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ABSTRACT

The purpose of the "Design Aids for Thermal Analysis" study was
to obtain the license to operate the "GEOGRD, GEODYN and GEOPLT"
series of computer programs from Resource Management, Associates
of Lafayette, California and to make them usable to Alaska
Department of Transportation and Public Facilities (DOT&PF)
engineers for use 1n analysis of road sections In Alaska. The
programs were purchased and installed on the University of Alaska
VAX 11/730 for verification, testin(?, and possible modification
for ease of use by porspr. It was determined that the programs
are very powerful and flexible and will do many problems that
other commercially available programs will not. Coupled with
this power and flexibility, is the inherent complexity of use and
necessity for large amounts of computer time.

It is neither a design tool for the beginner nor a design tool
that can be used at a moment's notice to obtain rapid answers. It
Is the author's opinion that an engineer who is reasonably
familiar with the program and the problem will spend several days
of his time and several hundreds of dollars in computer time in
getting the desired results. 1t is possible, however, for the
engineer with the time, patience and know-how to do some very
sophisticated analyses with the programs,

This report presents a summary of the programs and their
capabilities, and provides simplified input instructions as well
as some guidance regarding the less well known input parameters.
In addition, the use of the program to solve surface energy
balance calculations is described in detail, and the appropriate
SOLMET input parameters are provided for 17 sites In Alaska, The
original documentation for the programs is also included. The
source code for the program is licensed from Resource Management
Associates and therefore cannot be included in this report.




I. INTRODUCTIOM

1.1 Background

In December of 1983, the Alaska Department of Transportation and
Public Facilities (DOT&PF), Research Section awarded a contract
to the Institute of Northern Engineering (INE) at the University
of Alaska-Fairbanks (UAF) to study several of the heat flow
computer models that were available on DOT&PF computers to
determine which one would be the most appropriate for use in
studying the thermal regime under roads in Alaska. The
Geophysical 1ntitute at the University of Alaska was under a
complimentary contract and by the spring of 1983 had limited the
possible programs for consideration to two: GEODYN by Resource
Management Associates and the Guymond model by Prof. Gary Guymond
at the University of California. DOT&PF revised our scope of
work to obtain the license for the GEODYN model and to verify its
validity instead of looking at several different programs. The
license for GEODYN was obtained in the late summer of 1984, and
validation started in accordance with the revised proposal dated
April 2, 1984.

12 Purpose
The purpose of the revised project was to do the following:

* Obtain the licence to run the GEODYN computer model and

install it on the University of Alaska Engineering VAX

11/730 and the DOT&PF IBM computers.

Check the program against the Neumann solution and the

modified Berggren solution.

* Estimate the cost of running the pro?ram

* Implement a surface energ%/ balance algorithm in the
program that can be used to study AlaSkan roads.

Compare the results of calculations with field data

existing in the por&pF files.

* Make the program user friendly by writing a clearly stated
users manual or by writing a more user-friendly front
end, whichever appears to be the most appropriate.

1.3 Scope

The study addressed each of the topics in the outline, but the
level of effort on the individual tasks was shifted due to
factors that became apparent during the work. Extensive effort
was required to install the program and to develop new input
instructions that are correct and easy to follow. The work
required to compare the results to theoretical solutions was
minimal. The RMA documentation contains the Neumann comparison.
It was decided early In the contract that it was neither
practical, nor In DOT«PF's best interest, to try to simplify the
input to the program. To simplify the input, the program would



Loose much of its power and versatilitz for little iIncrease in
usability. Comparing the program calctlations with field data
from DOT_& PF files was not done because none of the instrumented
field sites had sufficiently well developed data to make a
comparison meaningful. The effort to be expended on the surface
ener?y balance calculations was_ shifted from one of program
development to one of providing simplified data for input. art
of the agreement with RMA Included their adding a surface_energy
balance model to the program. Program run time determination
became a mute point once it was decided that the program was more
of a research tool than a production calculation tool” It was not

meaningful to define the run time iIn general terms without a
standard cross section and standard température regime. Run time
calculations are not specifically included in the report but it is

sufficient to say that they are not excessive for a sophisticated
finite element model.



2. PROGRAM FEATURES

2.1 Program Flow

There are three programs that act in series to Process the input
data, calculate temperature fields at various times and output
results. ™e Tirst, GEOGRD, generated a finite element mesh from a

EREREAC N mBaTRAS 75T QTR RANFESTSE oy BREUVRFeS The

econd, GEODYN, calculates the _temperature of each nhode in the
?lnlte element megh as a %unctlon 8% time.. the C‘It?ur , GEOPLT,

takes the output from GEODYN and draws an isothermal contour plot
throughout the finite element mesh, The basic use of each program
is given below. A complete description of each program is given

in the operating instructions (AppendicesF,G and H) provided by
RMA Assoclates.

The programs will use either SI units or English units. The
programs are capable of handling two dimensional problems or
axisymmetric problems.

2.2 Input/Output

We have ,found man rious errors._in. the operati instruction
provided by RiA |X %ﬁe operating mstructlgns ([&%penalces F,

and ) and have rewritten them, The corrected input Instructions
are included in Appendices C, D and E. A brief description of the
torms OfF the input are given below. The output is also described
in general terms below. The output IS self explanatory once the
user finds the right files.

2.2.1 GEOGRD

The program GEOGRD takes input in one Of three forms and
generates a mesh for finite element analysis. GEOGRD can use the
definitions for individual nodes and elements or the boundary of
a quadrilateral or triangular area to be filled with
guadrilateral or triangular elements from input file IN.DAT
which 1s read from the standard input device. GEOGRD is also
capable of using the output from a previous GEOGRD run from the

fil NIT.DAT, i t i T ifyi itt
eller%énlfg, gelete grllelmre]aggs %‘?Véﬁﬁd‘rWJe gpedmgnn(%g.l y'i‘f’ r'equeost%z%l(fI

GEOGRD will renumber the elements so that GEODYN computer time
will be minimized.

Nodes are defined by X and Y coordinates for. two dimensional
pro%%ems or r andd z%oordlnatecf for axisymmetric pro%lems. T%e
dimensions input may be modifyed by scaling parameters used by
GEOGRD when plotting or by GEODYN for calculations.

The program generates two output files and a plot of the
completed grid. The file QUT.DAT on the standard output device

3



contains a regurgitation of the input data, and the calculated
node and element definitions of the completed mesh in one of
several levels of user-specified detail. The file LUNIT.DAT on
output device LUNIT, contains an unformatted listing of the node
and element data for use by GEODYN or a future run of GEOGRD, It
also contains the renumbered mesh if appropriate. Al GEODYN

calculations will be performed in the renumbered format. Al
output will be created using the original numbering system. The
program will generate a plot of the entire mesh or any subset of
the mesh. The plotting is intended to be performed on-line, the

plotfileisnot saved.
2.2.2 GEODYN

GEODYN does the numerical calculations to determine the
temperature field as a function of time. It takes the initial
temperature distribution throughout the mesh and calculates the
temperature at specified times considering various time dependent
thermal input applied throughout the mesh.

GEODYN can read the mesh from one of three files. 1t can read
the output of GEOGRD from file LUNIT.DAT on input device LUNIT.
It can read the output from a restart file IT-DAT on input device
LI. The restart file 1T.DAT was created on output device IT by a
previous GEODYN run. Or it can generate a new grid, one element
atatime, from input specifications defined in file IN.DAT on
the standard input device. It is alsocapable of modifyingagrid
by adding elements, subtracting elements or subdividing elements
input by one of the previous methods-

The initial temperature field can be established by input
parameters to the program from file IN.DAT on the standard input
device or by input from a restart file IT.DAT on input device IT.
Input through file IN.DAT can take several forms: 1) a constant
temperature field, 2) a constant temperature field modified at
one or more nodes or, 3) the temperatures may be distributed by a
polynomial which has a specified value at the X or Y axis and is
asymptotic to some temperature at an infinite distance from the X
or Y axes.

GEODYN considers heat conduction through the soil and heat
carried through the soil by groundwater flow. The velocity of
the groundwater flow is contained in file IN.DAT.

External thermal conditions are controlled through data in file
IN.DAT. The external conditions can consist of a specified
temperature at any node, a specified thermal flux across any
element face, or the results of a thermal energy balance
calculation on any surface element face.

The temperature at any node can be held constant for any length
of time, can be changed to a new constant value at any time, can
be varied linearly with time over any time interval, or can be
varied sinusoidally throughout a year. The temperature
variations are expected to be variations throughout a year,



but it 1s possible to look at daily or even hourly variations
with all but the sinusoidal input mode, if desired,

A specified thermal flux can be applied to any element face for
any specified time, 1t can be changed to a new value at any time,
or it can be varied linearly with time over any specified time
interval,

A surface energy balance calculation can be specified on any
number of element faces. The meteorological conditions for the
surface energy balance are initially input as average values
inserted on a month by month basis. The surface characteristics
are initialized at the beginning of the problem. Most of the
input values can be changed at any of the element faces at any
time, The input parameters include:

1. Short wave solar radiation, albedo, and view factor,
2. Long wave radiation emissivity.

3, Air temperature.

4. Wind speed and surface roughness,

5 Cloud cover.

6. Evapotranspiration flux.

7. Snow depth and density,

The soil property input to GEODYN includes the frozen and
unfrozen thermal conductivities In the horizontal and vertical
directions, the frozen and unfrozen heat capacities and the
latent heat of fusion. The latent heat is lost or gained over a
temperature range through a mathematical relationship which was
developed to model the relationship between unfrozen water
content and temperature, Freezing starts at 32 degrees F, but it
Is possible to lower the freezing temperature by an appropriate
choice of input parameters,

The output from GEOGRD goes to one or more of three output files.
File OUT.DAT is output to the the standard output device. It
contains the node, element and mesh data, and the temperature of
each node at specified times in several levels of user-controlled

detail, This file is intended for screen or paper output and is
always produced, In the RMA version, it is formatted for a wide
carriage printer. In the UAF version, it is formatted for screen
output.

The file IS5.DAT is output to device IS5. It contains an
unformatted version of the node locations and the calculated
temperatures at all nodes at each time requested in the file

IN.DAT. This information is stored for use by program GEOPLT
to produce plotted output and is produced only if requested.

The file IT.DAT is output to device IT. It contains an
unformatted version of the node and element data along with the




final temperatures at each node. These data are used as input to
restart GEODYN from the ending point and are only produced if
requisted.

2.2.3 GEOPLT

GEOPLT uses the output from GEODYN to develop isothermal contour
plots at any or all of the time steps calculated. Input is from
the file IN.DAT on the standard input device and file LUG.DAT on
input device LUG. Plotting information such as the plotting
scales, the time steps to be considered and the contouring
interval to be used are input in file IN.DAT. File LUG.DAT was
generated by GEODYN and contains the node locations and the
temperatures for every time step specified in running that
program. Note that the name of the file ISS5.DAT output by GEODYN
on output device 1S5 must be renamed to LUG.DAT and put on input
device LUG for use in GEOPLT.

The output from GEOPLT is primarily in the form of isothermal
contour plots. The plotting IS expected to be on-1line, so no
plot files are saved. Thereisalsoashortoutput file OUT.DAT
on the standard output device which contains error messages and
error tracing information.

23 Restart Capabilities

It is possible to stop the program at the end of any time step
and restart it again after changing selected input parameters.
This feature allows an incremental approach to changes In the
surface conditions such as the construction of a building, the
.addition of snow or clearing. In addition, certain subsurface
changes can also be accounted for such as thaw consolidation or
the insertion of refrigeration devices.

24 Hardware Requirements

The programs were developed on a Prime computer. There are
significant differences between Prime computers and other
computers In the way they handle certain array functions and the
transfer of data back and forth between subroutines. As a
result, there may be some difficulty in converting from one
computer to another. To the best of our knowledge, the program
in the form transmitted to DOT&PF with the final copy of this
report works correctly on the University of Alaska Engineering
VAX 11/730.

GEODYN is the most extensive of the programs. 1t has over 3,500
lines of Fortran code programming, 19 subroutines, one function
and one block of data with 12 subblocks.

In addition, the programs require a plotter. The size and
orientation of the plots are programmer controlled. The program
uses standard CALCOMP commands, so it will work with any CALCOMP-
compatible plotting equipment.



25 Software Requirements

The programs are written in Fortran and use standard CALCOMP
plotter calling routines.




3. ACCURACY OF GEODYN CALCULATIONS

31 Comparison with Theoretical Calculations

3.1.1 Neumann Solution

The operating Instructions (AppendicesF, G and H) supplied by rRMa
include an example of the comparison between the neumann solution

and the GEODYN solution for a one-dimensional nonsteady state
roblem with T eezmg- The r%;]orl:ed. .results ?{e excellent. W%
ave tun similar problems wi similar results. e have no

included our work In this report as it 1Is redundant to the RvVA
report.

3.1.2 Modified Berggren Solution

We have compared the results of the GEODYN model with the modified

Berggren approach using the soil Erofile presented iIn the RMA

comparison with the veumann api)roac discussed above. The Lambda
0

factor accounts, for the .sensible heat which ,In essence _reduces the
amount O eat avaE aple r freeze and r]thaw. e'I'Fne Neumann

solution predicted 1.57 feet, the GEODYN solution predicted 1.52
feet and the modified Beggren solution predicted 1.30 feet. The

agreement between the modified Beggren solution and the other two
was nhot good.

Loose much of its power and versatility for little increase iIn
usability. Comparing the program calculations with field data
from DOT & PF files was not done because none of the instrumented
Tield sites had sufficiently well developed data to make a
comparison meaningful. The effort to be expended on the surface
energy balance calculations was shifted from one of program
development to one of providing simplified data for input. Part
of the a%reement with RMA 1ncluded their adding. a surface_energy
balance model to the program. Program run €ime determination
became a mute point once i1t was decided that the program was more
of a research tool than a production calculation tool. It ws not
meaningful to define the run time In general terms without a
standard cross section and standard temperature regime. Run time
calculations are not specifically included In the report but it is

sufficient to say that they are not excessive for a sophisticated
finite element model.

3.2 Comparison with field test data

The proposal was written with the understanding that the poTaPF
had several iInstrumented test sites that had enough temperature
data, climatological data, and subsurface data to make good test
cases for the program. Unfortunately, a detailed look at the
existing data arlin% I%Dd Brﬂle , 1986 regeals tl{at there, are
no good sites fFor checking the )f)rogra : ach site i1s erther
missing some key data or has some anomaly that dominates the

thermal behavior at the site, so it would not provide a good
check for the program.

~




3.3 Sensitivity

This program, as any numerical method, carries with 1t some

trade— offs between accuracy and practicality of operation. The
solution should be more accurate using smaller elements and
smaller time steps, but there is a practical limit of computer

Slze and computer time which limits the problem solution. Making
the size of the elements larger or the time steps smaller takes
more computer time. |In addition, there are other mathematical
considerations such as the way in which the model handles the
unfrozen water content, and the effects of the shape of the
elements. The parameters that have been found to be the most
significant to the calculations on road embankments in Alaska are
outlined be low.

3.3.1 Element Size

There is a loss in accuracy as the elements become larger in the
zones of most rapid temperature fluctuations. It appears that
elements should have a thickness of less than about one half of
the distance from the rapidly varying temperature to the closest
point on the element. That IS, an element that Is ten feet below
the ground surface should not be more than five feet thick.
There is a practical minimum thickness of about six inches.

3.3.2 Time Step Size

Ideally, the time step should be as small as possible. An
increase In time step size decreases accuracy and may increase
run time by increasing the number of iterations required to reach
stability. The time required for program operation isS somewhat
less than directly proportional to the time step size. There IS
not much sacrifice in accuracy, if the problem converges.
Therefore, fairly large time steps appear to work well. We have
found that time steps on the order of 10 days are reasonable for
most practical problems in road design. Time steps up to 30 days
have been used with sufficient accuracy under certain conditions.

3.3.3 Latent Heat Algorithm

Latent heat is gained or lost over a temperature range, The
temperature range is defined by two equations which are derived
to represent the unfrozen water content as a function of time,
Sands and gravels with freshwater in the pores should freeze
completely within a few hundredths of a degree, so it would seem
reasonable to consider all freezing to occur at 32 degrees F.
However, the algorithm for calculating the temperature as a
function of energy level may become unstable when freezing is
considered to take place over a small temperature range.




Our experience has shown that, if stability Is reached, the
accuracy is reasonable when freezing is considered to take place
over a small temperature range. However stability IS not always
reached. Even if stability i1s reached, it takes many iterations
and the run time becomes exceedingly large. For instance, one
problem took 15 seconds of CPU time with a freezing temperature
range of one degree F and 25 minutes when freezing took place
with a 0.01 degree temperature range. The answers were the same
for the first few time steps, but the run with the small
temperature range eventually became unstable,

Our experience has been that there is not a significant loss in
accuracy if freezing 1s considered to take place over at least a
one degree temperature range, as long as the temperatures on each
side of the freezing isotherm are several degrees above or below
the freezing temperature. There is some loss in accuracy when a
major portion of the problem i1s within a few degrees of freezing,
Our experience has been that freezing should be considered to
take place over at least 0.5 degree F in order to get a
reasonably accurate solution in a reasonable length of run time,

10




4. SURFACE ENERGY BALANCE

Tne~=- IS transferred t or fran the ground surface by several
me=chaniars: solar or short wave radiation, Qs.w. ; log wave or infrared
radiation, Q1 w convection, Qonv’ conduction in/out of the ground,
Qond’ and phase change, Q. The phase change term includes evaporation,
condensation and sublimation. In addition, energy is transferred by
rain, snow and snowmelt, Over the long term, the magnitude of energy
transfers by snow and rain are usually assured gl IN carparison 1O
the other terms, so the surface energy balance can be expressed as

quw; - Ql w., Qconv - QI = Qcond (1)

A schamtic OF the surface energy exchange is depicted in Figure 1. As
will be shown, most of the terms I the surface energy balance depend
upon surface terperaturs, The next sections of this report wall discuss
each of the tz2rrs I detail.

Solar Radiation

Solar radiation incident on a surface iIs the sun of direct (beam)
and diffuse (scattered direct radiation due to clouds and dust)
radiation. NOAA in 1978 rshabilitated historical solar radiation data
fran throughout the United States. Using a regression analysis and
historical weather data, Cinqusmani et al. (1973) calculated sckr
radiation data for 17 Alaskan locations. The solar and weather data are
available on camputer magnetic tapes. The result of this work zzs also
published by NA as SCLMET data. The Alaskan SOLMET data have been
included N Appendix ‘A of this report.

The solar radiation data presented are the .ronthly average daily
radiation (beam plus diffuse) incident on a horizontal surface.

However, many surfaces of engineering interest are tilted at an azimuth
angle. Therefore, amltipiying factor, R, needs 10 be 2pplizd to the
horizontal value in order to calcuiate the solar radiation incident on
the tilted surface at the specified azimuth angle. An algorithn
published by Klein and Thsilacker (1981) was used to calculate R for the
17 Alaskan SCIMET sites. Values of R are given in Appendix B. R is the
ratio of the

11
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daily total radiation on the tilted surface to daily total radiation on
the horizontal surface.

The calculation methodology for R splits the total radiation
Incident on a horizontal surface into the direct and diffuse camponents,
Then the direct radiation incident on the tilted surface is calculated
based on the gsaretric relationship between the sun and the surface.
The diffuse ¢aonant Incident on the tilted surface is based on the
view factor between the surface and the sky. Next the reflected
radiation fran the ground surface is calculated to arrive at the total
hourly radiation on the tilted surface. The resulting equations are
then integrated with respect to time in order to arrive at the total
radiation on the tilted surface.

TABLE 2. Sotlar albedo and long-wave absorptance of materials. (Kreith
and Kreider, 1978).

Surface s 2?:)250 Ea%rggt?mfe
Fresh snow .87 .82
Ice with sparse snow .69 .96
Snow, ice granules .67 .89
Rough concrete .40 .97
Concrate .40 .88
Grass, green .33 .98
Grass, dry .33 .9
Frozen soil -- .93
Ground, dry plowed ’ 23 .9
Pine forest 14

Dry sand .18

Asphalt pavement .07 --
Bare moist ground .10 .95
Wet sand .09 .95
Water .06 .95

13



Solar radiation absorbed on a surface of given tilt and aziouth
angle is equal t the solar radiation incident on a horizontal surface
maltiplied by the surface short-wave absorptivity (1/surface albedo) and
R or

QS.W. = aR%l (2)
Surface albedos are giwe,? in Table | for several types of surfaces.

Long-wave Radiation

Infrared or long-wave radiation exchange between the ground surface
and the sk is usually treated in an approximate manner due to the
difficulty in fidding reliable data on sky emissivity or sky
tegerature. This situation is further camlicated by the need for dew
point tegerature, cloud cover and cloud height or terrperature data
required to even use existing correlations.

M effective sky terrperature, T, iIs defined as being the
termperature of a black body emitting the same radiant flux, st)'? as the
sky or

(3)

where s 1Is the Stesfan-Boltzmann constant. The net radiation exchange
between the ground surface and sky can be written as

- 4 4
Ql.W. - Oss(Tsu_rf - Tsky) (4)

where € IS the long-wave surface emissivity, A total apparent sky
emissivity, ¢, which relates sky tegerature to air tarperature, IS
defined as

4
Ry Lsiy ()
e - =
o )
Clair air

14



or
T = elHT . (6)

Martin and Berdahl (1984) presented the following methedology

for calculating the apparent sky emissivity. The monthly average <lsar
Sky emissivity as a function of despoint tarperaturs (°C) js

T
T, 2 N

= 9o e}
eo Q7ll +0.56(100) +0.75(100)

This equation can be adjusted for elevation of the site by

seg =0.00012 (P-1000) (8)

where P is the local barometric pressure at the site mmillibars. A
diumal correction 1is also available for predicting hourly emissivities

as

ae,; =0.013cos (%’-4?) (9)

where t s the hour of the day measured fran solar noon.
The presence of clouds increases the anissivity and effective sky
terrperature. The emissivity of a sky with clouds can be e-Tressed by

the relationship

€ “eo + (l-eo) C (10)
where
C =ne_ 0
_ o
with
n = fraction of sky covered by clouds
E. © cloud emissivity
r = factor related to cloud base tamerature

15



The paraxeter, C, can be iInterpreted as the "infrared cloud amount."
The cloud factor, T, can either be estimated based on cloud base
tarperature as

T = exp (-éTC/ATo) (1)

or on cloud base height as

I = exp (-H/H)) (12)
where

AI'C - Tair ) Tcloud

A’I‘O = 46°C

H = cloud base height

Ho = 8.2 km

The cloud emissivity is also a function of cloud base height, or

Ec =0,15 H> 11l km
Ec =075 = ,056H 4 <H< 1l km

Idso and Jackson (1969) developed an alternative expression relating
sky emissivity to air tarperature. The reasoning behind their formulz
IS that sky radiation is mainly a function of hunidity ratio in the
lonver atmosphere. Because hunidity ratio can be correlated with air
tenperature, the following equation was generated

-32,,2

_ =4
e, =1 - 0.216 x exp[-7.77x10 x{5/9%(T_, )17

This function accounts for the freezing of water vapor in the air at
temperaturses below 32degrees F

The net long-wave radiation exchange between the ground surface
(horizontal grey surface) and the sky can be linearized. Defining

T =T, - Tsurf (13)

1A




and
AT =T ._-T (14)
and then substituting the above two expressions into Equation 4 yields

Q

= OES [(Tair-ATR)4 - (Tair-ATs)4] (15)

where

m
|

= ground surface emissivity

= Stefan-Boltzmnn constant (.1714x10"°

Q
|

Btu/hr-£t >R

If A’I’R and A’I’s are assumed small, theathe above equation, after expansion
and neglecting terms second order or above in A'IR and AT 9 becames

- 4c0¢ = -
Ql.w. ST3ir [4T - 4Tp] (16)

Substituting Equations 13, 24 and 6 into the above expression yields

4 1/4 - 3
Ql.w. = 4esc’JI‘air (1-c o+ 48sc’rra.ir (T

sur Tair) (17

The first term on the right side of equation (17) is proportional
to sky tegerature depression and can be treated as a negative solar
load, The second term is proportional to the radiative surface
depression and can be corbined with the convective heat transfer
camponent. The radiative heat transfere coefficient is defined

as 3
hr = 4es°Tair (18)

SO0 that equation 17 becomes

Q

4 1/4 .
W, = 4£sGTair (1-¢7" %) + hr (Tsur-Tair) (19)

Values for the ground surface emissivity and air texperature are needed

to calculate h . The sky tegerature depression term requires the same
input values as hr, plus cloud cover fraction, cloud cover base height

17



(ceiling) or temperature and dew point tarperature. These weather data
inputs are sametimes available on NOAA weather data records or data

tapes.

Convective Heat Transfer

The determination of the forced convective heat transfer coefficient
for a neutrally stable atmosphere is based on the Reynolds and Colburn
analogies. These relationships require the thermal properties of the
air, plus local wind speed and surface roughness. The Colburn analogy

states
- -2/3

hC = (Cf/Z)pcp (Pr) U (20)
where

Cf = local drag coefficient

p = air density which is calculated based on ambient air

tenperature and pressure (p = P/Krair)

¢, = specific heat of air @ 24 Btu/1b-F®)

Pr = Prandtl number of air @ 71)

U = wind speed

Schlichting (1960) published the results of a study by Paeschke
(1937) relating surface roughness to the drag coefficient as follows,

Cg/2 = (2.5 In (5.25/z) + 5172 (21)

This relationship assunes the wind speed is measured at a height of 5.25
feet. z is the physical height of vegetation or surface roughness in

feet.
For mo t h surfaces exposed to the outside winds, McAdams (1954)
presents a dimensional relationship for the convective heat transfer

coefficient as

he =1+ .3 (Btu/hr-£ t%-Fo] (22)

18



where U iswind speed inmiles per hour.
The heat transported by convection is governed by Neston's Law of
Cool Ing Or

Q :hc (T T

cony

sur Tair’ (23)
A portion of the radiative flux from the previous section can also be

included n this tsm as

Q= (hc+hr) (Tsu.r-Tair) (24)

The tern (i’b + hr) can be interpreted as the surface conductance h.
Latent Heat

Energy transfers can be significant by latent heat changes due to
evaporation, condensation and sublimation, However, calculations of
evaporation, condensation and sublimation rates are very difficult to
make. I[N c¢are cases it is possible to use the Reynolds analogy between
heat and ==ss transfer to predict a convective mass transfer coefficient,

h ,
m

2/3 (25)

hm = hclpclj_e
Where Le = a/D is the Lewis nurber and
density of air
specific heat of air
therma| diffusivity of air
mass diffusivity of water n air

0

G

a

D

11

For a water-air systam, the ratio a/D is equal to about .85 fram which
the value of the convective mass transfer coefficient can be easily
calculated.

The rate of heat transfer by evaporation or condensation is then
expressed as

19



‘Ql = hmphfg (wsur-wair) (26)

where
hfg = enthalpy of vaporization of water
W, = surface hunidity ratio -
Wair = ambient hunidity ratio

Practically speaking, it is very difficult to assess the surface hunidity
ratio. It sould require amoisturs balance at the surfacs, and the

avai lable mechanistic relationships are not vary accurate mn predicting
moisture moveament N the ground. Because of these difficulties, a tem
has been included In the energy balance that zust be ussr specified.
Evaporation rates of 25% to 50% of the precipitation have been specified
In past simlations (Miller, 1975).

Show Laver
The surface energy balance is significantly affected by the

presence of a snow cover. Snow provides an insulating blanket on the
ground surface. Its thermel resistance can be approximated as

jos ]
]
Ao

where
d = depth of snow
K = thermma! conductivity of snow
The thermal conductivity of snow can be approxirmted as

k =0.41 (5.G) [Btu/nr-{t-oF)

in which S.G. is specific gravity of the snow. The iInsulating effect of
the snow cover can be iIncluded In the surface conductance, h; i.=.,

20



The alternative to this approach is to extend the conduction zone to the
surface of the snow layer an camuts the surface energy balance based on
the snow surface conditions. This is easily done in finite zlam=nt or
finite difference sinulations by specifying the thermal conductivity of
the snow layer large and specific heat small during spring, sum=r and
fall when no snow is present. The result of doing this is "fooling® the
program that those elements have little thermal resistance and sl
heat capacity.

The radiative properties of snow affect the radiation tzrms., Snow
has a high albedo and a high emissivity. Therefore, it reflects quch of
the incaning solar as well as being a good emitter in the infrared
range. These characteristics can be easily accounted for mn the surface
energy balance radiation terms. See Table | for radiation properties of

SNOow.
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5. SUMMARY

The license to operate the computer program GEODYN and its
associated programs GEOGRD and GEOPLT was obtained from Resource
Management Associates, and installed on the University of Alaska-
Fairbanks VAX 11/730 computer for verification. The programs
form an extremely powerful tool for calculating the temperature
distribution within a soil mass as a function of time due to a
variety of boundary conditions. The programs are written in a
user-friendly manner. However, due to the versatility of the
capabilities of the programs, a significant effort is required to
use them. 1t might take a week or more to get meaningful results
the first time the program 1is used. It will probably take
several days to get meaningful results after the user becomes

familiar with the programs.

