heat values in the tables. '

For an element with one homogeneous layer only one card is
required.

For an isotropic material the conductivity value k should
be entered for Kxx and Kyy” and ny should be entered as

zero. If Kyy is entered as zero the program will set

K =K _.

Yy XX
The orientation of the local x-axis is from I to J (see fig.
9). The local y-axis then lies in the IJKL plane, and the
direction of the local z-axis 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:
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IV.

ELEMENT DATA (Continued)

(6)

(7)

(8)

9

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

Only one time-dependent thermal load per element may be
specified in a table. The table number ITABQ may be used
to define the time history of the heat generation per unit
volume, or a specified surface heating, or the convective
medium temperatures.

If Hr and T2 are entered as zero, the program will set
H = Hy and T2 = T;. The convective exchange is based on
the average convection coefficient, (H; + H2)/2.

For specified surface heating enter QSURF followed by seven
zero values for TI, HJ, . . .TL.

The. convective exchange is based on the average convection
coefficient, . (HI+.HJ + HK + HL)/4.

Type 8 - Mass-Transport Element

42

Mass transport elements (fig. 10) are identified by the number 8.

The element is used to represent combined conduction and convective
energy transport due to a mass flow rate m.

A,

Control Card (4 parameters)

8 The number 8

NUME Total number of elements in this group
NUMAT Number of thermal-fluid property card sets
0 Zero
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Figure 10. Mass transport element.
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IV,

44

ELEMENT DATA (Continued)

B.

Fluid Properties (7 Parameters)

Note Variable Entry

N

(1) TK
ITABK
c

ITABC

(2) ICONS

RHO

Property identification number
Fluid thermal conductivity

Table number for fluid thermal conductivity

Fluid specific heat, C

Table number for fluid specific heat

ICONS .EQ.0 Lumped capacitance conventional

formulation

.EQ.1  Consistent capacitance conven-

tional formulation

.EQ.2  Upwind conductance and capacitance

matrices, o =1

.EQ.3  Optimum conductance and capaci-

tance matrices, o =

Fluid density

Element Data Cards (7 parameters)

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

Note Variable Entry

M
(3) 11
JJ

MATID
(4) KG

A

Element number
Node number, I
Node number, J

Property identification number
Element generation parameter

Fluid mass flow rate (e.g., lbm/hr)

Flow area

'/’q/r‘J

e

I

\ ‘ T,
Heat flux, q =m Cp <

+ T

2

)&

)



Iv.

NOTES

ELEMENT DATA (Continued)

(1)

(2)

(3)

(4)

For linear analyses the thermal conductivity TK and

specific heat C are used to compute the thermal conductance
matrix, capacitance matrix, and the heat flux recovery matrix
for an element. For a nonlinear analysis and table numbers
greater than zero, the matrices are initially computed using
the thermal parameters as unity. Later, during the solution
process, the matrices are multiplied by appropriate values
determined from the parameter tables. The look-up temperature
used in the table is the average element temperature, (TI +
TJ)/2.

For ICONS .LE.1 a conventional element formulation is used,
and for ICONS .EQ.2 or 3 an upwind formulation is used.

See references 1 and 5 for further details of the upwind
formulation. For ICONS .EQ.2 the element uses full up-
winding, i.e. the upwind parameter o = 1. For ICONS .EQ.3
the "optimum" upwind value of o is computed from

1+ 2

o.
opt 1 - e—Pe Pe

where the Peclet number Pe = C m XL/(TK A) and XL 1is the
element length. For a nonlinear analysis, or if TK or A
equals zero, the "optimum'" upwind value is used as one. Note
that the upwind parameter is used for computation of both the
conductance and capacitance matrices.

The order of the element nodes determines the direction of
fluid flow; the fluid flow is from 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:

All other element information will be set equal to data from
the last card.
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IV. ELEMENT DATA (Continued)

Type 9 - Surface-Convection Elements

Surface-convection elements (fig. 11) are identifiéd by the number
The elements are used to représent convective heat transfer

9.

between a surface and a fluid with unknown temperature. Four
elements; a line, a quadrllateral, a triangle, and a three-
dimensional surface, are available.

A.