The programs are more powerful than most other programs that are
readily available. Some of the features are as follows:

1.Surface energy balance calculations across selected
boundaries.

Variable temperatures at selected nodes.

variable thermal fluxes across selected boundaries.

Heat transfer due to groundwater flow.

Freezing over a temperature range.

Restart capabilities so that parameters can be changed

during a run.

XL ENIRYN

The programs appear to be sufficienty accurate for engineering
purposes on problems associated with road construction in Alaska,
as long as the appropriate input parameters are used.

22



6. IMPLEMENTATION

The programs are ready to use at the present time. We suggest
that they be used carefully by users who have the time and
knowledge and patience to verify the results. They should not be
used casually or for answers that are needed in a hurry. The
programs should be used only in those situations that do not lend
themselves to simplified solutions. It would not be cost
effective to use the programs to calculate the depth of thaw in
an area with a uniform boundary and no unusual boundary
conditions. The modified Berqgren solution would probably be as
accurate and would certainly be less costly. Problems involving
complex geometry, complex material properties, or external
sources of heat such as thermal syphons do not lend themselves to
simplified solutions, and GEODYN would be an appropriate tool to

USE «
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APPENDIX A

Alaskan soMET Data for 17 Locations




ANCHORAGE ALASKA LATITUDE: 61.1

—— — ————— Y o T W W D WD D D — T — — — — - T — " . — T o —— — - ——— — —— — - —

HO HDD WIND CLOUD SNOW DENS DEW PT

TEMP, (DECG F) 8TU/ SPEED COVER DEPTH LB/ TEMP

AVE MN MAX PT 2 P-DAY HPH % IN. PT"3 08¢ F
JAN 13.0 6.0 20.0 N/A 1612 6.1 66.0 14.4 N/ A 9.1
FEB 17.9 10.3 25.5 N/A 1319 6.7 70.0 8.5 N/ A 9.9
MAR 23.7 15.7 31.7 N/A 1280 6.7 67.0 5.2 N/A- 11.1
APR 35.4 28.2 42.6 N/ A 888 7.2 71.0 N/ A N/A 25.0
HAY 46.3 38.3 54.2 N/ A 580 8.3 77.0 N/A N/A  32.0
JUN 54.4 47.0 61.8 N/A 318 8.2 80.0 N/A N/A  42.5
JUL 58.1 51.1 65.1 N/A 214 7.1 79.0 H/A N/A 48.0
AUG 56.2 49.2 63.2 N/A 273 6.6 79.0 N/A N/A  46.5
SEP 48.2 41.1 55.2 N/A 504 6.3 78.0 N/ A N/A  40.0
OCT 34.6 28.4 40.8 N/A 942 6.5 77.0 0.2 N/A  28.8
NOV 21.7 15.4 27.9 N/A 1299 6.1 74.0 2.1 N/A 15.5
DEC .13.8 7.1 20.4 N/A 1587 5.9 71.0 7.9 N/A 5.6




ANNETTE ALASKA LATITUDE: 55. 03

- —— - — . —— — - ———- - —— —

HO HDD WIND CLOUD SNOW DENS DEw PT
TEMP. (DEG ¥) BTU/ SPEED COVER DEPTH LB/ TEMP
AVE MIN MAX FT 2 F-DAY MPH % IN. PT"3 DEG F
JAN 33.5 29.0 38.0 178 976 12.1 79.0 N/ A N/ A 27. 4
FEB 36.7 31.8 41.5 374 792 12.2 81.0 N/A N/A 30. 8
MAR 38.3 32.8 43.7 716 828 11.0 79.0 N/A N/A 31. 5
APR 42.8 36.7 48.8 1148 666 11.3 79.0 N/ A N/A 35. 8
HAY 49. 4 42. 6 56.2 1471 484 9.4 77.0 N/A N/A 42. 2
JUN 54.6 48. 1 61.0 1464 319. 9.0 80.0 N/A N/A 47. 9
JUL 57.8 51.6 64.0 1437 230 8.1 78.0 N/A N/A 51.5
AUG 58.3 51.9 64.6 1161 211 8.3 77.0 N/A N/ A 52. 6
SEP 53.9 48. & 59.8 811 329 9.3 78.0 N/A N/A 48. 8
OCT 46.9 42.1 51.7 422 562 12.0 86.0 N/A N/A 42. 1
NOY 39.9 35.5 44.3 218 752 12.4 84.0 N/A N/A 34. 4
DEC 35.8 31.6 40.1 122 902 12.7 84.0 N/A N/ A 30. 5




BARROW ALASKA LATITUDE: 71.3

—— — e ———— — o —
R S S 0 R S ST e S S Y 2 it D e it v e . e e e e o P
T e s e e T . — - ——

TEVP - HO HDD WIND CLOUD SNOW DENS DEW PT
.(DEG BTU/ SPEED COVER DEPTH A
HPH IN. &513 EE%PF

AVE MIN MAX PT" 2 F-DAY % E
JAN -14.7 -21.3 -8.0 0 2471 11.3 0.0 9.6 N/A -21.2
PEB -18.6 -24.6 -12.6 74 2381 11.0 52.0 14.8 N/A -25.8
MAR -15.2 -21.8 -8.6 490 2485 11.1 47.0 14.2 N/A -22.0
APR -0.8 -8.2 6.5 1050 1976 11.4 56.0 17.0 N/A  -6.2
MAY 19.1 14.0 24.2 1138 1423 11.6 83.0 14.7 N/A 16.0
JUN 33.0 28.9 37.1 1526 960 11.4 80.0 N/A N/A  30.8
JuL 38.7 33.0 44.3 1457 815 11.6 78.0 N/A N/A  36.2
AUG 37.6 33.1 42.0 855 850 12.3 89.0 N/A N/A  35.7
SEP 30.3 27.2 33.4 414 1040 13.0 92.0 N/A N/A  28.2
OCT 15.3 10.4 20.2 126 1540 13.2 86.0 0.8 N/A  11. 8
NOV -0.5 -6.4 5.4 4 1965 12.4 0.0 5.6 N/A -5.3
DEC -12.3 -18.1 -6.4 0O 2395 11.2 0.0 9.1 N/A -18.5




BETHEL ALASKA LATITUDE: 60. 78

- — s — —— —— T — D W WP VDA D W D M e D T D D e i S e s s S it e, i S D T D D D S D o R S O D VD Sl S O T S o . i i s

HO HDD WIND CLOUD SNOW DENS DEW PT

TEMP. (DEG F) BTU/ SPEED COVER DEPTH LB/ TEMP

AVE HIN MAX FT'2 P-DAY HPH % IN. FT 3 DEG P
JAN 5.1 -2.2 12.3 97 1857 14.3 65.0 14.2 N/A -0. 6
FEB 8. 1 0.5 15.8 316 1590 15.1 60.0 14.8 NJ/A 2.0
MAR 11.4 2.5 20.3 738 1661 14.0 61.0 17.0 NI/A 6. 1
APR 24.5 16.3 32.7 1200 1215 13.4 69.0 14,7 NJ/A 19. 8
MAY 40. ®@ 31.7 40.5 1451 772 11.7 76.0 N/A  N/A 33.7
JUN 51.6 43.0 60.2 1516 401 11.6 81.0 N/A  N/A 44.5
JUL 54.7 47.4 61.9 1288 319 11.3 85.0 N/A  N/A 49. 0
AUG 52.3 46.0 58.5 920 394 11.0 86.0 N/A  N/A 48. 1
SEP 45.0 38.2 51.8 700 600 11.6 82.0 H/A  N/A 40. 8
OCT 30.2 24.3 36. 1 370 1078 12.5 79.0 0.3 NJ/A 26. 2
NOV 17.2 10.8 23.6 13% 1434 13.4 74.0 2.0 NJ/A 12. 8
DEC 4.4 -25 11.3 49 1880 14.2 65.0 8.7 N/A -1.4



BETTELS ALASKA LATITUDE: 66. 91

HO HDD HIND CLOUD SNOW DENS DEW PT

TEMP. ( DEG F) BTU/ SPEED COVER DEPTH LB/ TEMP

AVE MIN MAX FT 2 P-DAY MPH % IN. £T°3 DEG F
JAN -13.2 -21.1 -5.3 10 2424 5.9 47.0 N/A N/A -19.4
PEB -7.8 -16.5 1.0 172 2037 7.1 58.0 N/A NIA -14.7
MAR 1.4 -10.0 12.9 615 1970 7.3 61.0 31.0 12.1 -6.3
APR 20.5 9.2 31.7 1227 1335 7.6 60.0 32.0 13.3 12.0
MAY 41.7 31.7 51.6 1697 722 7.6 62.0 N/A  N/A 28.3
JUN 56.2 45.1 67.2 1855 270 6.9 66.0 N/A  N/A 43.2
JuL 57.9 47.5 68.2 1561 230 6.6 76.0 N/A NIA 47.0
AUG 51.9 42.9 60.9 1074 407 6.2 80.0 N/A N/A 44. 4
SEP 40.0 31.7 48.2 672 750 6.6 67.0 N/A N/A 33.2
OCT 20.0 13.3 26.6 252 1395 6.5 76.0 N/A  NIA 14.3
NOV -1.4 -8.6 5.8 40 1992 6.0 60.0 N/A  N/A -6.7
DEC -12.2 -20.0 -4.3 0 2392 6.0 64.0 N/A N/A -18.0




BIG DELTA ALASKA LATITUDE: 64. 82

T — iy . S S - W W T S S T YD A S et i D — - . e e e S oS AP i ey P S ——— v —t s ————— —— a— —— o ——
—— -~ ——

HO HDD WIND CLOUD SNOW DENS DEW PT

TEMP. ( DEG PI BTU/ SPEED COVER DEPTH LB/ TEMP

AVE MIN MAX FT 2 P-DAY HPH % I N. FT 3 DEG F
JAN -4.9 -12.3 2.5 46 2167 10.8 44.0 N/A N/A -11.6
FEB 3.4 -5.6 12.4 247 1724 9.9 70.0 14.0 9.8 -3.1
MAR 12.3 1.1 23.4 711 1634 8.2 61.0 16.0 10.5 4.1
APR 29.3 19.4 39.3 1243 1067 7.6 79.0 14.0 12.0 17.6
HAY 46.3 36.3 56.2 1668 580 7.9 74.0 2.0 12.5 30.7
JUN 57. B 47.1 67.1 1780 257 6.5 72.0 N/A N/A  42. 0
JUL 59.4 50.0 68.8 1612 182 6.0 81.0 N/A N/A 49, 2
AUG 54.8 45.4 64.1 1227 322 6.6 78.0 N/A N/A 45, 1
SEP 43.6 35.2 51.9 766 643 7.3 72.0 N/A N/A 35.3
OCT 25.2 18.2 32.1 326 1234 8.5 79.0 N/A N/A  18.8
NOV 6.9 -0.3 14.1 93 1742 9.5 68.0 N/A N/A 1.6
DEC -4.2 -11.5 3.2 9 2145 9.5 66.0 N/A N/A -9.9




FAIRBANKS ALASKA LATITUDE: b64. 82

—————— A . o — — S i — S D Gt G TE S . T A = SwS S B —— - — — — - i —— . — — T — T ——— — T —— — — > — " ——— —— " —

HO HDD WIND CLOUD SNOW DENS DEW PT

TEMP. ¢ DEG PI BTU/ SPEED COVER DEPTH LBs TEMP

AVE MIN MAX PT"2 F-DAY MPH % IN. FT 3 DEG F
JAN -11.9 -21.6 -2.2 30 2383 3.0 60.0 14.3 N/A -19.1
PEB -2.5 -14.3 9.3 221 1890 4.1 62.0 21.5 N/A -11.0
UAR 9.5 -4.3 23.3 674 1720 5.2 60.0 20.5 N/A  -0.9
APR 28.9 1.7.3 40.4 1192 1483 6.6 67.0 15.8 N/A 15.7
MAY 47.3 35.7 58.8 1602 549 7.8 69.0 2.0 N/A 29.6
JUN 58.9 47.2 70.7 1750 210 7.1 74.0 N/A N/A 43,1
JUL 60.7 49.6 71.8 1541 148 6.6 75.0 N/A N/A 48.7
AUG 55.4 44.9 65.8 1116 304 6.1 78.0 N/A N/A  46.0
SEP 44.4 34.4 54.4 709 617 6.2 75.0 0.2 N/A  35.0
OCT 25.2 16.9 33.5 292 1234 5.5 81.0 0.2 N/A  18.0
NOV 2.8 -6.2 11.7 74 1866 3.9 70.0 3.5 N/A -3.9
DEC -10.4 -19.3 -1.5 3 2336 3.1 68.0 9.1 N/A -17,4




GULKANA ALASKA LATITUDE: 62. 15

- ————— —— T ——— - —— —— ———— — — . i — — . . B —— —— = ——— Y —— — — T i — —— —— ——— A — ——_- . - —— —— — e —

HO HDD WIND CLOUD SN\NOW DENS DEW PT

TEMP. ¢ DEG F) BTU/ SPEED COVER DEPTH LBs TEMP

AVE MIN YAX FT 2 F-DAY MPH 3 IN. FT 3 DEG F
JAN -7.3 -16.4 1.9 73 2241 5.1 47.0 N/ A N/A -14.1
FEB 3.9 -6.9 14.7 286 1711 5.6 70.0 N/ A N/A -2.6
MAR 14.5 0.8 28.1 757 1564 6.5 60.0 N/A N/ A 6.1
APR 30.2 18.5 41.8 1303 1044 8.6 68.0 N/A N/A 18.9
MAY 43.8 32.5 55.1 1612 657 8.8 72.0 N/A N/A 29.7
JUN 54.2 42.4 66.0 1756 333 8.8 74.0 N/A N/A  39.4
JUL 56.9 45.6 68.1 1610 254 8.2 72.0 N/ A N/A 45.6
AUG 53.2 42.1 64.3 1250 365 8.0 74.0 N/A N/A 42,9
SEP 43.6 33.5 53.7 795 643 7.6 68.0 N/A N/A 34.8
OCT 26.8 17.8 35.7 390 1184 6.3 78.0 N/A N/A  20.9
NOV 6.1 =-1.6 13.8 116 1767 4.8 75.0 N/A N/A 1.6
DEC -5.1 -13.1 3.0 28 2172 3.6 67.0 N/A N/A -11.3



HOHER ALASKA LATITUDE: 59.63

——— ————— — = Y T T S ——— D i —— T — . . - — . S Sl W D T . i GO i - " — T — - — A . - —— S A = A — — M W w— o -

HO HDD WIND CLOUD SNOW DENS DEW PT

TEHP. ( DEG F) BTU/ SPEED COVER DEPTH LB/ TEMP

AVE MIN MAX PT 2 F-DAY MPH % IN. FT"3 DEG F
JAN 21.4 14.7 28.0 122 1351 7.8 67.0 N/A N/A 15.8
FEB 24.8 17.9 31.8 334 1123 7.7 68.0 N/A N/A 19.2
MAR 27.6 20.2 35.0 759 1159 7.4 69.0 N/A N/A 21.6
APR 35.0 27.7 42.3 1247 900 7.3 71.0 N/A N/A 28.5
MAY 42.3 34.2 50.3 1581 704 7.7 78.0 N/A N/A 35.7
JUN 48.7 40.7 56.7 748 490 7.0 73.0 N/A N/A 42.1
JUL 52.3 44.5 60.1 1596 394 6.8 75.0 N/A N/A 46.6
AUG 52.4 44.6 60.1 1187 391 5.7 72.0 N/A N/A 47.4
SEP 47.0 39.2 54.8 791 540 6.2 73.0 N/A N/A 42.1
OCT 37.3 30.3 44.4 437 857 6.8 75.0 N/A N/A  32.1
NOV 28.2 21.8 34.5 175 1103 7.5 72.0 N/A N/A 23.2
DEC 21.4 15.2 27.6 64 1351 7.1 67.0 N/A N/A 16.4
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JAN
FBB
MAR
APR
HAY
JUN
JUL
AUG
SEP
OoCT
NOV
DEC

ALASKA

TEMP. (DEG PF)

AVE

23.5
28.
31.
38.
46.
53.
55.
54.
49.
41.8
32.5
27.3

HIN
17.
22.
25.
31.

38.
44,
47.
46.
42.

36.
27.
22.

m@bwl\)\lhl\)wmldm

MAX

29.1
33.9
38.2
46.5
55. 4
62.0
63.6
62.3
56. 1
47.2
37.3
32.0

LATITUDE: 58. 37
HO HDD HIND
BTU/ SPEED
FT 2 F-DAY MPH

116 1287 8.3
282 1036 8.6
609 1026 8.6
1044 783 8.8
1290 563 8.4
1413 355 7.7
1277 288 7.5
983 331 7.4
638 473 8.0
320 718 9.6
149 976 8.5

62 1168 9.0

CLOUD SNOW
COVER DEPTH
3 IN.
76.0 5.0
81.0 3.8
82.0 3.7
82.0 0.8
80.0 N/A
81.0 N/A
83.0 N/A
80.0 N/A
85.0 N/A
89.0 N/A
84.0 0.1
85.0 1.6

DENS DEW
LB/ TEMP
FT 3 DEG
N/A  18.
N/A 22,
N/A 26,
N/A 32,
N/A  4o0.
N/A  46.
N/A  49.
N/A  49.
N/A 45,
N/A  38.
N/A  28.
N/A  22.

PT
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KING SALMON ALASKA LATITUDE: 58. 68

HO HDD WIND CLOUD SNOW DENS DEW PT

TEMP. ( DEG F) BTU/ SPEED COVER DEPTH LB/ TEMP

AVE MIN MAX PT 2 P-DAY WPH 3 IN. FT 3 DEG F
JAN 13.4 5.7 21.0 146 1600 10.6 66.0 N/A N/A 6. 7
FEB 16.6 8.6 24.6 377 1355 11.1 66.0 N/A N/A 9 3
MAR 20.4 12.1 28.6 798 1382 11.4 67.0 N/ A N/A  13.2
APR 31.5 23.8 39. m_ 1204 1004 11.1 77.0 N/A N/A 23.9
HAY 42.6 33.8 51.3 1480 695 11.3 81.0 N/A N/A 33. 4
JUN 50.7 41.7 59.7 1539 428 10.8 85.0 N/ A N/A  42.6
JUL 54.5 46.4 62.5 1382 326 10. 0 86.0 N/A N/A  47.3
AUG 53.8 46.7 60.9 1044 347 10. 01 86.0 N/A N/A 47. 7
SEP 47.3 39.7 54.8 777 531 10.5 83.0 N/A N/A 41. 3
OCT 33.6 26.3 40.8 473 974 10.5 76.0 N/A N/A 27.7
NOV 22. ® 15.1 29.0 204 1287 10.8 72.0 N/A N/A 16.8
DEC 11.7 3.8 19.6 91 1652 10.3 68.0 N/ A N/ A 5.5




RODIAK ALASKA LATITUDE: 57.75
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HO HDD WIND CLOUD SNOW DENS DEW PT

TEMP. ( DEG F) BTU/ SPEED COVER DEPTH LB/ TEMP

AVE MIN MAX FT 2 F-DAY WPH % IN. FT 3 DEG F
JAN 30.4 26.3 34.5 149 1072 12.6 71.0 2.0 N/A 25.0
FEB 31.4 27.0 35.7 355 941 12.1 72.0 B1 N/A 25 b
MAR 32. B 27.2 36.9 781 1020 11.9 73.0 1.4 N/A 25.7
APR 36.9 32.2 41.6 1206 842 11.0 74.0 0.2 N/A  30.2
HAY 43.2 385 47.9 1374 677 10.3 83.0 N/ A N/A 37.2
JUN 49.7 44.7 54.6 1528 459 8.6 77.0 N/ A N/A 43.9
JUL 54.1 49. B 59.1 1406 338 7.2 80.0 N/A N/A 49. 2
AUG 54.9 49.7 60. 1 1163 313 7.6 75.0 N/ A N/A  49. 9
SEP 50.0 45.0 54.9 793 450 9.2 75.0 N/A N/A 44,7
OCT 40.7 35.8 45.6 489 752 16.9 71.0 N/A N/A  34.3
NOV 34.8 30.5 39.0 206 905 12.2 70.0 0.1 N/A 29.0
DEC 29.9 25.5 34.3 97 1087 10.5 70.0 0.4 N/A 23.0




KOTZEBUE ALASEKA LATITUDE: 66.86

HO HDD WIND CLOUD SNOW DENS DEW PT

TEMP. ¢ DEG PB) BTU/ SPEED COVER DEPTH LB/ TEMP

AVE MIN MAX FT 2 F-DAY MPH % IN. FT 3 DEG ¢
JAN -3.7 -10.6 3.2 8.5 2129 14.7 59.0 N/A N/A -10.0
FEB -4.3 -11.8 3.3 164 1940 12.7 53.0 N/A N/A -10.5
MAR -0.5 -9.1 8. 1 594 2030 12.4 56.0 N/A N/A -6.6
APR 13.0 3.7 22.3 1180 1560 12.6 59.0 N/A N/ A 7.7
MAY 30.8 23.7 37.8 1641 1060 10.9 62.0 N/A N/A 26.2
JUN 43.4 37.3 49.6 1834 644 12.4 68.0 N/ A N/A 39.0
JUL 52.9 47.1 58.7 1526 374 12.9 75.0 N/A N/A 47.8
AUG 50.7 45.4 55.9 1043 443 13.2 79.0 N/ A N/A  46. 0
SEP 41.1 35.7 46.5 648 716 13.2 73.0 N/A N/A 36.2
OCT 23.6 18.5 28.7 256 1283 13.6 69.0 N/A N/A  18.8
NOV 7.7 2.0 13.4 33 1719 14.6 67.0 N/A N/A 2.4
DEC -3.9 -10.3 2.6 0 2136 12.8 58.0 N/A N/A -9.8




MATANUSKA ALASKA LATITUDE: 61.57
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HO HDD WIND CLOUD SNOW DENS DEW PT

TEMP, ( DEG F) 8TU/ SPEED COVER DEPTH L3/ TEMP

AVE MIN MAX FT'2 F-DAY MPH % IN. FT 3 DEG F
JAN -8.9 -18.2 0.5 118 1645 9.2 75.0 N/A N/A -15.0
FEB -0.2 -11.2 10.9 339 1285 10.9 71.0 N/ A N/A  -8.0
MAR 8.9 -4.3 22.0 892 1240 12.2 70.0 N/A N/A -0.5
APR 26.5 15.3 37.7 1312 858 12.3 70.0 N/A N/A 17.0
MAY 44.1 33.6 54.5 1606 558 14.7 59.0 N/A N/A 29.5
JUN 55.7 45.2 66.1 1702 303 12.7 53.0 N/A N/A 41.5
JUL 58.2 48.7 67.7 1507 232 12.4 56.0 N/A N/A 46.0
AUG 53.5 44.9 62.1 1157 304 12.6 59.0 N/ A N/A  45.0
SEP 43.8 35.2 52.3 730 518 10.9 62.0 N/A N/A 35.5
OCT 25.3 18.2 32.4 369 947 12.4 68.0 N/ A N/A 20.2
NOV 5.0 -2.9 12.9 140 1328 12.9 75.0 N/A N/A 1.0
DEC -9.2 -17.6 -0.8 55 1627 13.2 79.0 N/A N/A -14.0




MCGRATH ALASKA LATITUDE: 62. 97
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HO HDD WIND CLOUD SNOW DENS DEwW PT

TEMP. ( DEG F) BTU/ SPEED COVER DEPTH LB/ Tzwp

AVE MIN MAX FT 2 P-DAY MPH % IN. FT"3 DEG P
JAN -10.2 -19.4 -1.1 58 2291 2.9 62.0 N/A N/A -22.0
FEB -2.5 -14.0 9. 1 258 1825 4.2 61.0 N/A N/A  -6.0
MAR 8.2 -5.2 21.5 692 1738 5.1 62.0 N/A N/A -2.0
APR 26.7 15.9 37.5 1186 1155 6.4 66.0 N/A N/A 15.2
MAY 44.6 34.3 54.9 1486 648 6.5 73.0 N/A N/A 30.5
JUN 55.2 45.0 65.5 1585 284 6.2 79.0 N/A N/A 42,3
JUL 58.2 48.4 68.0 1378 219 6.0 80.0 N/A N/A 48.0
AUG 54.4 45. 1 52.7 1018 356 5.6 82.0 N/A N/A 46. 5
SEP 44.0 35.2 63.8 695 635 5.7 79.0 N/A N/A 35.8
OCT 25.0 18.0 31.8 316 1231 5.2 82.0 N/A N/A 18. 8
NOV 565 -2.5 13.4 100 1800 3.6 73.0 N/A N/A -2.0
DEC -9.4 -17.8 -0.8 20 2300 3.0 66.0 N/A N/A -13.0




NOME ALASKA LATITUDE: 64.5

HO HDD WIND CLOUD SNOW DENS DEW PT

TEMP. ( DEG F) BTU/ SPEED COVER DEPTH LB/ TEMP

AVE MIN MAX FT 2 P-DAY M*PH 3 IN. FT 3 DEG F
JAN 6.0 -1.6 13.5 30 1828 11.7 63.0 14.7 N/A  -0.7
FEB 5.2 -3.3 13.7 224 1674 11.0 54.0 22.9 N/A  -2.4
MAR 7.4 -1.9 16.6 630 1785 10.4 58.0 26.0 N/A 0.2
APR 18.9 10.8 27.0 1184 1382 10.6 62.0 34.5 N/A 12.0
MAY 34.8 28.1 41.4 1571 936 10.2 66.0 17.4 N/A 26.5
JUN 45.5 38.8 52.2 1751 585 10.0 69.0 N/A N/A 37.2
JUL 50.1 44.4 55.8 1412 463 10.0 77.0 N/ A N/A 42. 6
AUG 49.2 43.7 54.6 992 490 10.5 81.0 N/A N/A 42,4
SEP 42.1 35.9 48.2 673 688 11.1 75.0 N/A N/A  34.3
OCT 28.5 22.6 34.4 306 1132 11.0 69.0 N/A N/A 21.4
NOV 15.6 9.1 22.1 65 1481 12.0 71.0 1.7 N/A 8.9
DEC 4.4 -3.0 11.7 3 1880 10.3 60.0 8. B N/A -2.8




SUMMIT
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JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
0CT
NOV
DEC

ALASKA

TEMP, ( DEG W)

AVE
156
6. 6

11.2

23.5

37. 4

49. 0

52. 0

48. 7

39.8

24. 0
9.7
2.9

MIN
-4. 8
-0. 4
3.0
14. 1
29. 1
39.9
43. 8
41. 4
32. 6
17,5
3.7
-3.4

MAX
7.
13.
19.
32.
45.
58.
60.
56.
47. 1
30. 4
15. 7
9.2

ONONOB~UTMO

* DATA TAKEN FROM PAXON STATION

LATITUDE: 63. 33
HO HDD HIND
BTU/

FT 2 F- DAY MPH
56 1965 15. 1
251 1634 11.9
697 1668 11.1
1238 1245 7.6
1631 857 7.7
1637 481 8.3
1409 403 7.8
1042 508 7.4
703 752 7.5
344 1270 8.0
107 1659 11.3
17 1924 12.7

CLOUD *SNOW
SPEED COVER DEPTH

£
52. 0
70. 0
62, 0
72,0
75.
82.
82.
83.
74.
76.
71.
65.