NOTES

46

(1)

Control Card (4 parameters)

Note’

Variable Entry

9 The number 9

NUME The number of surface convection elements in
this group

NUMAT Number of thermal-fluic property card sets

ND Number of element nodes

Fluid Properties (4 parameters)

Note Variable Entry
N Property identification number
(1) H 7 Convection coefficient, h
ITABH Table number for convection coefficient
(2) ICONS .LE.1 Conventional formilation

.EQ.2 Upwind formuilation

Element Parameter Data Cards (4 + ND parameters)

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

Note Variable Entry
‘ EID . Element number o
(3) IE(I) ND niode numbers I, J; K; L, M; N
MATID  Property identification humber
4) KG Element generation parameter
(5) AFACT Area factor for coiivettiod

For 4 linear analy51s, the f1u1d cofivéction coefficient read-
in oh the fluid property card 1§ used in elemeiit compufatlons

For 4 fionlineat analy31s valués from a4 éofivéctici coefficient
table dre used if tilie table humber 1is greatef than zero.



ONVECTION SURFACE

TYPICAL
SURFACE
NODE

FLUID NODE
FLUID
NODE
(a) Line element. (b) Triangular element.
TYPICAL SURFACE
ODE
TYPICAL
SURFACE
CONVECTION NODE ONVECTION SURFACE
SURFACE

FLUID NODE

TYPICAL FLUID NODE

(c) Quadrilateral element. (d) Plate (3-D) element.

Figure 11. Surface convection elements with unknown fluid temperatures.
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IV. ELEMENT DATA (Continued)

(2) The upwind formulation is available as an option only on
the quadrilateral element, i.e. when ND = 4. If ICONS
.EQ.2, when ND = 4, the upwind element conductance matrix
is computed based upon full upwinding, i.e. the upwind
parameter o = 1. The conventional formulation is used
for all other elements regardless of the value of ICONS.

(3) ND node numbers should be entered. For the line element
(fig. 11a) and triangular element (fig. 11b), node I
denotes the fluid node. For the quadrilateral element
(fig. 11c) nodes I and J denote the fluid nodes. For the
plate (or 3-D) element nodes K and N denote the fluid
nodes. '

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

I.=1 + KG
J. =Jd + KG

K, =K + KG
L. =L + KG

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

(5) The area factor is used to compute the convective surface
area, (fig. 11). For the line element the area factor
equals the convective surface area. For the triangle and
quadrilateral the surface area is the product of the area
factor and distance between surface nodeés. For the plate
(3-D) element the surface area is equal to the area of the
quadrilateral siirface IJLM times the area factor.

Type 10 - Tube/Fluid Integrated Element
Tube/fluid integrated elements (fig. 12) are identified by the

number 10. The element represents conduction/convection headt
transfer in a thin tube of constant thicknéss and flow dred
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IV. ELEMENT DATA (Continued)

enclosing a fluid with mass flow rate of m. Heat loading on
the tube external surface due to a specified heating or a
convective exchange with a surrounding medium is included.
Pressure drop computations are performed as an option.

A. Control Card (4 parameters)

Variable Entry

10
NUME

NPROP
NPRES

The number 10

Total number of tube/fluid elements in this
group

Number of thermal-fluid property card sets
Flag for pressure drop calculations

.EQ.0 Pressures are not calculated

.GT.0 Pressures are calculated

B. Thermal-Fluid Property Card Sets

Card 1 - Tube Properties (7 parameters)

Note

Variable Entry

(1

(2)

(3)

Card

Note

MATID
TK
ITAB

CP
ITAB

ICONS

RHO

Property identification number
Thermal conductivity, k
Table number for tube thermal conductivity

Specific heat
Table number for tube specific heat

.EQ.O0 Lumped conventional formulation
.EQ.1 Consistent conventional formulation
.EQ.2 . Upwind fluid formulation, a =1
Tube Density

2 - Fluid Properties (5 parameters)

Variable Entry

(4)

(5)
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H
ITAB
cp

ITAB
RHO

Fluid convection coefficient, h
Table number for convection coefficient
Fluid specific heat, Cp

Table number for fluid specific heat
Fluid Density



IV. ELEMENT DATA (Continued)

(Optional) Card 3 - Tube-Fluid Properties for Pressure Recovery:
(6 paramaters)

Note Variable Entry

(6) DH Tube hydraulic diameter, DH
(7 F Fluid friction factor, f
ITABF Table number for fluid friction factor
(8) ITAB Table number for fluid density
(9 R - Gas constant, R .
GC Proportionality constant in Newton's second
law, g

C. Element Data Cafds

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

Card 1 - Element Parameters (13 parameters)

Note Variable Entry

EID Element number

(10) 1 Node number, I} .
J Node number, J Fluid nodes
K Node number, K

L ‘Node number, L} Tube nodes
MATID Property identification number

(11) KG Element generation parameter

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

A Tube cross-sectional conduction area
(13) P Perimeter of tube for internal convective
heat transfer to fluid
G Fluid mass flow rate (e.g., 1lbm/hr)
AFLOW Flow area
(14) PI Element inlet pressure
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(3)

(4)

(5)

Card 2- External Tube Heating or Convection Data (7 parameters)

Note Variable Entry

(15) AS Area factor for surface heating or con-
vection
SURFQ Specified surface heating rate (e.g., BTU/HR-
FT**2) (positive into surface) :
HL Convective heat transfer coefficient, h

at node L L
TL Surrounding medium temperature, TL’ at node L
HK Convective heat transfer coefficient, h at
node K
TK Surrounding medium temperature, TK’ at node K
ITAB Table number for time history of surface heat-

ing or medium temperature

The thermal conductivity is used to represent the axial
conduction of heat in the tube wall. The thermal conductiv-
ity of the tube wall may be constant or may be entered in
tabular form for a nonlinear analysis. The look-up tempera-
ture is (TK + TL)/Z.

The tube specific heat is used for the tube capacitance
matrix and may be entered as a constant or as a tabular
function of temperature.

If ICONS .EQ.0 a lumped conventional formulation is used
for both tube and fluid capacitance matrices. If ICONS
.EQ.1 a consistent formulation is used for both tube and
fluid capacitance matrices. If ICONS .EQ.2 a consistent
capacitance matrix is used for the tube but upwind
conductance and capacitance matrices are formed for the
fluid with the upwind parameter, o = 1.

The fluid convection coefficient h is 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 is (TI + TJ)/Zi

The fluid specific heat is used for the fluid mass
transport conductance matrix and the fluid capacitance
matrix. The fluid specific heat may be entered as a
constant or a tabular function of temperature.



IV. ELEMENT DATA (Continued)

(6) The tube hydraulic diameter is defined by

_ . 4« flow cross-sectional area
D, =4 :
H wetted perimeter

(7) The fluid friction factor f 1is used to compute the pressure
drop in an element. The pressure drop is computed from the

equation,
2 2
H Ec m c pJ pI
where

AP = pressure drop, (PI - PJ)

f-= friction factor

L = element length
DH = hydraulic diameter

G = mass flow rate/flow area (e.g., 1bm/hr/ft?)
p_ = element mean density, (pI + pJ)/Z |

P10y = fluid densities evaluated at the temperature of
the fluid at nodes I, J

proportionality constant in Newton's second law

. 32,17 ft - 1bm)
’g°: gC - >
lbf ~ sec

oQ
1}

(8) 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 is greater than zero, case (2)
is assumed.

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

53



Iv.

Type

54

ELEMENT DATA (Continued)

(10)

(11)

(12)

(13)

(14)

(15)

The direction of fluid flow is determined by the node
numbering sequence. Flow is from node I to node J (see
fig. 12).

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:

I =1 + KG
J =4 + KG
K =K + KG

L =1L + KG

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 PJ = PI - 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. '

11 - Plate-Fin/Fluid Integrated Element

Plate-fin/fluid integrated elements (fig. 13) 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.



TYPICAL FLUID NODE

C? N TYPICAL WALL NODE
FLOW J

(a) Side view.

TOP WALL
L /

TYPICAL FLUID NODE
FOR BULK TEMPERATURE

(b) Oblique view.

Figure 13. Integrated plate-fin/fluid element.
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A. Control Card (4 parameters)

Variable Entry

11
NUME

NUMAT
NPRES

The number 11

Total number of plate-fin/fluid elements in
this group

Number of thermal-fluid property card sets
Flag for pressure calculations

.EQ.0; Pressures are not calculated

.GT.0; Pressures are calculated

B. Thermal-Fluid Property Card Sets

Card 1 - Fin Properties (7 parameters)

Note Variable Entry

N
(1 TK
ITABK
CP
ITABCP
(2) ICONS

DENS

Property identification number (fin and
fluid properties)

Thermal conductivity

Table number for fin thermal conductivity
Specific heat

Table number for fin specific heat

.EQ.0; Lumped capacitance formulation
.EQ.1; Consistent formulation
Fin density

Card 2 - Fluid Properties (5 parameters)

Note Variable Entry

(3) H
ITABH
C
ITABC
RHO

Fluid convection coefficient

Table number for convection coefficient
Fluid specific heat

Table number far fluid specific heat
Fluid density )

(Optional) Card 3 - Properties for Pressure Calculations

(6 parameters)

Note Variable Entry

(4) DH

(5) F
ITABF

(6) ITABR

Hydraplie diam