00090 o©O

IN
N/A
28. 0
32. 0
32.5
32. 0
N/A
N/A
N/ A
N/A
N/A
N/ A
N/A

*DENS
LB/
FT" 3

N/ A
13. 2
13. 1
14. 8
17. 2

N/A

N/ A

N/A

N/ A

N/A

N/A

N/A

DEW PT
TEMP
DEG
-5.
1.
5.
16.
28.
40.
44.
42.
33.1
19. 4
4. 9
-2.2

-®O©0w©wo oo




YUKATAT ALASKA LATITUDE: 59.52
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HO HDD WIND CLOUD SNOW DENS DEW PpT

TEMP. (¢ DEG ®) BTU/ SPEED COVER DEPTH LB/ TEMP

AVE MIN MAX FT 2 P-DAY MPH ] IN. FT 3 DEG F

JAN 24.2 17.1 31.2 100 1265 7.6 76.0 N/A N/A  19.1
FEB 28. 0 20.9 35.0 265 1036 7.8 79.0 N/ A N/A 23.5
MAR 30.3 22.6 37.9 623 1076 7.3 79.0 N/A N/A 25.8
APR 30.3 22.6 37.9 1049 868 7.3 79.0 N/ A N/A 25.7
HAY 36. B 28.5 43.6 1266 673 7.8 04.0 N/A N/A 31.7
JUN 43.3 35.7 50.8 1343 459 7.3 86.0 N/A N/A 39.3
JUL 49.7 43.0 56.4 1206 360 6.8 86.0 N/A N/A 46.5
AUG 53.4 47 .4 59.3 941 375 6.5 83.0 N/ A N/A 50.5
SEP 48.4 41.4 55.4 634 499 7.1 85.0 N/A N/A 45.8
OCT 40.7 34. 0 47.3 344 752 8.3 86.0 N/A N/A 37.6
NOV 32.2 26.2 38.2 135 985 7.8 82.0 N/A N/A 28.6
DEC 26.7 20.7 32.7 51 1186 8.1 81.0 N/A N/A 22.4




APPENDIX B

Calculated "rR" Values

for
the 17 Alaskan SOMET Sites




ANNETTE
VALUBS FOR R (R=INCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE=0 AZIMUTH ANGLE=45
TILT ANGLE TILT ANGLE
5§ 10 15 20 30 45 5 10 15 20 30 45
JAN 1.20 1.39 1.57 1.75 2.06 2.43 1.14 1.27 1.40 1.52 1.73 1.96
FEB 1.12 1.23 1.34 1.44 1.62 1.81 1.08 1.16 1.24 1.30 1.42 153
MAR 1.07 1.13 1.20 1.25 1.34 1.42 104 1.09 B33 1,17 1.23 1.27
APR 1.04 1.07 1.10 1.13 1.15 7.15 1.03 1.05 1.07 1.09 1.10 109
HAY 1.03 ®04 1.05 1.05 1.05 1.00 1.02 1.03 1.04 1.04 1.03 0.99
JUN 1.02 1.03 1.03 1.03 1.01 0.94 B02 1.02 1,02 1.02 1.00 0.94
JUL 1.02 1.03 1.04 1.04 1.02 0.97 1,02 1.02 1.03 1.03 m01 0.96
AUG 1.03 1.05 1.07 1.09 1.10 1.07 1.02 1.04 1.05 1.06 1.06 1.03
SEP 1.05 1.10 1.14 1.18 1.24 1.28 1.03 B07 1.10 1.12 mn16 1.17
OCT 1.09 1.17 1.25 ®B33 1.46 1.58 1,06 0B322 1.17 m22 130 137
NOV 1.17 1.33 1.49 1.64 1.90 2.21 1.12 1.23 1.34 1.44 1.62 1.81
DEC 1.21 1.41 1.61 1.79 2.12 2.52 1.1% 029 1.43 1.55 1.77 2.03
AZIMUTH ANGLE=90 AZIMUTH ANGLE=135
TILT ANGLE TILT ANGLE
5 10 15 20 30 45 5 10 15 20 30 45
JAN 1.01 1.01 1.02 1.02 1.04 1.04 0.87 0.75 0.66 0.59 0.52 0.50
FEB 0.99 0.99 0.99 0.99 0.99 0.97 6.91 0.82 0.74 0.68 0.59 0.52
MAR 0.99 0.99 0.98 0.98 0.96 O0.93 0.94 0.88 0.82 0.76 0.67 0.57
APR 1.00 0.99 0.99 0.98 0.96 0.91 0.96 0.93 0.89 0.84 0.76 0.65
MAY 1.00 1.00 0.99 0.98 0.96 0.90 0.99 0.97 0.94 0.91 0.84 0.73
JUN 1.01 1.00 1.00 0.98 0.96 0.90 1.00 0. 99 0.96 0.94 0.88 0.77
JUL 1.01 ®E 00 0.99 0.98 0.96 0.90 1,00 0.98 0.95 0.93 0.86 0.75
AUG 1.00 0.99 0.99 0.98 0.95 0.90 0.98 0.95 0.91 0.88 0.80 0.70
SEP 0.99 0.99 0.98 0.97 0.96 0.92 0.95 0.90 0.85 0.80 0.72 0.62
OCT 0.99 0.99 0.99 0.98 0.97 0.94 0.92 0.86 0.79 0.73 0. 64 0.56
NOV 1.00 1.00 1.01 1.01 1.02 1.02 0.88 0. 77 0.69 0.62 0.51 0.51
DEC 1.01 1.01 1.02 1.03 1.04 1.04 0.87 0.75 0.66 0.60 0.58 0.55
AZIMUTH ANGLE=180
TILT ANGLE
5 10 15 20 30 45
JAN 0.81 0.63 0.54 0.54 0.52 0.50
FEB 0.87 0.74 0.62 0.51 0.48 0.45
MAR 0.91 0.83 0.74 0.65 0.46 0.41
APR 0.95 0.90 0.85 0.79 0.66 0.45
MAY 0.98 0.95 0.92 0.88 0.79 0.63
JUN 1.00 0.98 0.95 0.93 0.86 0.72
JUL 0.99 0.97 0.94 0.91 0.83 0.68
AUG 0.97 0.93 0.89 0.84 0.73 0.55
SEP 0.93 0.87 0.80 0.72 0.57 0.43
OCT 0.89 0.79 0.69 0.59 0.50 0.48
NOV 0.83 0.67 0.54 0.53 0.51 0.49
DEC 0.81 0.64 0.60 0.60 0.58 Q.55




BARROW
VALUES FOR R (R=INCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE=0 AZIMUTH ANGLE=45
TILT ANGLE TILT ANGLE
) 10 15 20 30 45 5 10 15 20 30 45
JAN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FEB 1,64 2.25 2.85 3.42 4.51 5.88 1.45 1.88 2.30 2.71 3. 46 4.40
MAR 1.20 1.40 1.60 1.78 2.12 2.51 Bl14 1.29 1.43 1.57 1.81 2.09
APR 1.08 1.16 1.23 1.29 1.39 1.48 1.06 1.12 1.17 1.23 1.31 1.39
MAY 1.00 1.02 1.04 1.05 1.07 1.06 6.99 1.00 1.02 1.03 1.04 1.02
JUN ©0.99 1.02 1.03 1.05 1.07 1.06 0.99 1.00 1.01 1.02 1.04 1.02
JUL 1.00 1.02 1.04 1.06 1.08 1.07 0.99 1.00 1.02 1.03 1.04 1.03
AUG 1.05 1.09 1.13 1.16 1.20 1.22 1.04 4.07 1.10 1. 12 1.16 1.77
SEP 1.09 1.18 1.26 1.34 1.47 1.61 1.06 1.13 1.19 1.24 1.34 1.43
OCT 1.3% 1.62 1.91 2.19 2.71 3.35 1.22 1.43 1.64 1.84 2.20 2.63
NOVv 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
DEC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AZIMUTH ANGLE=90 AZIMUTH ANGLE=135
TILT ANGLE TILT ANGLE
5 10 15 20 30 45 5 10 15 20 30 45
JAN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PEB 1.04 1.10 1.17 1.25 1.42 1.62 0.64 0.46 0.45 0.45 0.44 0.42
MAR 1.00 1.01 1.04 1.08 1.15 1.24 0.84 0.72 0.62 0.56 0.52 0.50
APR 1.01 1.01 1.02 1.03 1.06 1.08 0.95 0.89 0.83 0.77 0.71 0.68
MAY 0.97 0.97 0.96 0.95 0.94 0.91 0.96 0.93 0.91 0.88 0.81 0.76
JUN 0.97 0.97 0.96 0.96 0.95 0.93 0.96 0.94 0.92 0.89 0.82 0.78
JUL 0.97 0.97 0.96 0.96 0.95 0.93 0.96 0,94 0.31 0.89 0.82 0.77
AUG 1.01 1.01 1.01 1.01 1.021.01 0.98 0.95 0.91 0.86 0.80 0.76
SEP 0.99 1.00 1.00 1.01 1.02 1.03 0.92 0.85 0.79 0.74 0.69 0.65
OCT 1.01 1.03 1.07 1.11 1.19 1.28 0.80 0.65 0.56 0.51 0.54 0.51
NOv 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
DEC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AZIMUTH ANGLE=180
TILT ANGLE
5 10 15 20 30 45
JAN 0.00 0.00 0.00 0.00 0.00 0.00
FEB 0.49 0.46 0.45 0.45 0.44 0.42
MAR 0.78 0.56 0.35 0.31 0.31 0.30
APR 0.93 0.84 0.75 0.66 0.48 0.43
MAY 0.95 0.92 0.89 0.85 0.77 0.67
JUN 0.95 0.93 0.90 0.87 0.79 0.69
JUL 0.95 0.93 0.90 0.87 0.79 0.68
AUG 0.97 0.92 0.87 0.82 0.69 0.61
SEP 0.89 0.79 0.68 0.57 0.52 0.50
OCT 0.70 0.52 0.52 0.51 0.50 0.48
NOvV 0.00 0.00 0.00 0.00 0.00 0.00
DEC 0.00 0.00 0.00 0.00 0.00 ¢. 00




JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

JAN
FEB
MAR
APR
XAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

JAN
FEB

APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV

COO0CORrR,FrROOO0O0OO

RPRRPRRPRRPE R
1 [ ] ' ' '

PROORRPRRPRORR
1 " 1 ]

.65

. 87
-94
-98
. 00
.00
.97
.92
.84
.71

VALUES FOR R

SRRPRRPRRRPRRRERRRER

PRPRORRPR2>RPORER
[ [ [ ' M ' [

.OOOOOIOOOOOO

AZIMUTH ANGLE=0

TILT ANGLE
10 15 20 30
.80 2.18 2.55 3.23
.40 1.59 1.77 2.10
.21 1.31 1.40 1.55
.10 17.14 1.18 1.23
.05 1.07 1.08 1.08
.03 1.04 1.04 1.03
.04 1.05 1.05 1.04
.06 1.08 1.10 1.11
.13 1.18 1.24 1.32
.28 1.42 1.54 1.76
.63 1.93 2.21 2.73
.88 2.30 2.70 3.45

AZIMUTH ANGLE=90
TILT ANGLE
10 15 20 30

.04 1.07 7.11 1.18
.01 1.02 1.03 1.06
99 1.00 1.00 1.01
00 0.99 0.99 0.98
01 1.00 0.99 0.97
.01 1.00 0.99 0.97
01 1.00 0.99 0.97
00 0.99 0.98 0.96
99 0.99 0.98 0.97
00 1.00 1.01 1.02
.03 1.05 1.08 1.13
.05 1.08 1.12 1.19

AZIMUTH ANGLE=180
TILT ANGLE
10 15 20 30

50 0.50 0.49 0.48
59 0.43 0.41 0.40
75 0.63 0.50 0.35
88 0.81 0.74 0.58
95 0.92 0.87 0.78
98 0.96 0.93 0.85
.97 0.94 0.91 0.83
93 0.89 0.84 0.73
.84 0.76 0.67 0.49
.69 0.55 0.45 0.44
49 0.49 0.48 0.47

45

4.07
2.48
1. 71
1. 26
1.05
0.98
1.00
1. 10
1.39
2.01
3.38
4.39

45

1. 26
1.10
1.00
0.95
0.93
0.92
0.92
0.92
0.95
1.03
1. 19
1.26

45

0.46
0.38
Q. 33
0.40
0.61
0.72
0.69
0.56
0.43
0.42
0.45

—— S e —

0P OOoO2rrDOOCe O

. 30
. 14
.07
.04
.03
.02

.03
.04
.10

.23

33

.76

85

-9
.96

99
00
go

.98
.94
-89

- 75

2 o — e P ) e e —— —
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(R=INCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE=45
TILT ANGLE
10 15 20 30

.57 1.83 2.09 2.55 3.
.28 1.41 1.54 1.76 2
.14 1.21 1.28 1.39 1.
.07 1.10 1.13 1.17 1
.04 1.05 1.06 1.06 1
.03 1.03 1.03 1.02 0
.03 1.041.041.030
.04 1.06 1.07 1.08 1
.09 1.13 1.16 1. 22 1.
.20 1.29 1.38 1.53 1
44 1.65 1.85 2.20 2
.63 1.92 2.20 2.71 3

AZIMUTH ANGLE=135
TILT ANGLE
10 15 20 30

58 0.50 0.49 0.48 O.
73 0.63 0.55 0.40 0.
83 0.75 0.69 0.59 oO.
91 0.86 0.81 0.72 O.
97 0.94 0.90 0.83 0.
99 0-97 0.94 0.87 O.
98 0.96 0.93 0.84 0.
95 0.92 0.88 0.80 o.
88 0.83 0.78 0.69 O.
79 0.70 0.64 0.55 0.
64 0.54 0.48 0.47 0.
61 0.61 0.60 0.59 O.

45

12

.01

.19
.03
.97
-99
.06

26

.68
.63
.35




BETTLES
VALUES FOR R (R=INCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE=0 AZIMUTH ANGLE=45%
TILT ANGLE TILT ANGLE
5 10 15 20 30 45 5 I O 15 20 30 45
JAN 2.24% 3.42 4. .58 5. 72 7.85 10.6 B88 2. 72 3.54 4.33 5.83 7.75
FEB 136 B70 2 03 2. 35 2.94 3.67 1.25 1.49 173 1.95 2. 35 2. 85
MAR 1.15 B30 m45 B58 1.82 2.09 7.10 ®B21 1.32 1.42 1.59 1.78
APR 1.07 14 120 1.25 1.34 140 1.05 1.10 015 K19 1.26 1.32
HAY 1.04 1.07 ®B09 m310 1.12 1.11 1.03 1.05 1.07 1.08 1.10 1.09
JUN 0.98 1.00 1.01 ®BO01 1.02 0.98 0.98 0.99 0.99 1.00 0. 99 0. 96
JUL 1.02 1.04 B 05 B06 1.07 1.04 1.02 1.03 1.04 1.04 ®m 05 1.02
AUG 1.05 1.09 ®13 1.15 ®B19 121 04 1.07 1.09 K12 1.15 1.16
SEP 1.09 ®m19 ®B28 1.36 1.50 1.63 07 1.13 1.20 1.26 N 36 1.46
OCT 1.24 1.47 B 69 1.90 2. 29 2. 75 117 1.33 1.49 1.63 B 90 2.21
NOV B93 2.81 3.68 4.53 6.11 8. 15 1.66 2. 29 2. 90 3. 49 4. 59 6. 00
DEC 1.39 21.38 1.37 1.35 131 1.22 1.39 1.38 137 0135 B37 122
AZIMUTH ANGLE=90 AZIMUTH ANGLE=135
TILT ANGLE TILT ANGLE
5 6] 15 20 30 45 5 I O 15 20 30 45
JAN 1.08 m16 1.25 1.35 1.53 1.75 0.67 0.66 0.66 0.65 0.64 0.60
FEB 1.01 004 BO07 1.12 B 20 1.30 0. 77 0.60 0.50 0.41 0. 40 0. 42
MAR 0.99 1.00 1.02 1.03 1.07 1.1 0.88 0. 77 0.68 0.61 0.54 0.50
APR 1.00 1.00 1.01 1.01 1.02 1.03 0. 95 0.89 0.83 0.78 0. 70 0.64
MAY 1.01 1.01 ® 01 ®mO1 1.00 0.99 0.99 0.97 0.94 0.90 0.76 0.75
JUN 0.97 0.96 0.95 0.95 0.93 0.89 0. 96 0.95 0.93 0.91 0.85 0.77
JUL 101 RLOO B 00 O0.99 0.98 0.95 1.00 0.98 0.96 0.93 0.86 0.79
AUG 1.01 EO1 EO0 1.00 1.00 0.98 0.98 0.94 0.90 0.85 0.78 0.71
SEP 9.99 1.00 B 00 1.01 EB 02 1.03 0.92 0.84 0.77 0.72 0. 64 0.59
OCT 1.00 1.02 1.04 1.06 1.12 118 0.83 0.70 0. 60 0.54 Q.42 0. 47
NOV 1.06 21.13 m 21 21.31 1.49 1.72 0.54 0.47 0. 47 0. 47 0. 46 0. 43
DEC ®¥39 1.38 1.37 135 131 1.22 0.00 0.00 0.00 0.00 0.00 0.00O0
AZIMUTH ANGLE=180
TILT ANGLE
5 | O 15 20 30 45
JAN 0.67 0.66 0.66 0.65 0.64 0.60
FEB 0.66 0.42 0.41 0.41 0.40 0.39
MAR 0.83 0.66 0.49 0.33 0.32 0.31
APR 0.93 0.85 0.76 0.67 0.49 0. 38
MAY 0.99 0.95 0.92 0.87 0.77 0.61
JUN 0.96 0.95 0.93 0.90 0.84 0.71
JUL 0.99 0.97 0.94 0.91 0.84 0.69
AUG 0.96 0.91 0.86 0.80 0.67 0.53
SEP 0.89 0.78 0.66 0.54 0.40 0. 38
OCT 0.76 0.53 0.43 0.42 0.42 0. 40
NOV 0.47 0.47 0. 47 0. 47 0.46 0. 43
DEC 0.00 0.00 0.00 0.00 0.00 0.00



BIG DELTA
VALUES FOR R (R=INCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE=0 AZIMUTH ANGLE=45
TILT ANGLE TILT ANGLE

5 10 15 20 30 45 5 10 15 20 30 45
JAN 1.68 2.32 2.95 3.56 4.71 6.16 1.49 1.94 2.38 2.81 3.60 4.60
FEB 1.27 1.53 1.79 2.03 2.47 3.01 l.19 1.38 1.55 1.72 2.03 2.38
MAR 1.13 41.26 1.38 1.50 1.70 1,91 1.09 1.18 1.27 1.35 1.50 1.65
APR 1.06 1.12 1.17 1.22 1.29 1. 34 1.05 1.09 1.13 1.16 1.22 1.26
MAY 1.04 1.06 1.08 1.10 1.11 1.09 1.03 1.05 1.06 1.07 1.09 I.07
JUN 1.02 1.03 1.04 1.04 1.04 1.00 1.02 1.03 1.03 1.03 1.03 0.99
JuL 1.03 1.05 1.06 1.07 1.07 1.03 1.03 1.04 1.04 1.05 1.05 1.02
AUG 1.0% 1.09 1.12 1.15 1.18 1.19 1.04 1.06 1.09 1.11 1.14 1. 15
SEP 1.08 1.17 1.25 1.32 1.44 1.55 1.06 1.12 1.18 1.23 1.32 1. 39
OCT 1.19 1.38 1.56 1.73 2.03 2.39 1.13 1.26 1.39 1.51 1.72 1.95
NOV 1.55 2.08 2.59 3.09 4.02 5.19 1.40 1. 77 2.13 2.47 3.11 3.91
DEC 1.35 1.67 1.97 2.26 2.81 3.49 1.26 1.48 1.69 1.89 2.27 2.73

AZIMUTH ANGLE=60 AZIMUTH ANGLE=135
TILT ANGLE TILT ANGLE

5 10 15 20 30 45 5 10 15 20 30 45
JAN 1.04 1.09 1.14 1.21 1.33 1.48 0.64 0.53 0.52 0.52 0.51 0.48
FEB 1.01 1.02 1.04 1.07 1.13 1.19 0.82 0.66 0.56 0.48 0.39 0.42
MAR 0.99 1.00 1.01 1.02 1.04 1.06 0.89 0.80 0.71 0.64 0.55 0.50
APR 1.00 1.00 1.00 1.00 1.00 0.99 0.95 0.90 0.85 0.79 0.70 0.63
MAY 1.01 1.01 1.00 1.00 0.99 0.96 0.99 0.97 0.93 0.90 0.80 0.73
JUN 1.01 1.00 1.00 0.99 0.97 0.94 17.00 0.99 0.97 0.94 0.87 0.78
JUL 1.01 1.01 1.00 1.00 0.98 0.95 14.00 0.98 0.96 0.93 0.85 0.76
AUG 1.01 1.00 1.00 1.00 0.99 0.97 0.97 0.93 0.89 0.85 0.77 0.69
SEP 0.99 0.99 1.00 1.00 1.00 1.00 0.92 0.86 0.79 0.73 0.64 0.58
OCT 1.00 1.01 1.02 1.04 1.07 1.10 0.86 0.74 0.64 0.58 0.43 0.47
NOV 1.03 1.07 1.12 1.17 1.29 1.42 0.68 0.44 0.43 0.43 0.42 0.40
DEC 1.04 1.05 1.07 1.08 1.10 1.11 0.89 0.88 0.88 0.87 0.84 0.79

AZIMUTH ANGLE=180
TILT ANGLE
5 10 15 20 30 45

JAN 0.53 0.53 0.52 0.52 0.51 0.48
FEB 0.73 0.49 0.40 0.40 0.39 0.37
MAR 0.85 0.70 0.55 0.40 0.31 0.30
APR 0.93 0.86 0.78 0.70 0.53 0.38
MAY 0.99 0.95 0.91 0.87 0.77 0.59
JUN 1.00 0.98 0.96 0.93 0.86 0.72
JUL 1.00 0.97 0.94 0.91 0.82 0.67
AUG 0.96 0.91 0.85 0.79 0.66 0. 49
SEP 0.90 0.79 0.69 0.58 0.39 0.36
OCT 0.80 0.61 0.44 0.41 0.41 0.39
NOV 0.54 0.43 0.43 0.43 0.42 0. 40
DEC 0.89 0.88 0.88 0.87 0.84 0.79




JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC
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PRPRRIIRPRPRERREE

PRRPORPRRPRPRRPRORER

.05
.01
.99
.00

.01
.01
.01

99

.00
.04
.14

.61
.72
.84
.93
.99
.00
.00
.96
.90
.79
.52
.43

VALUBS FOR R

PRPRRORRRRPRRRE

POOOO0OO0OO0OO0OO0OO0OO0OO0o

PNRRRPRA2RPREPEEN

AZIMUTH ANGLE=0

TILT ANGLE
10 15 20
.35 2.99 3.61 4
.56 1.83 2.09 2
27 1.39 1.51 1
.12 1,18 1.22 1
.06 1.08 1.10 1
03 1.04 1.04 1
.05 1.06 1.06 1
09 1.12 1.14 1
17 1.25 1.32 1
.39 1.57 1.74 2
.19 2.76 3.31 4
14 1.13 1.11 1

30

77
.56
72
.29
11
.04
.07
.18
44
.06
.33
.08

AZIMUTH ANGLE=90Q

TILT ANGLE
10 15 20
.09 1.151.21 1
.02 1.05 1.08 1
.00 1.01 1.02 1.
.00 1.00 1.00 1
.01 1.01 1.00 O.
.00 0.99 0.99 O.
.01 1.00 1.00 O.
.00 1.00 1.00 O.
.99 1.00 1.00 1.
.01 1.02 1.04 1.
.08 1.13 1.20 1.
.14 1.13 1.11 1.

AZIHUTH ANGLE=180

TILT ANGLE
10 15 20 30
.61 0.60 0.60 0.58
.47 0.41 0.41 0. 40
.69 0.54 0.39 0.32
.86 0.78 0.70 0.53
.95 0.91 0.87 0.77
.98 0.96 0.93 0.86
.97 0.94 0.91 0.83
.91 0.86 0.80 0.67
.80 0.69 0.58 0.41
.60 0.44 0.43 0.43
.46 0.45 0.45 Q. 44
.83 2.21 2.58 3.27

45

.26
.14
.95
34.
09
.00
.03
.19
.95
.43
.63
.00

DUNRRPRRR22P WO

PRRPRPO00O 2k Rk
I ©
o1

45

.55
.38
.31
.39
.60
.73
.68
.51
. 38
41
.42
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R =R PRpRRPRRPER

pOPOORrROOOOO

FAIRBANKS
(R=INCLINED RADIATION/HORIZONTAL RADIATION)

50

.20
.09

05

.03
.02
.03

04

.06
.14
.44
.14

R=—RPr=phph=RRr 2R

POOOOOOO0O0O0O0O

AZIXUTH ANGLE-45

10

.96
.40

19

.09
.05
.02
.04
. 06
12
.27
. 84
.14

AZIMUTH ANGLE=135

10

61
65

.79

90

.97
.99
.98

94

. 86

74

. 46
.59

TILT ANGLE

15 20 30
2. 41 2.84 3.65
.59 1.76 2.09
1.28 1.37 1.52
1.13 1.17 1.22
1.06 1.08 1.09
1.03 1.03 1.02
1.04 1.05 1.05
1.0 1.11 1.14
1.18 1.23 1.32
1.40 1.52 1.74
2.24 2.63 3. 34
.13 1.11 1.08

TILT ANGLE

15 20 30
0. 60 0.60 0.58
0. 55 0. 46 0. 40
0.70 0.64 0.55
0.85 0.79 0.71
0.94 0.80 0.80
0.97 0.94 0. 88
0.96 0.93 0.85
0.90 0.85 0.77
0.79 0.73 0.65
0. 64 0.58 0.43
0. 45 0. 45 0. 44
1.86 2.12 2. 60

45
4. 67
67

.26
.07

(o)
O

.02
I 4
.39

22
.00

—BpR =R ORRP-T

45

55
43
50
64
.74
.79
77
.70
. 59
. 48
.42
.00

— 00000000000




JAN
FEB
HAR
APR
MAY
JUN
JUL

SEP
oCT

DEC

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

JAN
PEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

.
1.
.12
. 06
. 04
.03
.03
. 05
.08
.17

OCODORO =00000O

49
23

.48

.03
. 00
-99
. 00
.01

01

.01
.00
-99
. 00
.02

04

.60
77
. 86
. 93
.98
.00
.99

96

. 90

81
65

.70

VALUES FOR R

P e e S e

——RPORRR=RORE
N . . . . . ' " -

© 00200200000

AZIMUTH ANGLE=0
TILT ANGLE

10 15 20 30
.96 2. 41 2.84 3.66
.45 1.66 1.87 2.23
.23 1.34 1.45 1.62
.11 1.16 1. 20 1. 27

06 1.08 1.09 1.10
.04 1.04 1.04 1.04

05 I.06 1.06 1. 06
.08 1.171 1.14 1.17
.15 1.23 1.29 1.39
.34 1.51 1.66 1.94
.77 2.13 2.49 3.14
.93 2. 36 2.78 3.56

AZIMUTH ANGLE=90

TILT ANGLE

10 15 20 30

06 1.10 1.14 1.23
.01 1.03 1.05 1.09

99 |.00 1.01 1.02
.00 1.00 0.99 0.99

01 1.00 1.00 0.98
.01 1.00 0.99 0.97
.01 1.00 0.99 0.98

00 1.00 0.99 0.98

99 0.99 0.99 0.99

00 1.01 1.03 1.05

04 1.07 1.11 1.18

06 1.09 1.13 1.19

AZIXUTH ANGLE=180
TILT ANGLE

10 15 20 30
52 0.51 0.51 0.50
55 0.41 0.40 0.40
73 0.59 0.45 0.32
86 0.79 0.71 0.54
95 0.91 0.87 0.77
98 0.96 0.93 0.85
.97 0.94 0.90 0.82
91 0.86 0.80 0.67
g1 0.71 0.61 0.41
63 0.47 0.39 0.39
47 0.47 0.46 0.45
70 0.69 0.68 0.67

pPONPRPRO=mENA

Coepo0P0L P00

PP =000000 ==

GULKANA

S =P RARRRPRR S
o
N

O0O0—=m0O00o2P0o0o
O
(Vo)

CO00O000000000

—_— e — = 2
- P

(R=INCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE=45

TILT ANGLE
10 15 20 30 45
68 1.99 2.30 2.86 3.55
32 1.47 1.61 1.86 2.15
|6 B 24 1.32 1.44 1.57
08 1.12 1.15 1.20 1. 23
05 1.06 1.07 1.08 1.05
03 1.03 1.03 1.03 0.99
.04 1,04 1.05 1.05 1.01
06 1.08 1.10 1.13 1.12
11 1.16 1.21 1.28 1. 34
24 1.36 1. 46 1.65 1.86
55 1.80 2. 04 2.49 3.03
66 1.96 2. 26 2.80 3.47

AZIMUTH ANGLE=135
TILT ANGLE
10 15 20 30 45

.52 0.51 0.51 0.50 0. 47
70 0.60 0.53 0.40 0.44
.81 0.73 0.66 0.57 0.50
.90 0.85 0.80 0.71 0.62
97 0.93 0.90 0.82 0.73
99 0.97 0.94 0.87 0.77
.98 0.95 0.92 0.80 0.75
.94 0.90 0.85 0.77 0.68
87 0.80 0.74 0.65 0.58
.75 0.66 0.59 0.48 0.47
.58 0.47 0.46 0.45 0.43
.70 0.69 0.68 0.67 0.63




HOMER
VALUBS FOR R (R=INCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE=0 AZIMUTH ANGLE=Y45
TILT ANGLE TILT ANGLE
5 10 15 20 30 45 5 10 15 20 30 45
JAN 1.37 1.72 2.06 2.39 3.00 3.75 1.27 1.51 1.75 1.98 2. 39 2.89
FEB 1.18 1.36 1.53 1.69 1.98 2.32 113 1.25 1.37 0148 168 1.90
MAR 1.10 1.19 1.29 1.37 1.51 1.65 1.07 1.14 1.20 1.26 136 145
APR 1.05 1.10 1.14 1.17 1.22 1.24 1.04 1.07 1.10 1.13 ®m 16 1.18
YAY 1.03 1.05 1.07 1.08 1.08 1.05 03 1.04 1.05 1.06 1.06 1.03
JUN 1.03 1.03 1.04 1.04 1.03 0.98 1.02 4,03 1.03 1.03 1.02 0. 97
JUL 1.03 1.04 1.05 1.06 1.05 1.00 1.02 1.03 1.04 1.04 104 1.00
AUG 1.04 1.07 1.09 1.11 1.14 1.13 1.03 1.05 1.07 1.08 1.10 1.09
SEP 1.06 1.143 1.19 1.24 1.33 1.40 1.04 1.09 1.13 1.17 1.23 1.27
OCT 1.14 1.29 1.42 1.55 1.77 2.02 1.10 1.20 129 1.38 153 1.69
NOV 1.31 1.61 1.90 2.18 2.69 3.32 B22 1.43 1.64 1.83 2. 18 2. 59
DEC 1.39 1.75 2.11 2.45 3.08 3.87 128 1.54 1.78 2. 02 2. 45 2.98
AZIMUTH ANGLE=90 AZIMUTH ANGLE=135
TILT ANGLE TILT ANGLE
5 10 15 20 30 45 5 | O 15 20 30 45
JAN 1.02 1.04 1.06 1.09 1.15 1.22 0. 78 0.60 0. 48 0.47 0. 46 0. 44
FEB 1.00 1.00 1.01 1.02 1.05 1.07 0. 87 0.75 0.65 0.58 0.45 0. 46
MAR 0.99 0.99 0.99 0.99 1.00 0.99 0. 91 0.84 0.76 0. 70 0. 60 0.52
APR 1.00 1.00 0.99 0.99 0.98 0.85 0.96 0,91 0.86 0.82 0.73 0.63
MAY 1.01 1.00 1.00 0.99 0.97 0.93 0.99 0.97 0.93 0.90 0.82 0.72
JUN 1.01 1.01 1.00 0.99 0.97 0.92 1.00 0.99 0.96 0.94 0.87 0.76
JuL 1.01 1.01 1.00 0.99 0.97 0.92 B 00 0.98 0.95 0.92 0.84 0.75
AUG 1.00 1.00 0.99 0.99 0.97 0.93 0.97 0.94 0.90 0.86 0. 78 0.69
SEP 0.99 0.99 0.99 0.98 0.98 0.95 0.94 0.88 0.82 0.77 0.68 0.59
OCT 0.99 1.00 1.00 1.01 1.02 1.03 0.89 0.79 0. 70 0.63 0.54 0.48
NOV 1.01 1.03 1.05 1.07 1.12 1.18 0.80 0.64 0.52 0.43 0.42 0.41
DEC 1.03 1.04 1.07 1.10 1.15 1.21 0. 78 0.63 0.59 0.59 0.57 0.54
AZIMUTH ANGLE-180
TILT ANGLE
5 | O 15 20 30 45
JAN 0.67 0.48 0.47' 0. 47 0. 46 0. 44
FEB 0.81 0.63 0.47 0.42 0.41 0.39
MAR 0.88 0.77 0.65 0.53 0.35 0.34
APR 0.94 0.88 0.81 0.74 0.59 0. 39
MAY ©0.98 0.95 0.917 0.87 0.77 0.60
JUN 1.00 0.98 0.95 0.92 0.85 0.70
JUL 0.99 0.97 0.94 0.90 0.82 0.66
AUG 0.96 0.92 0.87 0.82 0.70 0.50
SEP 0.92 0.83 0.75 0.66 0.48 0.40
OCT 0.84 0.69 0.54 0.41 0.40 0.38
NOV 0.71 0.47 0.44 0.43 0.42 0.40
DEC 0.69 0.60 0.59 0.59 0.57 0.54




JUNEAU
VALUES FOR R (R=INCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE-0 AZIMUTH ANGLE=45
TILT ANGLE TILT ANGLE
5 10 15 20 30 45 5 10 15 20 30 45
JAN 1.26 1.50 1.74 1.97 2.38 2.88 1.19 0136 1.52 1.67 1.95 2. 28
FEB 1.13 1.26 1.38 1.50 1.70 1.93 1.09 1.18 1.27 0134 148 1.62
MAR 1.07 1.15 1,22 1.28 1.38 1.48 17,05 BLlL0 1.15 B 19 1.26 1.31
APR 1.04 1.08 1.11 1.14 1.18 1,18 1.03 1.06 1.08 1.10 1.12 1.12
MAY 1.03 1.04 1.06 1,06 1.06 1.02 1.02 1.03 B 04 1.05 B 04 1.00
JUN 1.02 1.03 1.03 1.03 1.02 0.96 1.02 1.03 103 1.02 ®D01 0.96
JuL 1.03 1.04 1.04 1.0% 1.03 0.98 1.02 1.03 1.03 1.03 1.02 0.97
AUG 1.03 1.06 1.08 71.09 1.10 1.08 1.02 1.04 1.0S 1.06 1.07 104
SEP 1.05 1.10 1.14 1.18 1.24 1.28 103 1.07 1.10 B12 1.16 1.17
OCT 1.09 1.18 1.27 1.34 1.48 1.62 1.06 1.12 ®§318 ®23 1.32 140
NOV 1.21 1.40 1.59 1.77 2.10 2.49 1.15 1.29 B 42 1.54 1.76 2. 01
DEC 1.23 1.44 1.64 1.84 2.19 2.62 1.17 B 31 045 159 1.82 210
AZIMUTH ANGLE=90 AZIMUTH ANGLE=135
TILT ANGLE TILT ANGLE
5 1 0 15 20 30 45 5 I O 15 20 30 45
JAN 1.01 1.02 1.03 1.05 1.08 1.10 0.84 0.70 0. 62 0.57 0.55 0.52
FEB 1.00 1.00 1.00 1,00 1.00 0.99 0.90 0.81 0.73 0.67 0.57 0.54
MAR 0.99 0.99 0.99 0.98 0.97 0.95 0. 93 0.87 0.81 0.75 0.66 0.58
APR 1.00 0.99 0.99 0.98 0.96 0.92 0.96 0.92 0.88 0.84 0. 75 0. 66
MAY 1.01 1.00 1.00 0.99 0.96 0.91 0.99 0.97 0.94 0.91 0.84 0.74
JUN 1.017 1.01 1.00 0.99 0.96 0.91 1.00 0.99 0.97 0.94 0.88 0.77
JUL 1.01 1.01 1.00 0.99 0.96 0.91 1.00 0.98 0.96 0.93 0.86 0.76
AUG 1.00 1.00 0.99 0.98 0.96 0.91 0.98 0.95 0.92 0.88 0.81 0.71
SEP 0.99 0.99 0.98 0.97 0.96 0.92 0.95 0.90 0.86 0.81 0.73 0.64
OCT 0.99 0.99 0.99 0.98 0.98 0.95 0.92 0.85 0.79 0.73 0.65 0.59
NOV 1.01 1.017 1.02 1.03 1.05 1.06 0.87 0.75 0.66 0.59 0.55 0.53
DEC 1.02 1.02 1.03 1.04 1.05 1.05 0.87 0.76 0.71 0.70 0. 68 0.64
AZIMUTH ANGLE=180
TILT ANGLE
5 1 0 15 20 30 45
JAN 0.77 0.58 0.57 0.57 0.55 0.52
FEB 0.86 0.72 0.59 0.53 0.51 0.49
MAR 0.90 0.81 0.72 0.62 0.45 0.43
APR 0.95 0.90 0.84 0.78 0.64 0.45
MAY 0.99 0.96 0.92 0.88 0.80 0.64
JUN 1.00 0.98 0.96 0.93 0.86 0.72
JUL 0.99 0.97 0.94 0.91 0.83 0.69
AUG 0.97 0.93 0.89 0.84 0.74 0.56
SEP 0.93 0.87 0.80 0.73 0.58 0.49
OCT 0.89 0.79 0.69 0.59 0.56 0.53
NOV 0.80 0.63 0.57 0.56 0.55 0.52
DEC 0.81 0.71 0.71 0.70 0.68 0, 64




RING SALMON
VALUES FOR R (RsINCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE=D AZIMUTH ANGLE-45
TILT ANGLE TILT ANGLE
5 10 15 20 30 45 5 10 15 20 30 s
JAN 1.35 1.68 2.00 2.31 2.87 3.57 1.25 1.48 1.70 1.91 2.30 2.76
FEB 1.18 1.35 1.52 1.68 1.96 2.29 1.12 1.25 1.36 1.47 1.66 1.87
MAR 1.09 1.19 1.28 1.36 1.50 1.63 1.06 7.13 1.19 1.25 1. 35 1. 43
APR 1.05 1.09 1.13 1.16 1.20 1,22 1.03 1.06 1.09 1.12 1.15 1.15
HAY 1.03 1.05 1.06 1.07 1.07 1.03 1.02 1.04 1.05 1.05 1.05 1.02
JUN 1.02 1.03 1.04 1.04 1.02 0.97 1.02 1.63 1.03 1.03 1.01 0.96
JUL 1.03 1.04 1.05 1.05 1.04 0.99 1.02 1.03 1.03 1.04 1.03 0.98
AUG 1.03 1.06 1.08 1.10 1.11 1. 09 .02 1.04 1.06 1.07 1.08 1.06
SEP 1.06 1.12 1.18 1.22 1.30 1. 36 1.04 1.08 1.12 1.16 1.21 1.24
OCT 1.14 1.28 1.41 1.53 1.75 1.99 1.16 1.19 1.28 1.37 1.51 1.67
NOV 1.30 1.58 1.85 2.11 2.59 3.18 1.21 1.41 1.60 1.78 2.10 2.49
DEC 1.41 1.79 2.17 2.53 3.20 4.03 1.29 1.56 1.82 2.07 2.53 3.09
AZIMUTH ANGLE=90 AZIMUTH ANGLE=135
TILT ANGLE TILT ANGLE
5 10 15 20 30 45 5 10 15 20 30 45
JAN 1.02 1.03 1.05 1.08 1.14 1.20 0.79 0.61 0.50 0.45 0.44 0. 42
PEB 1.00 1.00 1.01 1.02 1.04 1.06 0.87 0.75 0.65 0.58 0.46 0.44
HAR 0.99 0.99 0.99 0.99 0.99 0.98 0.92 0.84 0.77 0,70 0.60 0.52
APR 1.00 0.99 0.99 0.98 0.97 0.94 0.96 0.92 0.87 0.82 0.73 0.64
MAY 1.01 1.00 1.00 0.99 0.97 0.92 0.99 0.97 0.94 0.90 0.83 0.73
JUN 1.01 1.01 1.00 0.99 0.96 0.91 1.00 0.99 0.97 0.94 0.87 0.77
JUL 1.01 1.01 1.00 0.99 0.96 0.91 1.00 0.98 0.95 0.93 0.86 0.76
AUG 1.00 1.00 0.99 0.98 0.96 0. 91 0.98 0.95 0.91 0.88 0.80 06.70
SEP 0.99 0.99 0.99 0.98 0.97 0.94 0.94 0.89 0.83 0.78 0.69 0.60
OCT 0.99 1.00 1.00 1.01 1.02 1.02 0.89 0.79 0.70 0.63 0.54 0. 48
NOV 1.01 1.02 1.04 1.06 1.11 1.16 0.81 0.65 0.53 0.44 0.41 0.40
DEC 1.02 1.04 1.07 1.10 1.16 1.23 0.76 0.58 0.51 0.51 0.49 0.47
AZIMUTH ANGLE=180
TILT ANGLE
5 10 15 20 30 45
JAN 0.69 0.46 0.45 0.45 0.44 0.42
FEB 0.81 0.63 0.47 0.39 0.39 0.37
MAR 0.88 0.77 0.66 0.54 0.34 0.33
APR 0.94 0.88 0.82 0.75 0.61 0.41
HAY 0.98 0.95 0.92 0.88 0.78 0.61
JUN 1.00 0.98 0.95 0.92 0.85 0.71
JUL 0.99 0.97 0.94 0.91 0.83 0.68
AUG 0.97 0.93 0.88 0.83 0.72 0.54
SEP 0.92 0.84 0.76 0.68 0.50 0.41
OCT 0.84 0.69 0.55 0.42 0.39 0.37
NOV 0.72 0.48 0.42 0.41 0.41 0.39
DEC 0.66 0.51 0.51 0.51 0.49 0.47




JAN
PEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OoCT
NOV
DEC

JAN
FEB

MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

SR AR R RER 3R 3R

N cNoNoNoN ~ Yo ReReNato)

RRPRODORRRRPLPPORER

.29
.15
. 09
.05
.03
.02
.03
.03
.06
.13
.25
.33

.01

. 99
.00
.01
.01
.01
.00
.99
. 99
.01
.02

.74
.84

.89
.95
.98
.00
.99

97

.92
.85
.76
.71

VALUES FOR R

(R=INCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE=0

10

1.56
1.30
1.17
.09
.04
.03
.04
.06
.12
.26
.50
.65

PRrRRRPRRPRPR

TILT ANGLE

15 20 30
1.83 2.08 2.55
1.45 1.58 1.82
1.26 1.33 1.45
1.12 1.15 1.19
1.06 1.06 1.06
1.03 1.03 1.02
1.04 1.05 1.0%4
7.08 1.10 1.12
1.17 1.22 1.29
1.38 1.50 1.70
1.73 1.96 2.37
1.95 2.24 2.78

AZIMUTH ANGLE=90

10

.02
.00
.99
.99
.00
.01
.00
.00
.99
. 99
.02
.03

PRPOORRRLRROORR

AZIMUTH ANGLE=180

10

.52
. 68

.79
. 89
.95
.98
.97
.92
. 85
.71
.54
.55

cNeoNeols NololoNaolls Nole o)

TILT ANGLE

15 20 30
1.04 1.06 1.10
1.00 1.01 1.02
0.99 0.99 0.99
0.99 0.98 0.97
1.00 0.99 0.96
1.00 0.99 0.96
1.00 0.99 0.96
0.99 0.98 0.96
0.98 0.98 0.97
1.00 1,00 1.0
1.03 1.05 1.08
1.05 1.07 1.12

TILT ANGLE

15

o © © (5 O o UTN
mm\l\jmbml\)wqu)

(62 F NN &) IFN]

20

.49
.44

.57
.76
. 88
.92
91

83

.69
.44
.45
.54

30

ol NoNoNoNole)
O @m~N® b Dh
WRONs woo

0.52
0.39
0.44
0.53

45

.09

.57
.20
.02
.96
.98
.10
.34
.92
.86

.45

WNFRPRPRPOORR=2N

45

14
.02
.97
.93
91
.91
. 91
.92
.93
. 01
11
.16

D DD 000000 -

45

45
41
.35
41
63
71
68
52
41
38
.42

.50

coooooooo000

©CO000OrRROOOO0D

.21
.11
. 06
.03
.02
.02
.02
. 03
.04
. 09
.18
. 24

82
88
92
96
99

.00
.00

98
94
g0
83
80

AZIMUTH ANGLE=45
TILT ANGLE

10

. 40
.21
.12
0é
.03
.03
.03
.04
.08
.18
i 35
1.46

P2RPrRPrPRPPR 2R

AZIHUTH ANGLE=135

10

. 67
78
. 85
92
97
.99
.98
94
89
80
69
64

©cooocoo0000000

15

1.58
1. 31
118
1.09
1.04
1.03
1.03
1. 06
1.12
1.27
151
1.67

TILT ANGLE
15 20
0. 56 0.49 O
0. 69 0.62 0.
0. 78 0.72 O
0. 87 0. 83 0.
0. 94 0.917 0.
0.96 0.94 O
0.95 0.93 O
0.91 0.87 0.
0.84 0. 79 0.
0.72 0.65 O
0.58 0.57 o.
0. 55 0. 54 0.

20

1.76
1.40
1. 23
1.11
1 05
1.02
1.03
1. 07
.15
.34
. 67
. 87

D AR 2

2.
1.

30

07
56

1. 31
1.14

1
1
1

.04
.01
.02

108

1
1
1

.20
. 48
. 94
2.

24

30

. 48

52

.62

74
83
.87
.86
79
70
. 55
44
53

NN2 2 OO g™ N

Soooo0oo00000

N
(6]

L ~N&
AOWE

ONONOOO©O
CCONN O XD O

45

46
48
54
64
73

a7
.75

69
60
49
43
50




JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

JAN
FEB
MAR
APR
HAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

JAN
FEB
HAR
APR
HAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

PRPRORRPORRLRORR PRRRPRRPRRPRORR DRRE

[eleoNooNeoleloNoNoNoNeNeo]

.90
.34
.15
.07
.04

99

.02
.05
.09
.24
.74
.39

.06
.01

99

.00
.01
.97

.01
.01

99

.05
.39

. 76
.68
.83
.93
.99
.97

99

.96
.89
.76
.58
.00

KOTZEBUE

VALUBS FOR R (RsINCLINED RADIATION/HORIZONTAL RADIATION)

AZ | MUTH ANGLE=0

AZIMUTH ANGLE=45

I
(6]

~
(G2l N

o ool
NN © RO

44
22
97
.22

RANgmgPRORrgPNO

45

68
43
51
64
.75
.78
79
71
59
47
52
0. 00

COLoco0e0O00O0O0

TILT ANGLE TILT ANGLE
10 15 20 30 45 5 | O 15 20 30
2.75 3.59 4.40 5.93 7.90 B65 2. 25 2.84 3.41 4. 48
1.67 1.98 2.29 2.85 3.54 124 047 0169 1.90 2. 29
1.29 1.43 1.56 1.80 2.06 1.10 1.21 1.31 1.80 1.57
1.14 1.19 1.25 1.33 1.39 1.05 1.10 ®B15 1.19 1. 25
1.06 1.09 1.10 1.12 1.11 1,03 1.05 1.07 1.08 1.10
1.00 1.01 1.02 1.02 0.99 0. 98 0.99 1.00 1.00 ® OO
1.04 1.05 1.06 1.07 1.04 102 103 1.04 1.04 1B 05
1.09 1.12 1,15 1.19 1.20 1.04 B07 BO09 1.11 1.15
1.18 1.27 1.35 1.48 1.61 1.06 1.13 1.19 1.25 1.35
1.47 1.69 1.91 2.29 2.76 117 1.33 1.49 164 1.91
2.45 3.14 3.81 5.07 6.67 1.53 2. 03 2.51 2. 98 3. 86
1.38 1.37 m 35 1.31 1.22 1.39 0138 1.37 B35 1.31
AZIMUTH ANGLE=90 AZIMUTH ANGLE=135 .
TILT ANGLE TILT ANGLE
| O 15 20 30 45 5 I O 15 20 30
1.12 1.18 1.25 1.37 1.51 0,76 0.76 0.75 0.74 0.72
1.04 B07 1.11 1.18 1.28 0. 78 0.62 0.52 0.43 0. 43
1.00 1.01 1,03 1.06 1.10 0. 88 0.78 0.69 0.62 0.54
1.00 1.01 1.01 1.02 1.03 0. 95 0.89 0.84 0.78 0.70
1.01 1.01 1.00 1.00 0.98 0.99 0.97 0.94 0.90 0.77
0.97 0.96 0.95 0.94 0.90 0.97 0.96 0.94 0,92 0. 86
1.00 1.00 0.99 0.98 0.95 1.00 0.98 0.96 0.93 0. 86
1.01 1.00 1.00 1.00 0.98 0. 98 0.94 0.90 0.85 0.78
1.00 1.00 1.01 1.02 1.02 0.92 0.85 0.78 0.72 0.65
1.02 1.04 1.06 1.12 1.18 0. 83 0.69 0.60 0.54 0. 41
1.10 B 17 1.24 1.38 1.54 0. 63 0.57 0.57 0.57 0.55
138 37 1.35 1.31 1.22 0.00 0.00 0.00 0.00 O.00
AZIMUTH ANGLE-180
TILT ANGLE
IO 15 20 30 45
0.76 0. 75 0.74 0.72 0.68
0.44 0.44 0.43 0.43 0.41
0.67 0.50 0.35 0.33 0.32
0.85 0.77 0.68 0.50 0.39
0.95 0.92 0.87 0.78 0.62
0.95 0.93 0.91 0.85 0.72
0.97 0.94 0.91 0.84 0.69
0.91 0.86 0.80 0.67 0.53
0. 78 0.67 0.56 0.41 0.39
0.53 0.42 0.42 0.41 0. 39
0.57 0.57 0.57 0.55 0.52
0.00 0.00 0.00 0.00 0©. 00




JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

JAN
PEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
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DEC

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
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DEC

PRRRPRPRRPRRRRERRRR

PRPNORRRPRRPROR2

.59
.24
.12
.06
.04
.03
.03
.04
.07
.15
.40
.72

.03
.00

99

.00
.01
.01
.01
.00
.99
.00
.02
.04

.50

85

.94

98

.00
.99
.96

91

.83
.64
.48

VALUES FOR R

PRRORREPRRRPR

eoleooololoNoNoNoNeNole)

NPEPRRPR2SRPRPRPRRPREN

AZIMUTH ANGLE=0

TILT ANGLE

10 15 20
16 2.72 3.25 4
47 1,69 1.90 2
.25 1.37 1.48 1
.11 1.16 1.20 1
.06 1.07 1.09 1
.04 1.04 1.04 1
.04 1,05 1.06 1
07 1.10 1.12 1
.14 1.20 1.26 1
.31 1.45 1.59 1
.78 2.15 2.50 3
.41 3.09 3.74 4

AZIMUTH ANGLE=

TILT ANGLE

I O 15 20
.07 1,12 1.18 1
.01 1.03 1.05 1
.00 1.00 1.01 1
.00 1.00 0.99 O
.01 1.00 0.99 O
.01 1.00 0.99 O
.01 1.00 0.99 o.
.00 1.00 0.99 0O
.99 0.99 0.99 O
.00 1.01 1.02 1
.04 1.07 1.11 1
.09 1.15 1.21 1

AZIMUTH ANGLE=180

TILT ANGLE
I O 15 20
.36 0.36 0.35 0.
.53 0.36 0.35 Q.
.71 0.56 0.41 0.
.87 0.79 0.72 0.
95 0.91 0.87 0.
.98 0.96 0.93 0.
.97 0.94 0.90 O.
.92 0.86 0.81 O.
.83 0.74 0.64 O.
.67 0.51 0.43 0.
.43 0.43 0.42 0.
.47 0.46 0.46 O.

30

.25
.29
.67
.26
.09
.03
.06
.15
.35
.84
.16
.97

90
30

30

35
35
26
55
77
85
82
69
45
42
41
45

OWNRPRRRORRERNOU

PRPRPOOOOOORR R

OOO0OO0COO0O0OO0OO0OOOOCO

45

.51
.75
.87
.29
.06
.99
.01
.15
.43
12
.97
.53

45

.44
.15
.05
.97

94

.93
.93
.94
.96
.05
27
.50

45

.34
.34

25

.37

59

71
.67
.50
41
.40
.40
.43

©CO00O0ORpRrOOOOO

MATANUSKA
(R=INCLINED RADIATION/HORIZONTAL RADIATION)

65
83
89
95
99

.00
.00

97
94
88
76
61

|
1
1.

|
1.

|
1

L N

2.

©cooooo0o000000

AZIMUTH ANGLE=45
TILT ANGLE

10

82
33
18
08
04
03
03
06
a0
22
55
00

AZIMUTH ANGLE=135

10

42
69
80
90
97
99
98
94
88
78
57

.47

15

2.21
1. 49
1.26
1.12

TILT ANGLE
15 20
0. 36 0. 35 0.
0. 58 0. 50 O.
0. 71 0. 64 0.
0. 85 0. 80 0.
0. 93 0. 90 O.
0. 97 0. 94 0.
0. 95 0. 92 0.
0.90 0. 86 0.
0. 82 0. 76 O.
0. 69 0.62 0.
0. 45 0. 42 0.
0. 46 0. 46 O.

2.
1

20

58
63

1.34
1.15

1.
1.
1.

07
03
04

1.09
1.18
141

2
2.

05
93

3.

30

27

1 90
1.48
1.19
1.07
102
1.04
111
1.25
1.58

2.
3.

50
78

30

35
35
54
71
82
87
82
78
67
52
41
45

PWgRRROR2ELPNA

©cooococoooo0000

45

13

. 20
.62

22

.05
.98
.00
.10
.30

76

. 05
. 86

45

. 34

40
47
62
73
77

. 76
. 69
.60

49
40
43
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APR
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JUL
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SEP
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NOV
DEC

JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

.54
.24
.12
.06
.04
.02
.03
.04
.07
.16
.43
.50

PR RPRPRRIRRRLRRERRPR

.03
.00
.99
.00

.01
.01
.01
.00
.99

.02
.04

PRPRORRPRRPRPORER

.59
.76
.86
.94
.99
.00
.00
.97
.91
.82
.63

OO0 O0OO0ORrPFrPOO0OOOOo

MCGRATH
VALUBS FOR R (R=INCLINED RADIATION/HORIZONTAL RADIATION)

AZIMUTH ANGLE=0 AZIMUTH ANGLE=45
TILT ANGLE TILT ANGLE

| O 15 20 30 45 5 I O 15 20 30 45
2.05 2.54 3.02 3.92 5.05 139 074 2.09 2. 42 3.04 3. 81
1.47 1.69 1.90 2.29 2.76 1.17 133 0149 1.63 1.90 2.20
1.23 1.35 1.45 1.63 1.82 1.08 1.16 1.24 1.32 1.44 1.57
1.11 1.16 1.20 1.26 1.30 1.04-1.08 112 K15 1.20 K22
1.06 1.07 1.09 1.10 1.07 17.03 105 B06 1.07 1.07 1.05
1.03 1.04 1.04 1.04 0.99 02 1.03 B 03 1.03 1.02 0.98
1.04 1.05 1.06 1.06 1.02 1.03 103 0104 1.04 1.04 1.00
1.07 1.10 1.12 1.15 1.14 4.03 1.05 1.07 1.09 1.11 1.10
1.15 1.21 1.28 1.37 1.46 1.05 1.170 B115 ®KJ9 1.26 132
4,32 1.47 1.62 1.87 2.17 1.11 1.22 1.33 1.43 1.61 1.80
1.85 2.25 2.64 3.35 4.25 17.31 1.60 1.88 2.15 2.64 3.25
1.96 2.41 2.85 3.67 4.70 1.36 069 2. 00 2. 31 2.87 3.58

AZIMUTH ANGLE=90 AZIMUTH ANGLE=135

TILT ANGLE TILT ANGLE

10 15 20 30 45 5 | 0 15 20 30 45
1.07 1.11 1.16 1.25 1.36 0.70 0.54 0.54 0.53 0.52 0. 49
1.01 1.03 1.05 1.10 1.14 0.84 0. 70 0.59 0.53 0.41 0. 44
0.99 1.00 1.01 1.02 1.03 0.go 0.81 0.73 0.66 0.57 0.5%1
4.00 1.00 1.00 0.99 0.97 0.95 0. 91 0.85 0.80 0. 72 0. 63
1.01 1.00 1.00 0.98 0.95 0.99 0.97 0.94 0.90 0.82 0.73
1.01 1.00 0.99 0.97 0.93 1.00 0. 99 0. 97 0.94 0. 88 0. 78
1.01 1.00 0.99 0.97 0.93 1.00 0. 98 0. 96 0.93 0. 80 0. 77
1.00 1.00 0.99 0.97 Q.34 Q.98 0.94 0.91 0.87 0.79 0.70
0.99 0.99 0.99 0.99 0.97 0.93 0.87 0.81 0.76 0.67 0.60
1.00 1.01 1.02 EB 04 1.06 0.88 0. 77 0. 68 0.62 0.50 0.50
1.05 1.08 1.13 1.21 1.30 0.74 0.56 0.48 0. 47 0. 46 0. 44
1.06 1.10 1.13 1.19 1.25 0.77 0.75 0.74 0.73 0.71 0.87

AZIMUTH ANGLE=180
TILT ANGLE
10 15 20 30 45

0.54 0.54 0.53 0.52 0.49
0.54 0.42 0.42 0.41 0. 39
0.73 0.59 0.45 0.34 0.33
0.87 0.79 0.72 0.55 0.40
0.95 0.92 0.87 0.77 0.60
0.98 0.96 0.93 0.86 0.72
0.97 0.94 0.91 0.83 0.68
0.92 0.87 0.82 0.70 0.53
0.82 0.73 0.63 0.44 0.41
0.66 0.50 0.46 0.45 0.43
0.48 0.48 0.47 0.46 0.44
0.75 0.74 0.73 0.71 0.67




JAN
FEB
MAR
APR
MAY
JUN
JuL
AUG
SEP
OCT
NOV
DEC

JAN
PEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

JAN
FEB

MAR
APR
MAY
JUN
JUL
AUG
SEP
0CT
NOV
DEC

.56
27
.12
.06
. 04
.02
.03
.04
.08
.19
.48
.15

PR RPRRPRRRIRRRERE

.04
.01
. 99
.00
.01
.01
.01
.01
.99
.00
.03
.15

PRPRORPRRSIRLRORPR

.66
.73

.85
.93
.99
.00
.00
.97
.90

80
.61
1.42

OCoOO0OORRPrROOOOO

VALUBS FOR R

AZIMUTH ANGLE=0

TILT ANGLE
| O 15 20 30
2.08 2.59 3.08 4.00 5
1.54 1.79 2.04 2.49 3
1.25 1.37 1.48 1.67 1
.12 1.17 1.22 1,29 1
1.06 1.08 1.10 1.11 1
1.03 1.04 1.04 1.04 1
1.04 1,05 1.06 1.06 1
1.08 1.11 1.13 1.16 1
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INPUT TYPE

GEOGRD
INPUT INSTRUCTIONS

SEQ NAME DESCRIPTION

A. Run Title - One iine required.
1 TITLE Up to 80 characters to appear on the printed and plotted

output.

B. Run Controls - One line required.

1 IPRT
2 IPPN
3 IPEN
4 1PO
5 IPP
6 IRFN

* 1if node and element input data are to be echo printed.

* 2 if both input data and complete network specifications
are to be printed.

* 0 otherwise

*1 if node numbers are to be plotted.
* 0 otherwise.

*1 if element numbers are to be plotted.

* 2 if material types are to be plotted.

* 3 if both element numbers and material types are to be
plotted. (option does not always work).

* 0 otherwise.

* 0 if no plot is to be drawn.

* 1if only network is to be plotted.

* 2 if only boundary is to be plotted.

* 3 if both network and boundary are to be drawn. The
boundary will identically overlap the extremities of
the network if plotter does not advance the paper.

* 11if a subsection of the network is to be drawn. This
will require input type D.
* 0 otherwise.

* 1if this run is to refine an existing network by
subdivision of existing elements. This will require
input type H as shown on Figure 4-2 in the operating
instructions manual.

* 0 otherwise.




GEOGRD (Cont.
INPUT TYPE
SEQ NAME DESCRIPTION

7 IGIN  *0if new grid is to be generated.
Fortran logical unit number of existing GEOGRD output file
"LUNIT.DAT" to be modified.

8 LUNIT Fortran logical unit number on which the file "LUNIT.DAT"
will be written with the results of the GEOGRD run. This
file will be used as input to GEOGRD and/or GEODYN.

9 IGEN * 1ifagrid isto be generated from its quadrilateral
corner points. This will require input type I.
* 0 otherwise.

10 NXZL  Number of Line segments in the network on which the
program is to internally calculate exact nodal coordinates
to assure a straight line. A non zero value will require
input type G.

11 IRO * 1if GEORGD is to internally rearrange the element order
for more efficient GEODYN calculations. The printed
output numbering will be unchanged. This option will
require input type J.

* 0 otherwise.

C. Plotting Scale Factors - One line required.

1 HORIZ * ~0if XSCALE (C.3) and YSCALE (C.4) are used.
* Otherwise the maximum horizontal size of plot. -in.
If HORIZ and VERT are not zero the plot size will be
adjusted so that a natural horizontal to vertical scale
will be maintained and the entire plot will fit on the
paper with one axis filled. The HP7475 plotter
assumes the long dimension of the paper is horizontal.

2 VERT * 0 if XSCALE (C.3) and YSCALE (C.4) are used.
* Otherwise input the maximum vertical size of the plot -

in.

3 XSCALE, *0if HORIZ (C.1) and VERT (C.2) are used.
* Otherwise the horizontal scale factor, ie. (inches
on the plot)/ (units in the mesh). The HP7475 plotter
assumes the long dimension of the paper is horizontal.

D-2




GEOGRD (Cont.)
INPUT TYPE

SEQ NAME DESCRIPTION

4 YSCALE *0if HORIZ (C.1) and VERT (C.2) are used.
* Otherwise the vertical scale factor, ie. (inches on the
plot)/ (units in the mesh).

5 AR The clockwise angle in degrees from the horizontal axis on
the plot to the X-axis in the mesh. Zero and -90 are
typically used.

6 XFACT Scale factor for the X-coordinates. All X-coordinate
values will be multiplied by XFACT. (Default= 1.0).

7 YFACT Scale factor for the Y-coordinates. All Y-coordinate
values willbe multiplied by YFACT. (Default = 1.0).

D. Subsection Plot Control - One line required if IPP (B.5) =I. Omit if
IPP (B.5) =0.

1  NXPMIN  Node number of node with minimum X-coordinate in the
partial network to be plotted. (Default =network
minimum).

1 NXPMAX Node number of node with maximum X-coordinate in the
partial network to be plotted. (Default =network
maximum).

1 NYPMIN  Node number of node with minimum Y-coordinate in the
partial network to be plotted. (Default =network
minimum).

1 NYPMAX Node number of node with maximum Y-coordinate in the
partial network to be plotted. (Default =network
maximum).

E. Element Definition - One line required for each element to be
generated individually. Must include a 9999/ line even if no elements

are input.

1 J Element number.

2 IMAT(Q) Soil Zone number to be used in GEODYN.
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INPUT TYPE

GEOGRD (Cont.)

SEQ NAME DESCRIPTION

3 NOP(J,K) Enter 3 or 6 node numbers for triangular elements and 4

or 8 node numbers for quadralateral elements. If only the
corner nodes are specified, GEOGRD will insert the
midside nodes midway between the corners. Start at any
corner and proceed counterclockwise.

>>>>> Signal end of list of elements by an additional line containing
only 9999/.

F. Node Definition - One line required for each node to be input
individually. Must include a 9999/ line even if no nodes are input.

1]

Node number

2 CORD(,1) X-coordinate. - ft. (m).

3 CORD{,2) Y-coordinate. - ft. (m).

4 WD(@) Network width at node J. - ft. (m). (Default = 1.0).
>>>>> Signal end of list of nodes by an additional line containing only
9999/.
G. Line Segment Coordinate Generation - NXZL (B.lO) lines required.

Omit if NXZL =0.

1 NA Node number at one end of line segment. Must be a corner
node of an element.

2 NB Node number at other end of line segment. Must be a
corner node of an element.

3-16 NIP  Up to 14 corner node numbers that are to lie on the line.

The X-cordinate is assumed to be correct and the Y-
cordinate will be adjusted so that the point lies on the
line.




INPUT TYPE

GEOGRD (Cont.

SEQ NAME DESCRIPTION

H. Element Refinement - One line required for each area if
IRFN (B.6) =1. Omitif IRFN =0.

1-4ANEW

Four node numbers (include a trailing O for triangular
elements) that are to become the new comer nodes of the
refined element. The nodes may be comer or midside
nodes of an existing element (See Figure 4-2 of the
GEOGRD Operating Instructions Manual).

>>>>> Signal end of list of refined elements by an additional line
containing only 9999/.

l. Automatic Grid Generation - One line required for each area to be
subdivided. Omit if IGEN (B.9) =0.

1

8
9

IBLK

NXI

NYI

ITP

ISHP

TC(1)

TC(Q2)
TC(3)
TC(4)

10 TC(1)

11 TC(2)

Numeric designator of the block being defined. The
number is arbitrary.

Number of subdivisions (elements) to be made in the X
direction. (Limit 1to 25).

Number of subdivisions (elements) to be made in the Y
direction. (Limit 1to 25).

Material type number to be assigned to all of the elements
generated within this area.

* 0 if quadrilateral elements are to be generated.
* 1if triangular elements are to be generated.

X-coordinate of the upper left corner of area to be
subdivided. - ft (m).

Y -coordinate of the upper left corner. - ft (m).
X-coordinate of the lower left corner. - ft (m).
Y-coordinate of the lower left corner. - ft (m).
X-coordinate of the lower right corner. - ft (m).

Y-coordinate of the lower right corner. - ft (m).
D-5




INPUT TYPE
SEO NAME

GEOGRD (Cont.)

DESCRIPTION

12 TC(3)
13 TC(4)
14 ELC(1)

15 ELC(2)
16 ELC(3)
17 ELC(4)

X-coordinate of the upper right corner. - ft (m),
Y-coordinate of the upper right comer. - ft (m).

Width of upper left corner of area being subdivided. -
ft (m). (Default=1.0).

Width of lower left corner. - ft (m). (Default = 1.0).
Width of lower right corner. - ft (m). (Default = 1.0).

Width of upper right corner. - ft (m). (Default=1.0).

>>>>> Signal end of list of nodes by an additional line containing only

9999/.

J. Element Renumbering - One line required for each list of starter
nodes that are to be tried if IRO (B.11) = 1. Only the one producing the
most efficient operation will be retained for future use. The
renumbering will not effect the numbers printed in the output or used
in input specifications. Omit if IRO =0.

1-50 NLIST Up to 50 node numbers from which the program will

reorder the internal sequence of elements to obtain the

most efficient GEODYN program operation. As a general
rule, at least two starting locations should be tried, one at
each end of the grid. A single node number is enough to
create a renumbered sequence. The list may include corner
nodes and/or midside nodes and the results are sometimes
slightly different even though the nodes all lie along a

line.

>>>>> Signal end of list of trial starting locations by an additional line
containing only blanks.
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GEODYN

INPUT INSTRUCTIONS

INPUT TYPE
SEO NAME DESCRIPTION

O. Units Control - One line required.
1 MORE * 1if Metric units are to be used.
* 2 if English units are to be used.

A. Run Title - One line required.
1 TITLE Up to 80 charactersto appear on the printed output.

B. Run Controls - One line required.
1 NCD * 0 If all elements to be used are included in file
LUNIT.DAT from GEOGRD, a restart file LIL.DAT from a

previous GEOGRD run, or input type K of this data set.
* Number of elements to be defined individually.

2 NPX  *O0If all nodes to be used are included in file
LUNIT.DAT from GEOGRD, a restart file LL.DAT from a
previous GEOGRD run,or input type K of this data set.

* Number of nodes to be defined individually.

3 NMAT Number of material zones. Each unique combination of
characteristics constitutes a different zone. This must
conform to the constraints placed in GEOGRD if a geogrd
input file is used. (Limit 1 to 20).

4 181 Control for initial temperature conditions.

* 0if all initial temperatures are to be input in a restart
file LLDAT froma previous GEODYN run.

* >0 The number of nodes at which the initial temperature
is to be explicitely input. The temperatures of all
nodes will be set initially to the temperature of the
first node specified, ie., if the entire field is to have
the same initial temperature, only one node need be
specified. Each additional value modifies the first
value. Midside nodes must be included. The nodes and
initial temperaturese are specified on input type M.




GEODYN (Cont.

INPUT DATA TYPE

SEO NAME

DESCRIPTION

5 IPRT
6 NSPN
7 1SOC

8 LUNIT
9 LI

10 1T

11 1S5

* -1 or -2 The initial nodal temperatures will be set
according to the equation given below:
T=T1+ (T2 -Tl)e-kl
Where:
T1 =temperature at 1=0.
T2 =temperature at 1 = infinity.
k =constant.
1 =XifIS1=-1and Y if IS =-2.

T1, T2, and k are input in input type N. Note that, if 1S1
< 0, the initial temperature distribution is dependant
upon the initial coordinate system used and the

location of the network in that coordinate system.

* 1if nodal coordinates, nodal connections, and element
areas are to be printed.
* (0 otherwise.

Number of nodes to be used in a summary of temperatures
at each time step to be output at the end of the printout.

The node numbers will be included in input type H. (Limit0
to 12).

* 1if the program is to calculate and print the location of
the freezing isotherm.
* 0 otherwise.

FORTRAN logical unit number for the input file LUNIT.DAT
that was generated by GEOGRD.

FORTRAN logical unit number for the restart file LLDAT
that was generated by a previous run of GEODYN. The file
was named IT.DAT during creation and must be renamed.

FORTRAN logical unit number for the output restart
file IT.DAT to be used by a future GEODYN run. It must be
renamed LI.DAT before it is used.

FORTRAN logical unit number for the complete time

history output file IS5.DAT from this simulation. The file
can be used for post processing such as input to program
GEOPLT. It must be renamed LUG.DAT before it is used in
GEOPLT.
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CEODYN (Cont.)
INPUT DATA TYPE
SEQ NAME DESCRIPTION

12 ISINO  Number of surface boundary nodes at which an annual
sinusodial temperature variation is to be imposed. These
nodes will be the last ISINO node numbers assigned for
boundary condition specifications and are listed in input
type T. Midside nodes must be included. (Note: ISINO and
NSFI (B.13) can not both be non-zero). (Limit 0O to Total
number of surface nodes).

13 NSFI  Number of element sides (faces) which define the network
interface to receive full energy balance calculations. If
NSFI > O, data types P1 through P5 and W1 and W2 will be
reqired. (Note: NSFI and ISINO(B.12) can not both be
non-zero). (Limit O to 100).

14 NSF2  Number of element sides (faces) which define the network
interface to receive a specified thermal flux. The thermal
flux is specified in input type R. It is assumed that the
thermal flux is O on all surface element faces unless
otherwise specified.

15 NBCG Number of profiles of annual surface boundary
temperatures. The profiles are specified by input type S.

16 IRO * 1if GEODYN is to internally reorder the elements for
more efficient computation. The printed output
numbering system will be unchanged. The reordering
will be specified by input type L. Reording may have
already been done in GEOGRD.

* 0 otherwise.

C. Numeric Solution Controls - One line required.
1 MAXI Maximum number of Newtonian iterations for a given time
step for a given level of numeric integration. Usually
start with 10. (Limit 1to 25).

C. (Cont.)
2  MINGP Minimum level of numeric integration. Usually start with

1. (Limit 1to 5 and MINGP <= MAXGP).

3  MAXGP Maximum level of numeric integration. Usually start with
2. (Limit 1to 5 and MINGP <= MAXGP).




GEODYN Cont.
INPUT DATA TYPE
SEQ NAME DESCRIPTION

4 NURF The iteration number at which the program will apply an
under relaxation factor of 0.5 for the Newtonian iteration.
Normally this is set to O and if convergence problems
develop the value is changed to 8.

5 MAXSUB The program will automatically half the time specified
step if a stable solution cannot be reached. MAXSUB is the
maximum number of times this will be allowed before the
program stops on error. Usually start with 4.

6 CONVC The temperature convergence criteria. - oF (oC). The
program will stop on error if this limit is exceeded by a
factor of 10 on the last iteration. Normally start with
0.01 oF (oC).

7 ALPHA The Alpha factor used in the time iteration scheme shown
in equation 1.6 of the operating instructions for GEODYN.
Usually start with 1.5and modify if convergence problems
develop. (Limit 1.0to 2.0).

D. Scale Factors - One line required.

1 XSCALE  X-direction (or R-direction) inputs for nodal locations
will be multiplied by this factor to change input values to
field values of feet (meters). For example, if the input
value was 2.5 because it was 2.5 inches (centimeters)
from the origin of the paper on which it was drawn but it
should be 5.0 feet (5 meters) in the field, XSCALE would
be 2.0, because the input number was a unitless 2.5 and the
program will use the units of feet (meters).

2 YSCALE Y-direction (or Z-direction) inputs for nodal locations
will be multiplied by this factor to change scaled input
values to field values of feet (meters).

D. (Cont.)
3 WSCALE Thickness inputs for nodal locations will be multiplied by
this factor to change scaled input values to field values of
feet (meters).

4 USCALE x-direction ( R-direction) inputs for groundwater velocity

will be multiplied by this factor to change scaled input
values to field values of feet/hour (meters/hour).
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GEODYN (Cont.
INPUT DATA TYPE
SEQ NAME DESCRIPTION

5 VSCALE Y- direction (2-direction) inputs for groundwater velocity
will be multiplied by this factor to change scaled input
values to field values of feet/hour (meters/hour).

E. Time Step Controls - One line required.
1 NTIME Number of time steps in this simulation.

2 NTSEG Number of calculation time steps between printouts. If
NTSEG = 1, printouts will occur at every calculated time
step.

3 NVTS Number of different time steps to be read in input type F.
(Limit at least 1).

4 TSTARTStarting time in days after January 1 for this run. This
value will be overridden if a restart file is used.

F. Time Step Length - NVTS (E.3) lines required.
Il N Number of time step.

2 DELTX *O0if a steady state solution is desired. If DELTX =0,
MAXI (C.I) should be 1.
* >0 Time step size in days.

G. Sinusoidal Temperature Boundary Condition - Omit if ISINO (B.12) =0. The
equation used is as follows:
Day + PHASE
. *
T = TMEAN * AMP*Sin( T 90)
1 TMEAN Base temperature for the sinusoidal temperature

relationship. There will be 182.5 days of higher and 182.5

days of lower temperature in the year. This is

node temperature and not air temperature. - °F, (°C).

2 AMP1 Maximum amplitude of sinusoidal temperature in summer,
le., the absolute value of the difference between TMEAN
and the maximum summertime temperature. - °F, (°C),

3 AMP2 Maximum amplitude of sinusoidal temperature in winter,

ie., the absolute value of the difference between TMEAN
and the minimum summertime temperature. - °F, (°C).
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INPUT DATA TYPE

SEO NAME DESCRIPTION

4 PHASE PHASE relates to the time between the coldest day and
January 1. Input the negative of the number of days after
January 1 that the temperature equals TMEAN on rising
temperature. A value on the order of -120 is frequently
appropriate.

H. Time History Summary Nodes - Omit if NSPN (B.6) =0.
1-12 ISPN  Node Numbers for which complete time history summaries
will be printed out at the end of the computer run. (Limit
1to 12).

|. Zone Material Properties - NMAT (B.3) lines required.
1 J Material Zone Number. Corresponds to element zone
definitions in file LUNIT.DAT from GEOGRD, the restart file
LIL.DAT from a previous GEODYN run, or IMATL (K.10)

from this data set.

2 ORT({,1) Frozen thermal conduct|V|ty|ntheX or R-direction. -
TU/g-nror Wim-00).

3 ORT({,2) Frozen thermal conduct|V|ty|ntheYor2 -direction. -
BTUt; hr-or W/m-00)-

4 ORT(,3) Unfrozen thermal conductivity in the X or R-direction. -
BTU/g1r-F (W/m-00)-

5 ORT{d,4) Unfrozen thermal conductivity in the Y or Z-direction. -
TV hr-or (Wip-00).
l. (Cont.)
6 ORT{,S5) Frozen volumetrlc heat capacity. -
TU /ft3oF ( kJy m3-°0)-

7 ORT(J,6) Unfrozen volumetrlc heat capacity. -
TU/e3.0p ( kI 3.00).

8 HEATL(J) Heat of fusion. - BTU/g3, (mJ/ 3).




GEODYN (Cont.
INPUT DATA TYPE
SEQO NAME DESCRIPTION

9 ALPE() Alpha in the soil moisture - temperature function for
this material. The relationship shown in figure land is
givenas Eq. 1.3and is shown pictorily on Fig. B-6 in the
operating instruction for GEODYN". Examples of Alpha
values are given in Figure 2.

LOF w = It

 Bubie Foek
T = Temperature

Jad

" |nitial W

=<
c}C+Tf—T
T< Ty

E m= t

0
Cold Tt Warm
TEMPERATURE

Figure 1 Relationship between moisture content
and temperature,

10 GAME() Fraction of moisture not frozen isothermally .

11 EPSE(J) Absolute value of the temperature range over which
isothermally released latent heat takes place. (Limit> O,
but calculational efficiency drops drastically if EPSE(J)
is less than about 0.5 oF. - oF (oC).




GEODYN (Cont.

INPUT DATA TYPE
SEQ NAME DESCRIPTION
1.0
06 ~ f
8 0.4 el B4
: foc =20 ﬁ/’ / /
T 10 A/
0.2 _,_;-——"—-“"_'-'_FP rl/"' 5 - 3 .If
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Figure 2. Example values of Alpha
J. Node Definitions - NPX (B.2) lines required. Omit if NPX =0.
17 Node number.
2 CORD(,1) X or R-coordinate location. - ft (m).
3 CORD(,2) Y or Z-coordinate location. - ft (m).
4 WD() Width of network at this node. (default=1). - ft (m).

K. Element Defininition - NCD (B.I) lines required. Omit if NCD =0.
1 ] Element number.

2-9 NOP(J,K)  Eight node numbers, starting at a comer and going
counterclockwisearound the element. For triangular
elements the last two node numbers must be O.

10 IMAT(J) Material number used in input type | to be used with this
element. If 0 isused it will null the element and, in
effect, remove it from the mesh without regenerating
the mesh.




GEODYN (Cont.)
INPUT DATA TYPE
SEQ NAME DESCRIPTION

L. Element Renumbering - One line required for each list of starter nodes that
are to be tried if IRO (B.16) = 1. Only the data set producing the most efficient
operation will be retained for future use. The renumbering will not effect the
numbers printed in the output or used in input specifications. Omit if IRO =0.
1-50 NLIST Up to 50 node numbers from which the program will
reorder the internal sequence of elements to obtain the
most efficient GEODYN program operation. As a general
rule, at least two starting locations should be tried, one at
each end of the mesh. A single node number is enough to
create a renumbered sequence. The list may include corner
nodes and/or midside nodes and the results are sometimes
slightly different even though the nodes all lie along a
line.

>>>>> Signal end of list of nodes by an additional line containing only
9999/.

M. Initial Temperature Specificationat Individual Nodes - IS1 (B.4)
lines required. Omit if IS1 <= 0.
1 ] Node number at which the initial temperature is to be

explicitly input.
2 TNEW(J,) Initial temperature of node J.

N. Imitial Temperature Relationship Specified bv Equation - One line
required. Omit if IS1 (B.4) <= 0. Seeinput type B.4 for a complete description

of the input parameters.

1 T2 Initial temperature on axis. - °F (°C).

2 Ti Initial temperature at inifinity. - OF, (°C).

3 K The exponential decay factor to transition from T2 to T1.
P& O & W Surface Energy Balance

Note: Data types Pland P2 are used to initially define the parameters for a full
surface energy balance across particular element faces with arbitrary time
intervals. Data types Q1 through Q3 are used to define the parameters for a full
surface energy balance if regular time intervals are used. Data type Q is used if
NSFI (B.13)isnot 0. Data type P may be used if NSF = O but may be omitted by
including a 9999/ line.




GEODYN (Cont.
INPUT DATA TYPE
SEQ NAME DESCRIPTION

P. P1&P2 Surface Energy Balance with Arbitrary Time Intervals -
May only be used if NSFI (B.13) =0. To omit if NSF =0, include only a 9999/

line.

Note: Data types P! and P2 are taken in pairs to define element faces for a
complete surface energy balance. The node numbers numbers defined by data
type P1 are used with the data defined by data type P2. A 9999/ line must follow
the last pair of lines. Data types W1and W2 are used to update the data in data
types P1 and P2 at arbitrary time intervals. The control for data types W 1and

W2 is NSF (T.3).

P1. Nodes for Surface Energy Balance. - Omit if data types P1 & P2 are

not desired.
1- 100 NSM(D) List of midside node numbers of the element sides to be
treated with a full surface energy balance according to the

input defined by input type P2.

P2. Initial Surface Flux Parameters - Omit if data types P1 & P2 are not

desired.
1 QSWJ Shortwave solar radiation on surface with no cloud cover.

BTU/e2 1r, Wis2).

2 TAIRJ Airtemperature. °F, (°C).

3 WSPDJ Wind Speed. Miz,, (kmy .

4 CLDCV]J Fractional cloud cover. (LimitOto 1.0).

5 EVPRTJ Evapotranspirtation flux. BTUzg2 ¢ (W7 2).

6 SDEPJ Snow depth. ft, (m).
7 SDENJ Relative density of snow. (Limit0.1to 0.9)

8 ALXJ Shortwave radiation albedo. Use the albedo of snow if
there is snow on the ground. (LimitOto 1).

P2. (Cont.)

9 EMXJ Long wave radiation emissivity. Use the emissivity of
snow if there is snow on the ground. (LimitOto 1).
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INPUT DATA TYPE
SEO NAME DESCRIPTION

10 RUFJ  Surface roughness. Use the roughness of snow if there is
snow on the ground. ft, (m).

>>>>>> End data set with a line containing only 9999/.

. OI through rface Energy Balance with monthly prope
variations - omit all three data types if NSFI (B.13) =0.

0 1 Meterological Conditions - Twelve cards required, one for each month.
1 N Month. (Limit 1to 12).
DOM(N) Day of year corresponding to this month. (Limit 1 to 365).

2
3  QSW(N) Short wave solar radiation for this month. -
BTUze2 . (Wi2).

4 TAIR(N) Air temperature this month. - °F (°C).

5 WSPD(N)  Wind speed for this month. - M, (Kmz ).

6 CLDCV(N) Fractional cloud cover for this month. (LimitOto 1.0).

7 EVPRT(I\Q Evapotranspiration flux for this month. -
T2 4 Wi2).

8 SDEP(N)  Snow depth for this month. - ft (m).

9 SDEN(N) Relative density of snow for this month. (Limit0.1 to 0.9)

02. Meteorological Data Multipliers
1 CVF(1) Multiplier appliedto QSW (QL1.3).

2 CVF(2) Multiplierappliedto TAIR (Q1.4).

3 CVE@) Multiplierapplied to WSPD (QL1.5).
02. (Cont.)

4 CVF(@4) Multiplierappliedto CLDCVR (Q1.6).

5 CVE(S) Multiplierapplied to EVPRT (Q1.7).

6 CVE(®6) Multiplierapplied to SDEP (Q1.8).
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INPUT DATA TYPE
SEQ NAME DESCRIPTION
7 CVFE(7) Multiplier applied to SDEN (Q1.9).

03. Surface Energy Balance Parameters - NSFI (B.13) lines required.

1 NLIST1(,2) Midside node number of an element face which is to be
included in a surface energy balance calculation.

2 ALGND() Shortwave radiation albeto for this face when snow
free. (LimitOto 1.0).

3 ALSNO(J) Short wave radiation albeto for this face when snow
covered. (LimitOto 1.0).

4 VFACT(J) Shortwave view factor. (Limit0to 1.0).

5 EMGND() Long wave radiation emissivity for this face when
snow free. (LimitOto 1.0).

(o]

EMSNO(J) Long wave radiation emissivity for this face when
snow covered. (LimitOto 1.0).

7 RBARE(J) Surfaceroughness for this face when snow free. -
ft (m).

8 RSNOW(J) Surfaceroughness for this face when snow covered. -
ft (m).

9 EFACT() Ratio of the monthly evapotranspiration flux to the
evapotranspiration flux assigned to this element face.
(LimitOto 1.0).

10 TFACT({J) Ratio of the monthly snow depth to the snow depth
assigned to this element face. (LimitOto 1.0).

11 DFACT{) Ratio of the monthly snow density to the snow density
assigned to this element face. (LimitOto 1.0).

R. Constant Heat Flux - NSF2 (B.14) lines required. Omit if NSF2 =0.
1 NLIST2(N.2) The midside node number of an element face across

which a flux is to be specified.

2 FLUXC(N) The constant flux to be applied across the element face.
A positive value is an input and a negative value is a
withdrawl. - BTUzg2-, - (W/,2).
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INPUT DATA TYPE
SEQ NAME DESCRIPTION

S. Time Dependant Boundary Condition - One line required if NBCG
(B.15) >= 0. Omit if NBCG =0.
1 3 The time series order number. This number will be 1G (B.3)
used for reference purposes when the boundary conditions
are specified on data type U.

2 N Number of day temperature pairs used to define the annual
temperature schedule. (Limit 2 to 20).

3-22 TBC,VBC N (S.2) pairs of Julian day (TBC) and the associated
temperature (VBC). The temperature at intermediate days
will be linearly interpreted detween the two adjacent
pairs. (Limiton TBC, O to 365).

Note: Thesetof T, U, V and W input types may be repeated for as many time
steps as desired. After the last set of inputs has been exhausted, the program will
use the last set of values read for the remainder of the run. The temperature
boundary conditions and/or convective velocities may be time dependant. If, for
example, one wished to change only 10 of the 25 originally specified velocities
and leave the temperatures alone, the proper specification would be NXX =0 and
NVEL = 10.

T. Boundarv Condition Control - One line required.
1 NXX  Number of nodes to which the time dependant boundary

conditions specified by data type S are to be applied, plus
ISINO (B.12) which is the number of nodes to which the
sinusodial temperature boundary conditions specified by
input type U are to be applied. (Limit O to total number of
nodes).

2 NVEL Number of nodes at which a groundwater velocity is to be
specified by input type V.
T. (Cont.)

3 NSF Number of sets of surface heat flux updates (input type W1
& W2 pairs) to be used in the next time step.

U. Temperature Boundary Conditions - NXX (T.1) lines required.
1] Node number where the boundary condition is to be applied.
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INPUT DATA TYPE
SEQ NAME DESCRIPTION

2 TNEW Node temperature if a constant temperature is to be
applied to this node. If TNEW is to be used, IG (U.3) must
be 0. If an annual temperature profile defined by data type
S is to be applied to this node, then IG will be greater than
0 and the value of TNEW will be overridden so any value

may be used for TNEW. ©F (°C).

3 1G * 0if a constant value of TNEW is to be used for this node.
*1G > O will result in the temperature being taken from
the IG annual temperature profile specified by input

type S.

V. Flow Velocitv Boundarv Conditions - NEVL (T.2) lines required. Omit

if NEVL =0.
1 N Node number where flow velocities are to be defined.

2 UX The Darcy flow velocity to be assigned to the node in the
X-direction. This value will be multiplied by USCALE (D.4).
to convert this unitless number to the correct units of

feet/hour (metersy, .

2 uY The Darcy flow velocity to be assigned to the node in the Y
direction. This value will be multiplied by VSCALE (D.5).

faets "1 this unitless number to the correct units of
"hour (meter/hour).
W1. Surface heat flux n .- Omit if NSF (T.3) =0.

1- NSM(D) List of node numbersto have updated surface energy
balance parameters. The node numbers must be in the list
of nodes originally specified by data type P1 but not all of
those nodes must be upgraded. The parameters specified
remain in effect until they are changed by aW 1& W2
combination.

W2. Surface Flux Parameters for Element Sides Specified In Input
Type W1 - Omit if NSF (T.3) =0.
1 QSWJIK Shortwave solar radiation on surface with no cloud cover.

-BTU2 1 (Wip2).
2 TAIRJK Air temperature. - OF (°C).

3 WSPDJK Wind Speed. - My, (kmyp .
E- 14
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INPUT DATA TYPE

SEQ NAME DESCRIPTION

4

5

CLDCVJK Fractional cloud cover. (Limit O to 1.0).

EVPRTJK  Evapotranspirtation flux. - BTUg2 . (W/.2).

SDEPJK Snow depth. - ft (m).
SDENJK Relative density of snow. (Limit0.1 to 0.9)

ALXJIK Short wave radiation albedo. Use albedo of snow if there
is snow on the ground. (LimitOto 1.0).

EMXJK Long wave radiation emissivity. Use emissivity of snow if
there is snow on the ground. (Limit Oto 1.0).

10 RUFJK Surface roughness. Use roughness of snow if there is snow

on the ground. - ft (m).
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INPUT TYPE

GEOPLT
INPUT INSTRUCTIONS

SEQ NAME DESCRIPTION

A Title

1 TITLE Up to 80 characters to be used in fileOUT.DAT. Does not

B Run Controls

1 LUG

2 LUV

3 IBPP

4 NX

5 NY

6 XSCALE
7 YSCALE
8 NXPMIN

appear on plots.

FORTRAN logical unit number containing the output file
LUG.DAT from GEODYN. This file is named IS5.DAT when
it is output from GEODYN. (Default=1).

Number of plots to be made. (Limit 1to 100).

* 1if the outer boundary of the network and/or a series of
connected straight line segments forming element
sides is to be plotted.

* 0 otherwise.

Number of grid lines in the X-direction to be used in
developing the contour plot. (Limit 10to 65).
(Default=35).

Number of grid lines in the Y-direction to be used in
developing the contour plot. (Limit 10to 65).
(Default = 35).

Scale factor applied to the X-coordinate values before
plotting, ie. (size on plot in inches)/(units in the mesh).

Scale factor applied to the Y-coordinate values before
plotting, ie. (size on plot in inches)/(units in the mesh).

Node number which has the minimum X-coordnate to be
used in the plot. (Default =network minimum).

9 NPXMAX Node number which has the maximum X-coordnate to be

used in the plot. (Default = network minimum).
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10 NPYMIN  Node number which has the minimum Y-coordinate to be
used in the plot. (Default = network minimum).

11 NYPMAX Node number which has the maximum Y-coordinate to be
used in the plot. (Default = network minimum).

C File Record Numbers

1-100 List List of file record numbers (ie., time step numbers) to be
plotted from the GEODYN file LUG.DAT. LUV (B.2) numbers
must be included. The numbers may be in any order.

Note: Inputtypes D through G are repeated for each plot. There
must be LUV (B.2) sets of these input types.

D Plot Outline Control - Omit if IBPP (B.3) =0.
1 NPTS *O0if only the boundary of the network is to be plotted
along with the temperature contours.

* IF NPTS < 0, the series of lines defined by connecting the
NPTS points given in input type E will be plotted along
with the temperature contours. (Limit-400 to -1).

* If NPTS > 0, the network boundary and the series of lines
defined by connecting the NPTS points given in input
type E will be plotted along with the contours.

(Limit 1 to 400).

E Specified Line Definition - Omit if NPTS (D.I) or IBPP (B.3) =0).
1-400 NPB List of NPTS (D.l) node numbers following element sides
which define a series of connected lines to be plotted
along with the temperature contours.

F Plot Title
1 LITL  Upto 80 charactersto be included on the plot.

G _Contour Specifications
1 NUMYV The number of contoursto be attempted on this plot.
(Limit 1to 20).

2-21 The contour values to be plotted. - °F (°C)
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CHAPTER |
INTRODUCTION

The purpose of the computer program GEOGRO is to generate
two-dimensional finite element grids for use by other computer Erograms
such as GEODYN. As such, GEOGRD 1is not a simulation program, but rather
a data preprocesssor in RMA's modeling systenm.

The specific capabilities of GEOGRD are the following:

+ To read, edit and print all geometric data required for the
GEODYN computer program. Input for this process may come
either from cards or a file written by a previously executed
application of GEOGRD.

- To refine, update, modify and change a network which has
been generated by a previous run of GEOGRD

* To generate quadrilateral or triangular grids from the
specification of outside corners.

* To produce a graphical plot of the entire user-defined
network as it is perceived by the finite element program.

 To produce a graphical plot of outside limits of the network
which Can be used as a check on network construction.

* To write a data file which can be used as input to GEOOYN




CHAPTER 2
PROGRAM ORGANIZATION AND DESCRIPTION

The GEOGRD program consists of one master routine and several
subroutines, as shown in Figure 2-1. Pen Elots are produced through
calls to standard Calcomp library routines. GEOGRD plots curved sided
elements accordln% to the same mathematical functions as are used by the
finite element shape functions.  Brief descriptions of each of the
program®s routines are provided below (in alphabetical order after the
main routine).

MAIN ROUTINE

The main routine is used as a starting point for the program and to
issue calls to various program subroutines.  Program execution 1is
initiated In the main routine after which the specified input data is
read either from cards or an input file. As a general rule all input
data will be echo printed out imnediately after input.

The first item of input is the run control information. This
information sets various internal switches to direct the program®s
logical activity. Following that, the program reads a set of plot and
coordinate scale factors and an optional set of limits on the extent of
the network to be plotted. Next, the user-defined element definitions
and coordinate locations are input, with subroutine FILL called to fill
in any missing node numbers. If requested, subroutine REFINE 1is then
called and will undertake the refinement of the currently defined
network accordin% to user specifications. At this point the program
will output to the line printer the current status of the network (i.e.,
element definitions and nodal locations) and then (optionallyg call the
network generation subroutine, GNET. Upon return from GNET, the program
will apply the user-defined scale factors and write a file for
subsequent use by GEODYN. At this point the user may request a call to
subroutine PRTNET which will output a final sumnary of the network
generation exactly as It has been written to the output file.

Subsequent to writing the output file the program will either halt
or continue to the plotting function. If plotting is requested, the
network will be drawn element side by element side via calls to
subroutine FIT. In this process the element numbers, node numbers and
material zone numbers may or may not be plotted as the wuser desires.
Following the plotting of the full network, the outer boundary of the
network may be plotted separately by a call to BNDIT; if the network
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has beem refined this is a useful check to make sure no "holes® have
been left In the network.  Following the plotting, the program
terminates.

Subroutine BNDIT

IT the user so requests, subroutine BNDIT will plot the outside
boundary of the network. This option is used mainly as a check to see
that no_internal regions have been omitted from the network in the
generation or refinement process.

_ Subroutine BNDIT is called from the main program and makes no
additional calls except to standard Calcomp plotting routines.

Subroutine FILL

If the user elects to hand number the network .(or a port on
thereof) he will be required to define either six noded triangu ar
elements or eight noded quadrilateral elements. In either case, n de
numbers are needed at the corners of these elements as well as at
midside locations between the corners. To facilitate data entry, If the
user defines only the corner nodes of an element (either 3 or 4 values),
FILL will assign midside node numbers as required. The option for the
user to assign only corner node numbers can be used in any combination
thh fully defined elements, and in no way alters numbers assigned by
the user.

In order to find out what midside node numbers have been assigned
by FILL, the user must inseect the printed and/or plotted progranm
output. Subroutine FILL is called from and returns to the main progranm
and makes no further subroutine calls.

Subroutine FIT

_When a plot of the network is requested, the main routine generates
a list of the nodes which define each element side and then plots each
side via calls to FIT. The x and y coordinates of the three nodes on an
element side are passed to FIT. This enables FIT to pass a finite
element shape function tnrough the points and to plot, in a piecewise
Ijgear fashion, the exact shape of both straight and curved element
sides.

Subroutine GNET

_As a program oPtion, the user may generate four-sided network
reglons automatically by wusing subroutine GNET. This routine, which
will generate either triangular or quadrilateral elements, begins by
reading and outputing to the printer the specifications for the area to
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be generated. Such a network generation can be either of a stand ;...
tyfe or can be an addition to an existing network. In either case, GNET
will assign element numbers, zone types, nodal numbers and nodal
coordinates according to user specifications, and all assignments will
be compatible with network definition eX|st|n% at the The order in which
node numbers are assigned by GNET can be influenced by the user®s order
of specification of the corners of the area to be generated.

Subroutine GNET 1is called from the main routine and returns control
after completing all generation activities. It makes no further calls,
But the duser should invoke PRTNET and the plotting options if GNET has

een used.

Subroutine PRTNET

Subroutine PRTNET outputs to the line printer the exact network
specifications after all generation and data input is complete. This
routine is called by a user option. It is a very good idea to use this
routine to. produce a hard copy of the final network once generation is
complete to ensure that errors In the network do not exist.  Subroutine
PRTNET is called from the main routine and makes no further calls.

Subroutine REFINE

As a program option, the user may subdivide existing triangular® or
quadrilateral elements into new elements according to a set of input
specifications. This option is quite useful 1f the need arises to add
additional detail into selected portions of an existing network.

_ To provide this option, subroutine REFINE reads and prints the
eX|st|ng node numbers of what are to be the new corner node_numbers of a
subdivided element. If an input node number does not exist, an error
message Is printed and program execution iS stopped.  Assuming proper
" specitications, REFINE defines a new element from the old, and adds
additional midside node numbers as required. The material zone type of
the original element is assigned to the new element created.

This process is repeated until all refinement is complete. All the
elements in the network are then renumbered to eliminate voids, and the
new element numbers and nodal connections output to the printer,
Subroutine REFINE is called from the main routine and makes no further
calls. If subroutine REFINE s called, the user should plot both the
new network and the network boundary to check for errors in network
construction.




CHAPTER 3
EXAMPLE PROBLEM

To demonstrate the operation of GEOGRD, a test problem has been
constructed as an example. Various views of the test network are shown
in Figures 3-1, 3-2 and 3-3 and presents a two-dimensional
representation of a pipeline In a soil mass. The major subdivisions in
Figure 3-1 are zones of different material properties while Figure 3-2
shows an enlarged view of the network _in the region near the pipe.
Figure 3-3 provides another plot of the entire network, but in this case
the 12 zones which were_defined by GEQGRD's network generation option
are shown by heavy outlines.

Proper network layout is a fundamental aspect of finite element
modeling and one which becomes considerably easier with experience. The
reader is referred to the example problem for a graphical interpretation
of the proper procedure for network layout. The first step in the
layout procedure is to get a diagram or map of the system and sketch out
the problem®s overall boundaries. This should done with the
prototype*s major chracteristics in mind S0 as not to be overly
concerned with local details. As a general rule, the extremeties of the
system should be set at locations where boundary conditions can be
reasonably specified. The general rule is to provide extra detail in
those areas where large thermal gradients are expected, such as near
load points or shape changes in system geometry; when in doubt, provide
extra detai L.

Once the network*s overall limits have been set it s usually
advisable to construct a series of lines more or less parallel to the
long axis of the problem. The position and frequency of these [lines
should reflect the areas of special importance in the problem. Once
such lines have been located, transverse lines can be drawn, again
recognizing the requirements and details of the problem. After the
basic network has been established, the triangular and/or quadrilateral
structure can be filled in with special attention to corners and other
areas where gradients are expected to be large. Node and element
definitions can be made either manually or via GEOGRD's grid generation
option.

To accommodate irregular boundaries, and to eliminate sharp
corners,  GEOGRD will accept any combination of triangular or
3ua@rllateral elements with curved sides. Each side of each element Is

efined in terms of the coordinates of the three nodal points which lie
along the element side. In all cases there exists a nodal point at each
end of an element side with an internal, or midside node, at an
arbitrary location between the end points. For straight element sides
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THE PIPE AS PRODUCED BY GEOGRD'S
PARTIAL PLOT OPTION (IPP)




, ! ! —A\5
e
) B
i
& ®
® | ®
I
5‘ !
T\ ;n‘o\_ﬁ L | @
g et ]
Subarea Ide
! tification
g fumber
-
B
| ! |
FIGURE 3-3
SUBAREAS DEFINED cY GEOGRD'S
GRID GENERATION opTION (IGEN)




the position of the midside node is 1‘nternqﬂy calculated from ¢tne
position of the end nodes, and lies exactly midway between the ends. On
input, the user need only input the coordinates of the corner nodes for
straight element sides.

_If the user wishes to define an element side as being other than
straight, he simply inputs to the program the coordinates of the three
nodes along the desired curve. The program will then pass a smooth
curve through the three points which define the element side. The shape
of the curve s approximately quadratic and will pass exactly through
the end and midside nodes.

The only practical way for a user to determine and examine the
exact shape of a curved sided element 1is to plot the internall
generated shapes. The user is urged to nde a plot of any and al
networks which will be used with the finite element programs.

~ The test network shown in Figures 3-1 and 3-3 was run_from the card
Input reproduced as Figure 3-4. As can be seen, curved sided_elements
were desired around the outside of the pipe. The input coordinates are
all specified in inches and will be later modified by scale factors In
the simulation progranm.

The printed output from the example problem is reproduced ai rigure
3-5 (the plotted output is shown in Figures 3-1, 3-2 and 3-3). All “the

output is self documented and straightfoward and is produced in the same
order as data is Input to the progranm.

In reviewing this output, the reader should be aware of the fact
that this network was developed by a combination of specific node and
element definitions using a network generator, This procedure allows

development of large and complicated networks at a very rapid pace.
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2
O.ol
1.
2.
3
4,
5'
&
7,
8.
9
10,
11,
12,
l:’p
14
&=
164
17.
18.
19,
20.
2Ll

22,

23
28,
23.
26,
27,
28’
29,
30,
<} 9
32,
33,
34,
35.
36,
37.
38,
39,
9999/
1,

CUIﬂﬂﬂEb'g'tr'gi

) " i. Q, 1 a- &1, l. 0.
0.0+ 0.2, 0.2, 00, 0.0, GO
3 1, 2. 3 ta, 22, 21, 20. 13
3 2, 4, s, 15, 28, 23. . 14
3 s, 5, 7, 16, 26, 2DH. 24, 15
%3 e. 9, 10, 48, 29, 28, 27. 17
4, 100 llc 12. 191 31: 300 27‘ la
3 20, a1, 22, 33, a1, 40. 39, 32
3 22, 23, 24, a8, 43, 42, 41. 33
3 24, 23, 26, a9, 43, 44. 43. 34
3, 43, 44, 49, a7, 30, 49, 48, 46
3 48, 49, 50, s2, 58, 34, 33, St
3 33, 84, 53, 57, 60, 59, s8. 36
2, 58, 59, 60, &2, 63, b4. 63, 61
2 63, 644 63, 36, 27. 28, 29, 37
4, 29. 30, 31, 72. 65, 37 0. 0
3. 39, 40, 41, &7, 7%, 74, 73. 6b
3. 41, 42, 43, &8, 77 76, 75. 67
g: 43. 46, 48, &%, 79, 78. 77. 48
! 49, 51, 53, 70. a1, g0, 79. 59
g. 33. %4 s& 7i, - 83, 82, BL. 70 9|en7€ﬁt
. sa, 58, 100, 84, 83, 71, 0. o) : ;
S, 43, 87, e 8. 93, 32 50. 47 defini tians
5. 88 89, &3. &2, 40, S7. S5, 86 (Card Type E)
s, 26, 91, 92, 90, ag, 87. a3, 33
5 92, 93, 27, 3s. &3, a9 88. 90
LR 7. 9%, 96, 94, 92, o1, 28, 16
3, 9, 97, a, 17, 27, 93, 92, 94
4, 6%, 72, 31, as, a8s. 103, 102, 99
3. a8, &1, &3, 99, 162, 101. 100, 98
1. (00, 101, 102, 104, 107, 106, 83. 84
1, 89, 10%, 107, 104, 102, 103, 0. 0
3 73, 74, 7%, 109, 118, 117, 116, 108
a. 75, 76, 77, 110, 120, 119, 1i8, 109
3 77. 78, 79, {1t, 122, 121, 120, 110
3 79. 80, a1, 112, 22, 1t 0. 0
1. 81, 113, |24, 123, 122, 112, 0. 0
t, 8t 8a. 83, 114, 126, 123, 124. 113
1, 83 106, 107, 119 (28, (27, 12& 114
3, tte. 117, {18 130, 134, 123, 132, 129
3, 118 119, 120, 131, 134, 130, 0. 0
0.00, 0.00, 1.00
0.73. 0.00, |.00
150, 0.00, 1.00
2.%0, 0.00. 1.00
7.%0, 0.00., 1.00
8.00, 0.00, 1.00
9.00, 0.00. 1.00
2.40, 0.40. 100
7 40, 0.80, 1.00
0.00, 1.00. 1.00
0.7%, 1.00. |.00
1.%0, 1.00. .00
2.7%, 1.00., i 00 nOdal-
7.2, 1,00, 1.60 coordinates
8 00. 1.00, 1.00
9.00, 2 00, 1.00 (Card Type F)
3.00, 1.42, 1.00
7 00, 1.42, 1.00
0.00. 3.00, t.00
0.7%. 3.00. 1.00
1. 50, 3.00. t.00
3.2%, 1.70. 1. 00
3.40, 2.09, 1.00
3.60, 3.004 1t.00
3 99, 2.2% 1.00
4.%0, 2.4%, 1.00
5.00. 3.00, 1.00
5.00., 2.%0, 1.00
S %0, 2.49, 1.00
6 20. 3.00, t.00
$ 90, 2.30, t.00
FIGURE 3-4

CARD IMAGES USED FOR INPUT

OF EXAMPLE PROBLEM
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7
T/
I8
7%
Y]

EB.

91):

113:
114:
113
116:
117:
118
119:
120:
121
122:
123:
124.
123:
26:
127:
12
129:
130:
131:
132
133:
134

&>, & 40. 2 05 | OO
&ds & 79, 1.70, 1 QQ
&%. U 00. 3.00. 1 00
73, 0 00, %.00. | 00
7%, 0.75, 5.00, | 0o
?7. 1.50., 4.00. 1 00
79. 320, %.00, 1 00
81. 8 00. 5.00. | 05
83. & 70. 4 00. t OO
85. 9@ 00. 4 00. 1 OO
84, 5 00, .70, 1 00
92. 5 00. 1.060, @' OO nOdaI -
96, % 00, 0.00.1 00 coordinates
100. 7 %0. 4.00. | OO
102. 0.00. 4.00. 1 0O (Card Type F)
107, 9 00, 6.00, 1 00
116, 000, A.00. | 0O
118. 0.7?%. 8.00. 1 00
120. 1 %0, 8.00. . OO0
1;.: 3.008 8.00. 1 00
24, 5 00. 8.00. 1 0O
126. 7 Q0, 8.00. 1. OO
128, 9 00, 8.00. 1 00
132, O OO» 9 50, 1 00
134, 073 9.50, 1 00
9999/,
3, &, -1 24
& 7, b, 25
24, 23 44, 43
26, 4%, 44, e}
a8, 30, 48, 44
48, 77. 43, (0]
49, 78 77. (0]
a8, 93, at. (0]
48. 81, 79 (0]
8. P 28, 27 elenqent
9. 10, 29, 78 refinement
27, 28, 64, 63
28, 29, &5, 64 (Card Type H)
63, &4, 58, 60
&4, &9, sa. [0}
$3. 58, 81. [0}
44. 48. 43. 0
8. 83, 81, 0
9999/
1. < A 3, 0, 900, 4.0, 9.00, 0.00, 17.006, 0.00,17.00, 4.00/
24 3. + 2 2. 0, 17.00Q, 4.00. 17.00, 0.00.38. 00, 0.00.38.00,. 4.00/
3, 24 2. 1. 0, 9.00, 8.00, 9.00, 4.00, 17.00. 4.00, 17.00, 8.00/
4, 3, 2, < 0, 17.00, 8.00., 17.00. 4.00,38.00, 4.00,38.00, 8.00/
& & & b 8 9993388 998 $-3% 023 9:38 9133388/ automatic
7, 1 4, 1. 0, 1.30,32. 00, 1.30, 8.00, 3.00. 8.00. 3.00,32. 00/ grld
8, 3. 4, 1. 0., 3.00,32.00. 3.00. 8.90. 9 00, 8.00, <. 00,32 00/
e & 4, 1, 0, 9 00,32.00, 9.00, 8 00. 17.00, 8.00, 17.00, 32. OO/ ggnegazl_or [
.
0% 4 % £ 88931583 5993883 59353329y,  (Card Type I)
12, 2, 4, . 0. 38.00, 32.00, 38. 00. 8 00.62.00, 8.00,62.00,32.00/
25999/
t, 13, 20, 32, 39  &s& 73, 108, 116, 129, 132/ element
9 ‘
9999/ renumbering
(Card Type-J)
FIGURE 3-4

(continued)
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PROGRAM CEOGRD
A FINITE ELEMENT CRID QENERATOR
DEVELOPED BY
RESOURCE MANAGEMENTS ASSOCIATES
LAFAYETTE, CALIF -— NQVEMBER 19@2

NETWORK FOR CEOCRD DOCUMENTATION

~++24RUN CONTROL PAﬁAnETERs" ason

PRINT CPTIONCIPRT)
PLOT NODES(IPNN)
PLOT ELTS(IPEN)

PLOT NETWORK(IPQO)
PARTIAL PLOTS(IPP)
NETWORK REFINE(IRFN)
GEOM INPUT(IGIN}
GEOM QUTPUT(LUNIT)
GENERATE NET(IGEN)
NUM ST LINESINXLZ)
REORDERING OPTION(IRQ)

o
—OpRpRrRORO=OON

++2+2+8SCALE FACTORS®esen

HORIZ SIZE(PLOT)
VERT SIZE(PLOT)
X SCALE(PLAT)

Y SCaALE(PLOT)
ROTATION(PLOT)

X OUTPUT SCALE

.000
000
. 200
<Q0
000
000

eooooco0

Y OUTPUT SCALE 0.000

SPECS FOR REFINED ELEMENTS

ORC ELT NODES
3 ] 6 25
3 6 7 26
8 24 2s 44
8 28 43 44
9 43 S0 48
17 a8 77 43
4 40 79 77
] 40 33 81
18 48 81 79
It 8 9 28
4 9 10 29
13 27 28 44
13 28 29 63
12 63 64 58
H &4 65 58
19 53 58 a1
9 44 48 43
19 50 e3 81
NUMBER OF NEU ELEMENTS IS 18

NUMBER OF NEU NODES PTsS IS 21

FIGURE 3-5

GEOGRD OUTPUT FROM
THE EXAMPLE PROBLEM
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ELEMENT ORDER AFTER REFINEMENT

ORDER
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NUMBER

— s e s
valhueRER~Bow IS T NIRRT YN

NODES
1
3

10
20
o2
48
33
29
39
41
8
a3
88
26
92
7
96
63
58
100
85
73
7%
77
79
B8t
81
83
{16
118
3
&
24
25
45
48
48
48
48
8
9
27
28
63
64
53
44
53

2 3 14
4 ] 19
11 12 19
21 a2 33
23 24 34
49 o] 32
54 S3 57
30 31 72
40 41 67
42 43 48
989 100 84
87 1] 846
e9 63 62
91 92 3?0
93 27 36
95 9% 94
97 8 17
72 31 38
61 63 ?9
101 {02 104
105 107 104
74 75 109
76 77 110
78 79 111
80 8 112
113 124 123
e2 e3 114
106 107 (1S
117 118 130
119 120 131
139 6 136
138 7 16
137 25 140
35 43 142
47 50 49
144 77 48
69 79 70
51 53 70
148 a1 80
146 9 147
149 10 18
148 28 151
150 29 37
152 64 154
153 &3 61
56 58 155
(43 ag d4
71 a3 82
FIGURE 3-5

(continued)
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INPUTS FOR NETHWORK GCENERATION

INPUTS FOR SUBAREA IDENT

t

HCGR1Z DIVISIONS = 2
VERT OIVISIONS = 2
UATERIAC CLASS = 3
SHAPE(O=REC, 1=TR ) o]
SUBAREA COORDINATES
CORNER X-CORD Y-CORD
L 9 00 4 00
2 9 00 0.00
3 17 00 0 00
4 17 00 4 00
INPUTS FOR SUBAREA IDENT 2
HORI1Z DIVISIONS = 3
VERT DIVISIONS: = 2
MATERIAL CLASS = 2
SHAPE(QO=REC, 1=TR ) 0
SUBAREA COORDINATES
CORNER X-CORD Y-CORD
1 17 00 4 00
2 17 00 0.00
3 38.00 0.00
4 38.00 4 00
INPUTS FOR SUBAREA IDENT 3"
HORIZ DIVISIONS = 2
VERT DIVISIONS = 2
MATERIAL CLASS = {
SHAPE (QO=REC, I1»TRI) (0]
SUBAREA COORDINATES
CORNER X-CORD Y-CORD
| 9 00 8. 00
7 9 00 4 00
3 17 00 4 00
4 17 00 8 00
1eyTts FOR SUBAREA IDENT 4
HOR1Z DIVISIONS = 3
JEAT DIVISIONS = 2
~ATERTAL CLASS = -
SHAPE(QaREC. 1=TRI) 0
sul3arga COORDINATES
CORNER X-CORD Y=CORD
I 17 00 a. oo
2 17 00 4 00
3 33. ¢0 300
3 38 00 8 00
FIGURE 3-5
(continued)
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THICKNESS
I 00

t 00

1 00

I 00

THICKNESS
t 00
1 00
I 00
t 00

THICKNESS
1. 00

1. 00

1. 00

1. 00

THICKNESS
1 00

I GO
o0
120




INPUTS FOR SUBAREA IDENT ]

~CRIZ DIVISICNS =

1
vERT DIVISIONS = 4
MATERIAL CLASS = 1
SHAPE(Q=REC. |=TR ) (0]
SUBAREA CQCRDINATES
CORNER X-CORD Y-CORD THICKNESS
I 0 00 32.00 I 00
2 0 00 9 SO 1 00
3 07% ? 50 I 00
4 0o7s 32.00 t 00
IMPUTS FOR SUBAREA IOENT &
KORIZ DIVISIONS = !
VERT DIVISIONS = 4
MATERTAL CLASS = 1
SHAPE(OWREC, 1=TR1) o
SUBAREA COORDINATES
CORMNER |- CORD Y-CORD THICKNESS
1 0 75 32.G0 1 00
2 0 75 9 50 1 00
3 1 SO 8 00 1 00
4 1 %0 32 00 1t 00
INPUTS FOR SUBAREA IDENT 7
=ORIZ DIVISIONS = t
VZRT DIVISIONS = 4
MATER AL CLASS = 1
SHAPE(Q=REC, (=TR1) 0
SUBAREA COORDINATES
CRNER X-CORD Y-CORD THICKNESS
1 1. 50 32.00 1. 00
2 1. 30 8. 00 1 00
3 3. 00 8. 00 1. 00
4 3.00 32.00 1. 00
INPUTS FCR SUBAREA IDENT ]
~ZRIZ DIVISIONS = 3
.ERT DIVISIONS = 4
"aTER[AL CLASS = {
THAPE (O=REL, L=TRI) o]
SLIAREA ZCORDINATES
ITENER X-CORD Y-CCRD THICKNESS
1 3 00 a2 Cco t 00
a 3 00 g 00 1 00
3 9 CO e co 1 00
Ky ® 00 22 00 t 00

FIGURE 3-5
(continued)
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INPUTS FOR SuBAREA IDENT 9
“0r12 OIVISIONS = 2
VveRT OIVISIONS = 3
NMATER{AL CLASS = 1
SHAPE (Q=REC, 12TRI) (0]

SUBARES ZITROINATES
CCRNER |- CORD Y- CORD

t 9 00 32.00
n < 00 g. 00
3 17 36 a oo
4 17 00 32.00

INPUTS FGR SUBAREA IDENT 1Q
WIRIZ DIVISICNS = 3
VERT DIVISIONS = 4
MATERIAL CLASS = 2
SHAPE (O=REC, 1=TRI) 0

SUBAREA CCCRDINATES

ORNER X-CORD Y-CORD
| 17 Q0 32. 00
2 17 00 3. 00
3 33. 00 B8 00
4 38 00 32.00

INPUTS FOR suparea IDENT 11
HORIZ DIVISIONS = 2
VERT DIVISIONS = 4
MATERIAL CLASS = 2
SHAPE (O=REC. 12TR 1) (0}

SUBAREA COORDINATES
CORNER X=-CORD Y~CORD

{ 36.00 e. 00
2 33. 00 0.00
3 &2. 00 0.00
4 &62. 00 e. 00

INPUTS FOR suparea IDENT 12
HORIZ DIVISICNS = 2
VERT DIVISIONS = 4
MATERIAL CLASS = 2
SHAZE (Q=REC, 1=2TR ) (0]

SUBAREA CEOGRDINATES
CORNER X-CORD ¥-CORD

| 38 ¢2 32. 00
= 33.CO 8 00
3 &2 00 a ¢o
4 42 00 32.00

(continued)
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THICKNESS
122
1 GO
120
1 GO

THICKNESS
1. 00
{ 00
I 09
1 00

THICKNESS
1.00
t QQ
1. 00
t 00

THICKMNESS
1 Q2

1 Co

1 29
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NETWORK FOR GEOQGRD DOCUMENTATION

NUMBER

ODO~NODhWN-

NODES
!
3
10
20
22
48
53
29
39
41
S8
435
88
26
92
7
96
63
58
100
95
73
7s
77
79
8L
61
83
116
158
5
6
24
26
45
40
40
48
48
8
9
27
28
63
64
53
44
38
8%
157
31
163
159
173
173
1a5
192
1S4
123

1 7

FREE FIELD FORMATS

2 3 13 22
4 ] 15 24
11 12 19 31
21 27 33 41
23 24 33 43
49 SO s2 5%
s4 $3 S7 60
30 31 72 3]
40 a1 67 7%
42 43 60 77
98 100 84 33
87 =1:] 36 S5
89 63 62 00
o1 92 90 98
93 27 36 63
95 96 94 92
97 =] 17 27
72 31 38 g3
51 &5 99 102
101 102 104 107
105 107 104 102
74 7s 109 118
76 77 110 120
78 79 111 122
80 91 112 122
113 124 123 122
82 83 114 12s%
106 107 118 128
t17 118 130 138
1l 120 131 134
139 6 136 <
138 7 16 26
137 2s 140 44
35 4s 142 44
47 50 49 48
144 77 60 43
&9 79 70 77
139 53 70 81
143 St 80 79
146 ? 147 20
149 10 18 29
148 2 151 64
1S0 <9 37 5s
152 54 154 <
|%2 c5 51 <e
Ss 2 3 EM
143 23 46 a3J
71 33 32 31
38 31 1828 142
160 163 12+ a3
19 2 iad lov
tlobé 1469 170 71
fey 165 181 182
{78 182 153 184
177 1e4 185 136
147 171 170 171
ta7 19t 182 1°3
1Sa 153 123 19%
115 107 =22 03
200 03 o4 03
FIGURE 3-5
(contfnued)

18

21
23
30
40
32
s4
Ed
37
73
76
71
52
57
87
83
1
93
103
101
106
103
117
119
121
111
112
123
127
133
132
137
139
154
140
143
46
144
143
69
148
150
152
153
59
tss

141
1595
iso
s
te?
1789
179
120
137

123
220
201

20
22
23
39
41
53
58

73
75

50
33
45
33
26
92
102

116

157
:59
123

155

173
175
177
122
194
188

197
199

14
18
32
33
51
36

66
67

47
86
33
90

94
99

84

Lo8
109
110

113
114
129

147
36
131
62
23

135
1~2
lod
1732
174
176
19t
183
105
196
198
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8l o1 107 103 8) 1% 137 208 203 202

od 67 203 206 137 158 1%9 207 205 204
63 63 199 201 205 217 218 2314 209 =8
54 64 209 214 218 219 220 213 21 210
Y] 65 211 211) 220 221 222 2i6 213 12
ta 66 205 207 1%9 172 173 223 218 217
57 67 218 223 173 174 7% 24 220 219
&2 o3 220 224 7% 176 177 225 222 221
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CHAPTER 4
PROGRAM INPUT INSTRUCTIONS

Data for GEOGRO are input through the card reader and may or may
not be augmented by a previously generated file (the file structure for
GEOGRD is shown schematically in Figure 4-1). e first card is a
comment which 1s printed and plotted, and the second card a list of
program control variables.  Next come the plot specifications, the
element cards and the node cards. If network refinement, network
generation, or element renumbering to be done, the card inputs for these
activities follow the node cards.

_ The program has a number of options as explained below.  Several
options have to do with scaling the size of the plot. If values are
specified for the horizontal and.vertical plot size, the network will be
scaled to fit within these bounds. This may result in a distortion of
the P]Iot,L but will assure that the plot is contained on the plot page.
If the sizes are left blank, the program will expect scale factors for
the coordinates.  These should be specified such that the inputs will
fit into the desired space on the plot.

) _wgen preparing data for GEOGRD, the following items should be kept
in mind:

1. The file written for geometric output is assumed to
contain all element, coordinate and material zone data.
For this reason all element type and width information
must be on_ the element and coordinate cards when the
final file is written. The output file 1is written on
the specified logical unit.

2 Coordinate scale factors for scaling to prototype
dimensions are included in GEOGRD, and may be used to
scale coordinates prior to writing the geometric output
file. If the scale factors are left blank, values of
1.0 are assumed.

3. The plotting scale factors are applied to the input
coordinates independent of the prototype scale factors.

4. It is recommended that all inputs be made in the units
of the source page plot; this will usually be inches or
centimeters or some other convenient scale. Scaling to
final prototype_scales can then be done by specification
of the appropriate scale factors in the simulation
programs.
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UN

PLOT

‘ CARD Unit 5
INPUT g
PROGRAM
GEOGRD
IGIN
|
FIGURE 4-1

FILE ORGANIZATION
PROGRAM GEOGRD
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5. When specifying the nodes which define an element, the
user may _input only the corner node numbers and the
program Will assign the midside numbers. If this is
done, the sFeC|f|cat|on of three nodes will imply a
triangular element and four node numbers a quadrilateral
element. The user must enter zeroes for the remaining
node numbers and specify the material zone type in itS
proper location,

6. If an element side is straight, the user need only
specify the coordinates of the corner nodes and the
prggram will calculate the coordinates of the midside
nodes .

OATA INPUT FORMATS

The following paragraphs sumnarize the exact card formats expected
by GEQGRD. The user should follow this procedure exactly, and input the
data in the same sequence as it is described. In all cases the program
will expect to input this information on FORTRAN logical unit 5 unless
otherwise noted.  Finally, the reader is urged to review the input and
output from the example problem if questions arise.

_ Please note that all inputs to GEOGRD are in free field format.
This means that all data on a specified card image must be supplied,
with individual values separated by blanks of commas. A slash (/) at
the end of a line indicates the end of a record. If less than the
proper number of items are |nPut on a ?!ven card image, the program will
. look at the next card to complete its list. This is a common error in

free field input, and must be checked carefully by the user.
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Card
Type

Input
Sequence

FORTRAN
Nare

Description

A.

B.

Job Title

Job Controls

TITLE

I PRT

IPNN

I PEN

[PO

IPP

IRFN

IGIN

LUNTT

Ay 80 column comments; this comment
will appear on both the Printed and
plotted output.

Enter 1 if node and element input data
are to be echo Printed. Enter 2 if both
input data and the complete network
specifications are to be printed; other-
wise enter zero.

Enter 1 if node numbers are to be
plotted; otherwise enter zero.

Enter 1 if element numbers are to be
plotted, Enter? if the material types
are to be plotted; enter 3 if both
element numbers and element material
types are to be plotted; otherwise
enter zero.

Enter 1 if only a network plot is to
be drawn. Enter 2 if only a boundary
is to be drawn. Enter 3 if both a
network and boundary are to be drawn;
otherwise enter zero.

Enter 1 1f the program is to produce

a plot of a subsection of the network;
otherwise enter zero. |f a 1is speci-
fied an additional card will be required
as specified at Card Type D, below.

Enter a 1 if the program is to refine

an existing network by subdivision of
existing elements; otherwise enter

zero. If a 1is specified additional
cards will be required as specified at
Card Type H below (see Figure 4-2

for an explanation of network refinement).

I fan existing network is to be input
for processing, enter the number of the
FORTRAH logical unit upon which it re-
sides; otherwise enter zero.

Enter the FORTRAN logical unit number
upon which the results of the network
processing are to be written. This
file will serve as subsequent input to
GEOGRD and GEODYN. If no file is to
be written, enter zero.
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Origins}
Element

o .«-:-'-'za:”:.;i% B S ]

Refined
Llemeong

To refine the original element to the
configuration shown, use the following

input specifications:

N~ DN

8 1
2 3
8 6
6 8
6§ 4

5

0
0
0
4

0

The program will generate a?? other re-

quired {nformation,

FIGURE 4-2

NETWORK REFINEMENT EXAMPLE
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Card Input
Type Sequence

FORTRAN
Name

PRSP SE L

Description

9

10

11

C. Plot Scaling Factors

1

IGEN

NXZL

IRO

HORIZ

VERT

XSCALE

YSCALE

AR

XFACT

YFACT

Enter 1 if a network (or network syb-
section) 1s to be generated from speci-
fication of its quadrilateral corner
points; otherwise enter zero. A non-
zero entry here will require inputs

at Card Type I, below.

Enter the number of network line §e%-
ments for which the program will internally

calculate exact coordinates to insure
a straight line of equal slope. An
entry here will require additional
input at Card Type G, below.

Enter 1 if the ﬁrogram is to inter-
nally arrange the element order for
a more efficient numeric solution.
If a 1is specified additional cards
will be required as defined at Card
Type J.

Maximum horizontal size of plot, inches.
If scale plot factors are used, enter
zero.

Maxdmum vertical size of plot, inches.

If scale plot factors are used, enter
zero.

Plotting scale factor for x (horizontal)
inﬁ)uts; if HORIZ is not zero, set this
value to zero.

Plotting scale factor for Y (vertical)
inputs; if VERT is not zero, set this
value to zero.

Plot rotation in degrees from X axis
(clockwise).

Prototype scale factor for X coordinates
(assumed to be 1.0 if set to zero).

Prototype scale factor for Y coordinates
(assumed to be 1.0 if set to zero).
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Card Input FORTRAN o
Type Sequence  Nae Description
0. Subsection Plot Control - omit if IPP (Card 8.5) =0

1 NXPMIN
2 - NXPMAX
3 NPYMIN
4 NYPMAX
E. Element Definition
1 J
2 IMAT(J)
3-10 NOP(J,K)
...signal
F. Node Definition
1 J
2 CORD(J,1)
3 CORD(J,2)
4 WD(3)
...signal
G.

Node number of minimum X location
a partial network plot. If zero,
taken as network minimum.

in

Node number of maximum X location in
a partial network plot. If zero,
taken as network maximum.

Node number of minimum Y location in
a partial network plot. If zero,
taken as network minimum.

Node number of a maximum Y location

in a partial plot. If zero, taken
as network maximum.

Element number

Element type number

_ Im corresponds to
soil zone specified

éor GEODYN).
Element node numbers; enter 6 (or 3)
or 8 (or 4) numbers starting at any
corner and moving counterclockwise
around the element.

the end of element data with 9999/ card.

Node number
X coordinate location

Y coordinate location

Network width at node J; defaults to
1.0 if specified as zero,

end of node data with 99399/ card.

Line Segment Coordinate Generation - NXZL (Card B.10) cards required,

omit 1t NXZL=0.

1 NA

NB

A corner node number at one end of a
straight line segment.

The corner node number at the other
end of a straight line segment.
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Card Input FORTRAN o
Type Sequence  Name Description
3-16 NIP U to 14 corner node numbers between

nodes NA and H8 for which the Y coor-
dinate is to be interpolated using the
input values of the X coordinate.

H.  Element Refinement - IREN (Card 8.6) cards required, omit if IREN=0,

1-4 NEW Four node numbers (including trailing
zero for triangle elements) from an
existing element, either midside or
corner, which are to become corner
nodes for a refined element. See
Figure 4-2 for a graphical description.

...siggal end of element refinement data with 9999/
card.

|.  Automatic Grid Generation - omit if IGEN (Card 8.9) = 0

1 IBLK A numeric designator for the section
of the network to be generated.

2 NXI The number o f subdivisions to be made
along the X axis for the network to
be generated.

3 NYI The number of subdivisions to be made
along the Y axis for the network to
be generated.

4 I TP The material type number to be assigned
to the elements generated.

5 ISHP Enter 0 for generation of quadrilateral
elements; enter 1 for generation of
triangular elements.

6 TC(1) The X coordinate of the upper left
corner of the area for which a net-
work is to be generated.

7 TC(2 The Y coordinate of the upper left cor-
ner of the area for which a network
is to be generated.

a To(3 The X coordinate of the lower left
corner of the area for which a net-
work is to be generated.




Card Input FORTRAN
Type Sequence  Nare Description

9 TC(4) The Y coordinate of the lower left
corner of the area for which a net-
work is to be generated.-

10 TC(5) The X coordinate of the lower right
corner of the area for which a net-
work is to be generated.

11 TC(6) The v coordinate of the lower right
corner of the area for which a net-
work is to be generated.

12 TC(7) The x coordinate of the upper right
corner of the area for which a network
is to be generated.

13 TC(8) The Y coordinate of the upper right
corner of the area for which a net-
work is to be generated.

14 ELC(1) The width of the network at the upper
left corner (1.0 will be assumed if
set to zero).

15 ELC(2) The width of the network at the lower
left corner (1.0 will be assumed if
set to zero).

15 ELC(3) The width of the network at the lower
right corner (1.0 will be. assumed if
set to zero).

17 ELC(4) The width of the network at the upper
left corner (1.0 will be assumed if
set to zero).

...signal end of grid generation with 9999/ card.
J. Element Renumbering - omit if IRO (Card 6.11) = 0

1-50

NLIST

A list of node numbers (up to 50
from which the program will reorder
the internal sequence of elements to
obtain the most efficient operation
of the simulation programs. As a
?eneral rule at least two starting
ocations should be tried, one at
each end of the network. The end
of a list is a blank card field.
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CHAPTER 1
INTRODUCTION

1.1 FOREWORD

Engineering analysis of problems in regions subject to freezing and
thawing presents a number of interesting and difficult technical
situatrons. From an analytical point of view, the general problem of
the temperature distribution expected in a disturbed soil subject to the
freeze/thaw cycle is one of the most difficult to analyze. To overcome
this difficulty, Resource Management Associates (RMA), has undertaken
the development of a general purpose numerical model which can be used
by the experienced engineer or technician to develop accurate estimates
of temperature behavior in freezing conditions. This document provides
a description of the capabilities of the numerical model, called GEODYN,
and explains both 1its technical basis and procedures necessary to use
the associated computer progranm.

The program GEODYN is one of three codes that RVA has developed to
analyze of freeze/thaw problems. The other two, GEOGRD and GEOPLT, are
used to support GEOOYN, and are used as pre- and post-processors,
respectively. GEOGRD is a stand alone program which can be used to
develop the complicated finite element grids that are often required of
grototype problems, while GEOPLT produces isotherm contour plots of

EODYN*s results.  Each of these programs has 1its own individual
documentation.

1.2 PROGRAM CAPABILITIES

GEODYN 1s a FORTRAN coded, general pur?ose mathematical model for
time-dependent analysis of two-dimensional geothermal problems. The
program solves the equations of heat transfer including
temperature-dependent  latent heat effects, specified porous media
convection, and ground surface/atmospheric_ heat transfers. GEOQYN
utilizes the Galerkin finite element technique and can be coupled with
computer graphics programs In a variety of output modes.

The program will accept two-dimensional Cartesian problems as well
as two-dimensional axisymmetric problems. The region modeled may have
straight or curved internal and/or external boundaries, with arbitrary
matertal zones, soil stratigraﬁhy and material anisotropies. The heat
transfer mechanism included in the model includes both conduction and
convection, as well as nonisothermal and nearly isothermal phase change.
The program will accept a wide variety of boundary conditions including
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fixed temperatures (which may be time dependent), prescribed thermal
fluxes an¢ a full surface heat balance calculated from atmospheric
parameters.

The primary output from the program consists of tabular listings of
temperatures at particular locations as a function of time. The program
also calculates and displays the spatial location Of particular
isotherms (i.e., the freezing 1isotherm), and may output a file for
subsequent graphical or statistical processing.

In its present form, GEODYN is considered to be relevant to at
least the following types of problems:

Foundation Design = Analysis of short-term and Ionﬂ-term
ground/foundation stability due to structure/scil  thermal
interaction, including construction disturbance effects.

Embankment Design - Analysis of embankment/subgrade thermal
regime and 1ts effect on embankment stability under external
an internal loadings (ice forces, earthquake forces,
foundation forces, thermal forces, gravity forces).

Slope/Thaw Plug Stability - Analysis of time-dependent slope
thermal regime and Its e¥fect on slope movements.
Liquefaction Potential - Analysis of thaw/frost bulb develop-

meq} for determination of effects on liquefaction potential of
soils.

Special Problems Related to Pipelines and Other Facilities

Thaw Settlement - Determine thaw configuration for thaw set-
tTement effects on pipe stresses.

Frost Heave =~ Analysis of geothermal limits of frost heave
incfuding investigation of frost heave mitigation design
techniques.

Pipeline Thermal -Hydraulic__Analysis = Geothermal interface
with pipeline thermal-hydraulic analysis.

Terrain Stability - Determine time-dependent  thermal
confrgurations  for analysis of construction zone slope
stability.

Right-of-way Disturbances - Analysis of thermal disturbance
due to construction activities and OEerationS on right-of-way
thermal regime (thaw settlement and thermal erosion).




1.3

model

where

Right-of-Way Drainage - Determine effects of frost/thaw bulb
development on subsurface and surface drainage across the ROW
(including surface icing, surface and subsurface erosion).

Road Crossings - Determine effect of a_ (cold) pipe on
po‘en**-7T ==+ jcings and evaluation of mitigative measures.

River Crossings = Analysis of frost/thaw bulb development
effects on river crossings, including icing, scour, and pipe
integrity,

Existing Facilities - Determine impact on existing facilities
(structures, culverts, utilities, etc.) within pipe thermal
influence zone.

Axisymmetric Problems = Analysis of artificial islands in the

Arctic Coastal Zone and impact of exploratory drilling in a
permafrost environment.

GOVERNING EQUATIONS

The two-dimensional form of the differential equation solved by the

can be written in Cartesian coordinates as:

mass

T = temperature, 'C
8, = the average volumetric heat capacity of the soil
(kd/m3); this term is temperature dependent
B, = the volumetric heat capacity of water (kJ/m?)
u,v = the components of Darcian water velocity in the x and y

directions, respectively (m/hr)

-~

-

-~
1

Y tions, respectively” (kJ/hr m °C); these terms
temperature dependent

=
1

the soil thickness normal to the x-y plane (m)

thermal conductivity coefficients in the x and y direc-

are




o1 = a thermal source or sink representing the effects of
latent heat (kJ/hr m’);  this term is temperature de-
pendent

g, = a thermal source or sink term representing a thermal

flux such as a surface heat flux or the flux resulting
from the geothermal gradient (kJ/m)

Equation (1.1) represents a generalized, nonlinear statement of the
equation describing the flow of heat in a saturated or unsaturated soil.
In reviewing this equation, several comments concerning the assumptions
made for each term are appropriate. First, In term (1) of Equation
(1.1), the assumption 1is made that the heterogeneous soil-water matrix
can be represented by a homogeneous approximation using a single
volumetric heat capacity, 8:. In general, g8: will be temperature
dependent, and different values will be used if the local temperature is
above or below the freezing temperature. In other words, 81 1is
described In a stepwise fashion, with the step occurring at the phase
transformation temperature.

Term (2) of Equation (1.1) represents the thermal effects of
flowing water In the soil matrix, and is usually called the convection
term. This term is derived directly from thermodynamic considerations
and can have _a profound effect on the behavior of a thermal regime, At
the present time, it is assumed that all values of convective velocity
are specified external to the model. If the temperature falls below
freezing, the local water velocities are assumed to go to zero at that
point. Terms (4) and (5) represent the diffusive transfer of heat
according to the Fourier analogy. As with the soil properties, the
diffusion coefficients are assumed to be stepwise temperature-dependent
at the freeze temperature. It is the analyst's responsibility to
specify the correct ﬁroperties for the soil mass above and below the
freeze point. Also, while not a general situation, it 1is easily seen
that Equation (1.1) is formulated to simulate anisotropic diffusion
properties In the x and y directions. This may be of particular
interest In axisymmetric problems.  The fifth term of Equation (1.1)
represents the effects of latent heat. Proper formulation of this term
is essential to the solution of the freeze/thaw problem, and a large
number of alternative formulations have been tested. At the present
time, this term is formulated as:

A

91 = 3% (m - mo) (1.2)
where o1 = the net effective heat source/sink term to represent the
effects of the latent heat of fusion (kd/hr m’)
X = the latent heat of fusion for the soil matrix (kJ/m’)
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At = some finite time interval between times t, and t, (hr

m = the unfrozen moisture content of the soil matrix at the
end of the time interval t, (fraction of total avai able
unfrozen moisture for phase transformation)

m, = the unfrozen moisture content of the soil matrix at the
beginning of the time interval t, (fraction of total
available unfrozen moisture for phase transformation)

Finally, it is_assumed that the unfrozen moisture content of a soil, m,
can be aﬁprOX|mated as a function of the soil temperature. This
relationship has the form:

- o \
m‘)\<aﬁ—f—:—-‘=)f0r T<Tf
and: (1.3)
m=1.0 for T>T,
where T = the local temperature (°C)
Tf = the freezing temperature (°¢)

The last term of Equation (1.1) represents the effects of heat
fluxes. Such fluxes may either be specified by the analysis (i.e., the
geothermal flux), or may result from a calculation of a surface heat

alance. When done as a surface heat balance, the net surface energy
balance flux term.is approximated by the relationship:

et = Qo %uw * Yrure ~ Qevar (1.4)

transmitted shortwave radiation flux

where st

Qu transmitted net longwave radiation flux

Oryrs = turbulent heat transmitted across the surface

Qeypp evaporative heat flux leaving the boundary surface

In general the_terms of Equation (1.4) are both surface temperature
dependent and functions of one or more atmosphere variables. In order
to calculate these terms, the user must supply appropriate time average
values of the following meteorological parameters:




« Available incident solar radiation (kd/day - m?)
« Wind velocity (meters per hour)

» Evaporation flux (kJ/day m?)

* Snow depth (m)

« Snow density (grams/cm®)

- Air temperature (°C)

« Cloud cover (fraction of sky)

Evaluation of Equation (1.4) 1is completely integrated with the
calculation of soil temperatures. Complete details of the formulas used
to estimate component terms 1is provided In Appendix A of this document.

1.4 METHOD OF SOLUTION

) To solve Equation (1.1), it is necessary to integrate the equation
In both time and space. Except for very simple boundary conditions and
material properties this is not possible by direct methods. It is
therefore necessary to employ a numerical technique to obtain the
desired solution. In the case of GEODYN, the isoparametric finite
element method s used. In the Process, Galerkin®s criterion 1is used
with the method of weighted residuals and the equations are integrated
by Gaussian quadrature. The resulting set of equations is nonlinear and
the final solution 1is found by the Newton-Raphson iteration technique.

To understand GEODYN, one should be aware of the procedure used to
integrate spatialhy the governing equations. The first step In this
process 1Is to subdivide the re?ion to be simulated 1into a number of
subregions or subdomains called finite elements. These subdomains may
have either triangular or quadrilateral shapes and may have curved
boundaries or other irregular features. The corners and midside
coordinates of each subdomain side are defined to be node points, and
%he %gtput from the simulation is calculated In terms of the node point

ocations.

To produce the desired simulation, we first 1integrate Equation
1.1) over each subdomain (element) in terms of its nodal point values.
he influence of all the subdomains is aggregated into a final set of
algebraic equations to provide the numerical solution. The spatial
integration is done by a process known as numerical integration. By
using this technique any sort of function can be integrated over an area
by making the assumption that:




M=
£
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——
—
Ao

{f(T)d“iI T (1.5)
where f(T) = the continuous function (Equation (1.1)) over the area
IIAII
f(T); = the value of the function evaluated at a particular lo-
cation, i, within the area "A"
w; = a weighting factor associated with the particular loca-

tion |

The particular locations where the components of Equation (1.?) are
evaluated are called the Gauss points. The larger the number of Gauss
points, the more complex f(T) can be and still achieve an exact or
nearly exact integration of the function. GEODYN has a number o f
different options on the number of Gauss points and will automatically
use the least number required for _a particular problem. This is
Important as computer time increases with the number of Gauss points in
the solution. At the present time, GEODYN may use 9, 16, 25 or 49 Gauss
points for a quadrilateral and 7 or 16 points for a triangle.

The equations developed from the numerical integration are valid at
all points in space at a particular instant in time. |If a steady state
solution is_ desired (3T/3t = Q0), the appropriate terms are set to zero
and a solution is made of the equations. ~If a dynamic problem is
specified, however, it is necessary to integrate Equation (1.1) in time
as well as space. This is accomplished as follows. First, it is
assumed that the value of T at a Eartlcular point varies.over a discrete

time interval according to the relationship:
T=1, +at + bt® (1.6)
where T, = the value of temperature at the beginning of the tinme
step
T = the value of temperature at the time t
t = elapsed time from the beginning of the interval
a,b = coefficients

If Equation (1.6) is differentiated, we find:

= a + abt*™! (1.7)

|
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which can be substituted into Equation (1.6) to eliminate ® and gives:

_g.T_ = a +% (T-T,) - ca (1.8)

We also -know that at t = 0, 3T/at = 1, or (37/3t), = a If this
relationship is applied, and the subscript 2 is used to denote the value
at the end of time interval (t = At), we find:

=2 (T, =Ty) + (1 -a)(

lar
or)|—

), (1.9)

Note that if o = 1, this reduces to the conventional linear
integration scheme and if a = 2, the scheme 1is identical to the
quadratic integration method. A value of « = 15 has been found stable
for large time staps and also to give good accuracy.

To incorporate Equation (1.9) into GEOOYN, we make use of the 1idea
that our solution 1S to be valid at a particular instant in time (the
end of the time step), and that complete information is available for T
and its time derivative at the beginning of the time step. The solution
Is then marched through time In a series of discrete intervals (time
steps) which are specified at the discretion of the user.

1.5 REPORT ORGANIZATION

This document is organized into four chapters. The four chapters
are intended to provide the user of GEOOYN with the information needed
to understand the program, assuming he 1S generally familiar with the
solution of geothermal Problems and has some experience with computer
models and numerical simulation.

In format, the first chapter provides an overview of the model, the
problems to which it can be aﬁplied, and gives_a short introduction iInto
the governing equations and the solution technique. Chapter 2 provides
a description of the computer ﬁrogram, and Chapter 3 presents the
results of an example problem which utilizes most of GEGOYN's options.
In Chapter 4, the detailed instructions for GEODYN"s computer input are
fully described. In addition to these four chapters, this report
contains three appendices. Apﬁendix A provides additional detail on the
formulation of the surface heat balance terms, and Appendix 8 further
develops the mathematical basis of the numerical model.  Finally,
Appendix C reproduces several test cases which compare GEODYN'S
numggical solution against known analytical solutions to phase change
problems.




CHAPTER 2
PROGRAM ORGANIZATION AND DESCRIPTION

The computer proqram GEOOYN consists of a main routine, 19 active
subroutines and a Block Data subroutine. All the routines are written
in standard FORTRAN code, and no_special system or library routines are
needed. The logical organization of the code is shown in Figure 2-1,
with the subroutines indicated in the order_ in which they would be
called in a normal program execution.  The paragraphs which follow
provide a narrative description of the main routine and each of the
active subroutines.  The subroutine descriptions are provided in
i!phabetlcal order after the main routine, not the order shown in the
igure.

Main Routine (GEODYN)

__ _Program execution begins in the main routine with the
initialization of program arrays for which lack of initialization could
cause later trouble. Next, subroutine CGP is called to calculate
normalized Gauss point factors which will be used later for spatial
integration of the governing equations. Subroutine INPUT is then called
to input and echo print all nondynamic run control variables and progranm
data not associated with surface energy balance.  Upon return Trom
INPUT, subroutine I0SURF is called to input all data associated with the
surface energy balance and/or user specified surface fluxes. If a final
results file is to be output, the geometric data for the problem are
written to logical unit 1IS5; If the problem 1is time dependent,
subroutine PRINT will Dbe called to echo print (on logical unit 6) the
problem*s initial conditions.

Subse?uent to printing the initial conditions, the program enters
the time Qgp. This loop is executed repeatedly for as many time steps
as are specified by the user. At the top of this loop the €rogram sets
the current time step, updates several arrays in time, calls subroutine
IODYN to_update the specified temperature boundary conditions and
decides if the problem Is symmetrical or nonsymmetrical as a result of
convective terms. With these operations complete, subroutine LOAD s
called to form the cross reference between external node numbers and
internal e?uatlon numbers; at this point the program enters the
iteration loop.

Within the iteration loop, subroutine FRONT is called for a
nonsymnetric problem or subroutine FRONTS called for a symmetric
problem. In erther case, a solution uEdate vector is calculated and the
temperature arrays incremented by the latest solution.  Subroutine
CONVRG is then called to see if any nodes and/or elements can be dropped
for subsequent iterations, and the most recent convergence history saved
for later printing. The program continues to loop until either a
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converged selution is found or the user set iteration limit IS reached.
If a solution- is_ found, the program will call subroutines PRINT to
output the node point temperatures and subroutine ISOLN to compute and
print the location of the freezing isotherm. Following this, a restart
file will be written on unit IT if requested. If, at the iteration
limit a solution 1S not found, the program may increase the number of
potential Gauss points and re-enter the iteration 1loop;  this process
will be repeated until the user defined Gauss point limit is reached.
IT a converged solution cannot be found the program will output an error
message and exit the time and iteration loops. If converged solutions
are found the program simply repeats the above process until all time
steps have been computed. In any case, after leaving the time loop, the
convergence history for the entire computer run is output to the printer
along with the time history of temperatures at certain user defined node
points. Following this a message indicating the end of the run is
printed and program execution stopped.

Subroutine ADJPT

As part of GEQDYN's frontal solution scheme, the program needs to
develop a list of the order in which elements can be eliminated to
achieve the minimum frontwidth.  Subroutine ADJPT is used with
subroutines REORD and ORDER to calculate this list.

_From a computational point of view, subroutine ADJPT prepares a
matrix (ICON) of the nodes which are connected to a given node, and
which are thus available for inclusion in the equation elimination
procedure. This information 1is returned to subroutine ORDER where
decisions are made on what adjacent nodes are then best brought into the
elimination to get a minimum Trontwidth.

_Subroutine ADJPT 1is called from subroutine ORDER a variable number
of times depending on the problem. and makes no *further calls.

Subroutine CGP

Program GEODYN performs its required integrations via a process
known as Gaussian Quadrature.  This process is basically a method
whereby a series of weighted components is summed to perform a numerical
approximation of an exact integral. It is the function of subroutine

CGP to calculate and store the necessary two dimensional factors as
calculated from a much simpler set of one dimensional functions. (Note:

two dimensional factors are multiples of one dimensional factors.) At
present, subroutine CGP deals only with quadrilateral shapes; the
fagtori_for triangles are explicitly set in GEODYN's Block Data
subroutine.

_ Computationally, CGP enters a loop the integration levels, and then
copies appropriate one dimensional factors into temporary arrays. The
actual shape function, weighting factors and derivatives are calculated
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by a call to function XN2 for a ?iven location. Upon the return from
xN2 the results of the calculations are stored 1in program arrays
dimensioned in the common block GAUSS

_ Subroutine CGP 1is called once in each program execution from the
main program and makes further calls to function XN2.

Subroutine COEFS

As explained elsewhere, the finite element method performs spatial
and temporal |nteg[at|on on an element by -element basis and then
ag?regates the individual element contributions to find the final
solution.  The temporal and spatial integration of the governing
ggg%§|ons for an individual element 1is the prime function of subroutine

To perform the desired computations, the routine first decides if
the element is a triangle or quadrilateral and then copies the
appropriate shape functions and weighting factors into temporarg program
arrays. Next, the local element properties are estimated based on
current temperatures, and then the code enters the loop on the
individual Gauss points. Within this loop the first task is evaluation
of the Jacobian and then the evaluation of the local state variables.
Next, the rlght—hand—5|de (a vector) and the left-hand-side (a matrix)
of terms needed by Newton-Raphson iteration scheme are formed by sumning
individual contributions on a Gauss E0|nt by Gauss ﬁQIﬂt basis. Note
that if the problem is symmetrical, COEFS recognizes this fact and the
computational effort 1is reduced accordingly.

Upon completion of the basic element formulation process, COEFS
checks to see if any atmospheric surface fluxes have been specified for
this element. If they have their contribution is _1incorporated in the
left and right hand sides matrices via numerical evaluation of the
appropriate surface flux line integrals.

Following this, the global right-hand-side vector, Rl, is _updated
for all active system equations. The global left-hand-side matrices are
updated later in the calling routine (FRONT or FRONTS).

Subroutine COEFS is called from subroutine FRONT for a nonsymnetric
problem or FRONTS for a symmetric problem for each active system element
ﬁglg¥ery iteration cycle.” It makes one further call to subrout ne

Subroutine CONVRG

Proaram GEODYN uses an iterative solution techniaue to solve ts
governing nonlinear equations.  This technique completes a solution by
making successive corrections to a previous solution. It is the
function of subroutine CONVRG to inspect the solution correction vector,
and to complete one of two tasks. First, CONVRG inspects the entire
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solution vector, and compares the maximum solution correction to the
user specified convergence criterion. If all corrections are less than
the limit, the solution is converged and control 1is vreturned to the
point of the call. If the solution 1is not converged, CONVRG will
inspect the solution to see if the equations defining any individual
element have converged sufficiently to allow an entire element to be
deleted on the next iteration.

ComPutationaIIy, CONVRG hegins with a loop on node points to check
to overall convergence of the solution vector. In this process relevant
statistics on the solution are saved for later printing. Assuming the
solution has not conver%ed, a loop is entered on the system of elements.
If it is found that each node in an element has chnverged, the element
is eliminated from the system by modification of the array IMAT. Once
all the elements have been checked, subroutine LOAD is called to reform
the active set of system equations.

_ Subroutine CONVRG_ is called once in each iteration cycle from the
main routine.  Depending on the application, it may or may not call
subroutine LOAL

Subroutine FRONT (and FRONTS)

Subroutine FRONT and FRONTS are two nearly identical subroutines
which, for all practical purposes, can be documented by this single
description. The only difference between FRONT and FRONTS is that FRONT
is capable of solviflg a nonsymnetric set of system equations, while
FRONTS IS designed to solve a symmetric set of equations, From a
programming point of view, FRONTS is a inghtI% modified version of
FRONT which recognizes and takes advantage of the symmetrical nature of
the ﬁoverning equations. The decisions to use FRONT or FRONTS s made
in the main routine, and FRONTS is included in GEODYN primarily to
reduce computer time where Possible. In the paragraphs which follow,
all references to FRONT will also be applicable to FRONTS

Subroutine FRONT begins by initializing various program arrays, and
then modifying the element/node connection array to indicate the last
appearance of each node in the upcoming equation elimination process.
Next, the global right-hand-side vector, R1, is initialized; a call is
then made to subroutine SURFF which will produce a modification to Rl if
surface fluxes are included in the problenm.

The routine then enters a price of logic whereby the contribution
of each active system element to the global system of equations is
calculated by a call to subroutine COEFS.  The order in_which the
element contributions are calculated and stored is provided in the array
NFIXH which 1is either set by default or a call to the element reorderin
subroutines. FRONT then accumulates the node point  (equation
contributions until a forward elimination can be done on a particular
row and column.  In this process, the results of the completed
(intermediate) eliminations are saved via calls to subroutine WRT. This
process 1s repeated until all system equations have been considered. At
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this point FRONT be%ins_the back substitution on the system of reduced
equations to find the final solution vector. This is done in a standard
fashion, with calls to subroutine RED to retrieve the intermediate and
previously stored values. Once the back substitution is complete, FRONT
returns control to the main routine where the solution vector, RI, 1is
used to update the nodal temperatures.

Subroutine FRONT is called from the main routine for each cycle of
gﬁfration for each time step and it calls to subroutines SURFF, WRT and

Subroutine INPUT

Subroutine INPUT has the function of reading into the computer most
of the user specified data which does not change with time. Most data
for INPUT comes from the card reader (logical unit 5) and is imnediately
output to the [line printer (logical unit 6) as a check. Subroutine
INPUT makes few calculations of its own.

In a logical sense, INPUT reads and echo prints the Run Control
Parameters, Numerical Solution Parameters and Time Control Parameters
for each run (see Chapter 3 for examples of this output).  Next, [INPUT
reads optional data such as the length of the simulation time stgfs, the
parameters for sinusoidal boundary conditions and nodes that will have
special printed output. Following this, INPUT reads the material zone
properties, the geometric file produced by Program GEOGRD, and any
network update cards; 1if an axisymmetric problem has been defined,
INPUT also makes the required adjustment to the system thickness inputs.
Subsequgntlg INPUT calls subroutine SIZE to compute element sizes and
subroutine REORD for element ordering. Next, depending on user options,
INPUT will output to the ?rinter the complete network definition of
nodal coordinates and element connections. Finally, the routine reads
the initial conditions and inputs the specified restart file, if any.

Subroutine INPUT is called once in each program execution from the
main routine. It makes further calls to subroutine SIZE and optionally
to subroutine REORD.

Subroutine 100YN

_Program GEODYN is designed to accept a wide variety of boundar
conditions, some of which may be updated as the program marcnes throug
time. It is the function of subroutine I00YN to inﬁut and specify those
fixed value temperature boundary conditions which change with time.

From a logical point of view, this is done by reading the annual
temperature cycles and information on how many boundary conditions are
to be changed from the current specifications. HNew specifications are
then loaded 1into the proper program arrays. Following this, sinusoidal
temperature values are calculated and loaded, 1if specified, and afil
current values of specified temperature boundary conditions output to
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the line printer on a print cycle. Next, updated values of the
specified convective velocities will be input and printed; the format
of the convective output will depend on whether or not the convective
velocities are uniform at all node points or vary from node Point to
node point.

Subroutine 100YN is. called once for each execution of GEODYN's time
loop, and makes no further subroutine calls.

Subroutine I10SURF

Program GEOOYN can accommodate two types of surface fluxes, those
calculated from atmospheric conditions and those specified by the user.
It is the function of subroutine I0SURF to input to the program all the
}?formation necessary numerically evaluate both of these types of

UXeS.

_From a logical point of view, I0SURF beﬁins by testing the user
s?e0|f|ed value of the number of nodes which are to have atmospheric
fluxes. If It is greater than zero, the pro?ram will input and echo
print all user definitions of the annual meteorologic cycle. This
includes certain heat fluxes and meteorologic variables that are used in
the calculation of the full surface heat balance. The reader s
referred to Chapter 1 and Appendix A of this report for further details
on GEODYN's surface energy balance.

Following their basic definition, the meteorologic variables are
scaled by user defined factors and the final values output to the
printer for review. Finally, 10SURF develops a list of the nodes which
define the atmospheric interface, and will halt if the user has
specified incorrect nodal definitions (not an outside boundary),

The second portion of I0SURF inputs and outputs the number and
location of user specified constant surface fluxes. These may be
applied to any of a networks outer boundaries, and can be used to
represent such things as the earth's geothermal gradient. Following
this, the pro%ram again develops a complete list of the nodes which
define the flux boundary, and will halt if the user has provided an
incorrect specification.

~ Subroutine I0SURF is called once in each pro?ram execution from the
main program, and makes no further subroutine calls.

Subroutine ISOLN

_ As one of its program options, program GEOOYN will locate the
position of the freezing 1isotherm. This option is intended to aid in
the interpretation of results, and is done on an element side by element
side basis. It is the function of subroutine ISOLN to perform the
cqéculations ncessary to locate the freezing 1sotherm on an element
side.

15




Computationally, ISOLN begins this process by entering a loop on
active system elements. Within this loop, the maximum and minimy
element nodal temperatures are checked, and only those elements whicﬁ
have temperatures above and below freezing are kept for further
consideration. If an element has been selected, a loop 1is entered to
determine which element side(s) contain the freezing isotherm. Ifan
element side is selected, it is checked to see if this is the first
occurence of the side in the search process. If it_is, the program uses
a Newtonian iteration scheme and the isoparametric shape funcCtions to
locate the exact position of the freezin% isotherm on the element side.
This procedure is necessary due to ‘the nonlinear nature of both the
geometric coordinates and the temperature values. At the conclusion of
these computations the program prints the X and Y coordinates of the
freezing isotherm, together with some i formation on the element side in
which it was found.

Subroutine ISOLN is called by user option from the main program for
each time step and makes no further cal s

Subroutine LOAD

As part of the bookkeeping design of GEODYN, it is_necessary to.
create a cross reference array between internal equation numbers and
external node numbers. Creation of this array, which is stored in array
NBC In common block BLK3 is the sole job of subroutine LOAD.

To create the desired array, LOAD scans each active problem element
and creates a list of potential active equations.  Next, equations at
the location of specified temperature boundary conditions are deleted,
and the final cross reference list created. The total number of active
.equations is assigned the value NSZF, and this value is checked against
the current program dimension limit IRIMAX. If NSZF  IRIMAX a message
is output to the printer and program execution halted.

In normal program operation, LOAD will be called once in the main
program for each time step, and may or may not be called from subroutine
CONVRG; calls from CONVRG are dependent on the dropping of node point
equations. Subroutine LOAD makes no further subroutine calls.

Subroutine MOIST

In its current form, program GEOOYN estimates the frozen moisture
content of a soil as a function of temperature from the relationship:

= a N .
n =2 ) o T
where m = the unfrozen moisture content
T = freezing temperature

16




T = local temperature
A, = soil property parameters

It is the function of subroutine MOIST to evaluate this equation and to
find its derivative with respect to temperature.

_ Subroutine MOIST is called from subrout ne COEFS for each Gauss
B0|nt in the numerical integration loop and makes no further calls.

lease note that if moisture functions other than that shown above are
to be used in GEODYN, subroutine MOIST will need to be rewritten
accordingly.

Subroutine ORDER

As part of GEODYN's frontal solution scheme, the pro?ram needs to
develop a list of the order in which elements can be eliminated which
will result in the minimum frontwidth. Subroutine ORDER is wused with
subroutines REORD and ADJPT to calculate this list.

Subroutine ORDER is a somewhat complicated bookkeeping algorithm
which perforns a Bseudq equation elimination in an incremental fashion.
In this ﬁrocess, ORDER inputs a list of user specified node points and
begins the elimination process bhased on the implied element connections.
When it gets to a point where it needs additional equations to continue
the elimination process, it selects the best alternative from a list of
potential nodes which has been prepared by a previous call to subroutine
ADJPT. This process _is repeated until all nodes have been considered,
at which time control is returned to the calling routine, REORD, Please
note that this procedure is a directed search, and will not always find
the global optimum order for a given system of equations. Also, as
presently coded, ORDER does not take account of boundary conditions; in
some problems this may be a factor.

Subroutine ORDER is called from subroutine REORD. It is called
once for each user specified list of starting node po nts and outputs an
echo check of the data it reads. It makes a further call to subrout ne
ADJPT.

Subroutine PRINT

The function of subroutine PRINT is to output to the line printir,
logical unit 6, the entire array of nodal temperatures. In addition,
PRINT outputs information on the elapsed simulation time (hour, day,
month and year) plus an indication of which nodes have sEecified
temperature boundary conditions and the most recent convergence history.

] Logically, PRINT begins D loading  the_  boundary condition
identifier array and printing the time data and information relating to
the nature of the current problem (i.e., steady state or dynamic).
Next, the temperature history is output, followed by a sumnary of
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current atmospheric conditions If a surface heat balance is included in
the simulation.  Following this the current convergence history is

printed .

Subroutine PRINT is called at user specified time step intervals
(NTSEG) in a dynamic simulation, as well as to print initial conditions
or the results of a steady state problem. PRINT makes no further calls.

Subroutine RED

Subroutine RED 1is used as a virtual memory replacement for a taﬁe
or disk READ operation. Its function is to retrieve the values of the
arrays LHS and QS and the scalar LQ which have been generated in the
solution process and stored via a call to subroutine WRT. This is
accomplished by declaring a large virtual storage area, common block
FAKE, into which the desired values have been stored. At each call to
RED the values in the comnon block FAKE are simply copied into the
appropriate local arrays.

Subroutine RED is called from either subroutine FRONT or FRONTS for
most problems, but may not be called at all for small problems.

Subroutine REORD

As a part of GEODYN's frontal solution technique, the program must
be able to develop an element order which results in a minimum front
width. It is the function of subroutine REORO, working with subroutines
AOJPT and ORDER, to find such an order. The technique used in GEODYN
cannot be proved to be optimal in all cases, but has given satisfactory
results in a large number of.widely varying situations.

From a logical standpoint, the process starts in subroutine REORD.
As its first task, REORD comﬁutes a list of all nodes connected to all
other nodes (array ICON) and then makes an initial estimate of tne
maximum  effective front width or bandwidth. Next, REORD calls
subroutine ORDER to generate a new order resulting from a starting
sequence supplied by the user. Upon return from ORDER, REORD saves the
best current order, and then either returns to ORDER for a new try or is
signaled that all current trys are complete. In either case, once all
trys are complete, REORD transforms the nodal order generated in ORDER
into an equivalent element order, outputs a message, and returns to the
point of the call,

Subroutine REORD is called once by wuser option from subroutine
INPUT and makes a futher call to subroutine ORDER.
Subroutine SIZE

It is the purpose of subroutine SIZE to compute the areas of all
finite elements active in the current problem. This is accomplished oy
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numerically integrating a ynit function over the element area. The
results of this integration are saved in array XAREA, which is
dimensioned in the common block BLK4.

__Computational ly, s1ze enters a [loop for each problem element,
Within this loop a determination is made as to whether the element is a
triangle or quadrilateral, and approriate shape functions, Previously
computed in subroutine CGP, are copied into temporary arrays. The unit
function is then integrated by sumning the appropriate shape functions
and Gauss point values.

Subroutine SIZE is called from subroutine INPUT once in each
program execution and makes no futher subroutine calls.

Subroutine SURFF

Program GEODYN has the capability to simulate a full surface energy
balance as outlined elsewhere. It is the function of subroutine SURFF
to calculate the various factors and constants which are necessary to
include the surface energy balance in the appropriate system equations.
SURFF also computes the terms necessary to include the user specified
constant flux terms In the simulation.

Computational 1y, SURFF begins by finding the interpolated values of
the meteorologic parameters which have been input in subroutine [0SURF.
Once this 1Is complete, the routine enters a loop on the specified number
of element sides (NSFI) which define the soil/atmosphere interface.
Within this loop the left and ri?ht hand side terms of each component in
the energy balance are individually evaluated and stored in program
arrays for later wuse. At the conclusion of this process, the program
will have available for later use, in subroutine COEFS, the aggregate of
all the surface heat effects on an element side by element side hasis.

Subroutine SURFF is called from subroutine FRONT (Pr FRONTS) once
for each i1teration, and makes no further subroutine calls.

Subroutine WRT

Subroutine WRT is used as a virtual memory replacement for a tape
or disk WRITE operation. Its function is to save intermediate values of
the arrays LHS and QS and tne scalar LQ which are generated in equation
solution process by subroutines FRONT or FRONTS. This 1S _accomplished
by declaring a large virtual storage area, common block FAKE, into which
current values are stored for later retrieval. The size of the virtual
storage space is checked on each entry and the program will write a
message and stop if the allocation is exceeded.

Subroutine WRT is called from either subroutine FRONT or FRONTS for
most problems, but may not be called for small problems.
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Subroutine (Function) XN2

) Program GEOOYN uses Gaussian Quadrature to perform certain spatial
integrations of Its governing equations. This process entatls the

summing of a number of factors over the region of integration. These
factors include the various finite element shape functions and their
derivatives at the summation (Gauss) points. It is the purpose of
function xN2 to evaluate the shape functions and X and Y derivative of
the shape functions for either triangles or quadrilaterals of unit
dimension at various Gauss points.

~ From a logical point of view, XNZ 1s composed of two similar
pieces, one for evaluation of triangles and one for quadrilaterals.
Upon entry, control 1is directed to_the proper portion of the subroutine
and the proper functional evaluation (Shape function or derivative) via
parameters su€plled in the calling sequence. The desired calculations
are then completed and control returned to the calling routine, CGP.

xN2 is called from subroutine cGP for each Gauss point In a
quadrilateral for each level of integration and makes no further calls.
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CHAPTER 3
EXAMPLE PROBLEM

PROBLEM DEFINITION

To demonstrate the operation of program GEODYN, and to aid users in
the solution of new problems, a fairly large scale test ﬁroblem is
presented for review. Any user of GEODYN should review this problenm
carefully prior to using the code 1in order to understand its data
requirements and to become familiar with what to expect in relation to
the model®s 1input and output.

The example problem represents a cold ﬁipe in a large soil mass.
The network for the problem is assumed to have been defined by the user
and ﬁreV|oust generated via the program GEOGRD (see examEIe application .
IN the GEOGRD documentation). A plot of the basic network showing the
location of the pige and the various material zones is reproduced in
Figure 3-1. As can be seen in the figure, the network is symmetrical
about the vertical axis of the pipe, has five material zones, and is
assumed to have a ground/atmosphere interface in the indicated location.
The Problem IS to be run without convection (all groundwater velocities
equal to zero) and with a full surface heat balance along the ground
surface. The geothermal gradient will be specified as a constant flux
across the network®s lower boundary.

The data necessary to run this problem generally divide into three
groups; physical data, initial conditionlboundary condition data, and
run control data. The physical data are needed to describe the physical
characteristics of the problem and its environment.  For this ﬁroblem
the physical data are primarily the material properties of the five
network zones and the ambient atmospheric conditions. The values used
for this Froblqm are summarized in Tables 3-1 and 3-2 respectively, and
are thica of inputs required for such a problem. Please note that the
pipe has been given certain physical properties and will be simulated by
a single specified temperature at its center and the indicated
"equivalent thermal properties” from its center to its outer wall. This
type of reEresentatlon is only one of several alternative schemes that
could have been used to represent the pipe (i.e., specified fluxes or
specified wall temperatures), and 1t is the responsibility of the
analyst to chose the method most suitable for a given problem.

Other data for this problem include definition of the initial
conditions, which were set just above freezing at 0.056°C, the
temperature at the center of the pipe of -12.22°C and the selection of
the simulation time steps (two at 7,604 days and 15.208 days
thereafter).
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In addition to these data two other types of data have been
specified that require knowledge of the network®s node numbers, The
first of these has to do with GEODYN's element reordering option.  This
option, which should always be used, requires that the user provide a
list of nodes from which the program can begin the reordering Operation,
The reordering may be performed by the GEODYN program at the user's
option. Since GEODYN's scheme cannot be guaranteed to be globally
optional, the user may need to do a little experimentation with starting
lists to find the best overall sequence.

In the example problem, the reordering option has been given two
starting lists, one along the ground surface and one along the bottom of
the network (see Figure 3-2 for definition of the node numbers). The
prggram will process each of these lists, and save the best element
order.

The second type of input data that requires knowledge of the
network"s numbering are the surface fluxes. As before, the reader is
referred to Figure 3-2 for definition of the network node numbers. In
this case, it can be seen in the figure that mid-side node numbers along
the ground suface have been used to define the location of the
ground/atmospheric interface, while the mid-side nodes along the bottom
define the location of the geothermal flux,

All these data, plus other information and data necessary to
oRerate GEOOYN are organized according to the specification provided _In
Chapter 4. An annotated comguter listing of the GEOOYN input data file
IS reproduced In figure 3-3. The user is referred to the instructions
provided in Chapter 4 for the exact definition of the various items
shown in Figure 3-3.

RESULTS

Program GEOOYN was operated for six time steps using the network
shown In  Figure 3-1 and the input data file reproduced in Figure 3-3.
The results Trom the simulation are reproduced in Figures 3-4 to 3-11,
as explained below.

As its first task, GEODYN reads and echo prints all the various run
control and system definition data as shown In Figure 3-4. The order
and definition of this data follow exactly the order of input given in
Chapter 4 and the user should always review this section of the output
for confirmation of desired program inputs,

_ Next, since the element reordering option 1is in effect, the program
will input and process the two starting lists provided by the user. The
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results of this operation are shown in Figure 3-5, where the
specifications for the two starting lists are printed along with the
final element order selected. The user should note that the second
input list provided the best order, and if this network is to be used
for additional runs the first list may be deleted from the input stream,

Following the output of the reordering _information, if _requested
the program will output the comﬁlete definition of nodal coordinates and
element/node connections as shown In Figure 3-6. This output should
always be reviewed carefully at least once Tor any particular problem.
In addition to its obvious use to reference the spatial location of
nodes, this output also provides the element areas and the user should
check for such things as zero or negative values. If such a value is
found, a mistake has occurred in problem setup that must be corrected
before going further. A common error which results in negative areas is
numbering the nodes iIn a clockwise direction iIn the element definition.

If the program is to use a full surface heat balance, the next item
of output is a sumnary of the annual meteorologic conditions as shown In
Figure 3-7. This out?ut shows both the original input values as well as
%he values which result after multiplication by user defined scale

actors.

After printing the meteorologic inputs, the program will output the
various local factors assigned to nodes gelement sides) along the
soil/atmospheric interface, as well as any fluxes specified as constant
values (see Figure 3-8). The values shown here will be held constant
throughout the entire computer run.

In any dynamic simulation, the next output will Dbe a complete
summary of the problems initial conditions as shown In Figure 3-9. This
report simply lists all the node numbers in_ the network and shows the
initial temperature values which have been assigned. Since the accuracy
and stability of a problem*s solution are often highly dependent on a
correct definition of initial conditions, the user is urged to review
thes? values quite carefully prior to beginning a significant
s Imulation.

All of the ahove outputs have been Broduced by GEODYN prior to
actually beﬁinning any simulation. efore beginning any major
simulations the user should produce and review this information to
insure proper problem specification. Once a simulation is begun the
program simply marches forward In time, with printed output produced at
the user specified frequency. In the example problem, the simulation
was run for six time steps, with the output produced on the last step as
shown in Figure 3-10.
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At the toE of Figure 3-10, the program recaps the time of the
output, and then prints a complete history of all the networks nodal
temperatures.  Bfa node has a specified temperature boundary condition
the symbol (*) IS printed next to its temperature. Next, if a full
surface energy balance is being calculated, the program outputs a
general recap of the current meteorologic conditions, and then a node by
node display of current values across the atmospheric interface. The
nodal values differ from the general conditions by their local factors,
and show each of the various components of the energy balance. Please
note that in this example there was a snow cover of 0.61 meters, and the
energy balance was calculated from the heat transfer through the snow,
not a simple sumnation of the various energy ternms.

Following the energy balance terms, the program prints a sumnary of
the most recent converﬁ@nce history, and the coordinate location of ~the
freezing isotherm.  This last display shows not only the absolute X and
Y locations, but the fractional location along the indicated element
side and 1s intended to aid the user In preparing quick sumnaries of the
results without using the plotting program GEOPLT.

The pro?ram's final output, Figure 3-11, provides a complete reca
of the problems convergence history. This output summarizes the lengt
of each simulation time step, the final maximum temperature correction,
the number of active nodes iIn the last iteration, the integration level
and the number of iterations necessary to converge the problem, The
convergence history shown here is typical of what could be expected from
this type of problem.

These figures give a good indication of what can be expected from
the program, and demonstrate most of the program options. Not included
are the output which results 1f individual node time-temperature
histories are requested or any error messages which are self
explanatory. Note that the program option to output a final results
file (tape) for subsequent processing by the plotting program, GEOPLT
was implemented. The use of this file will be documented in the GEOPLT
documentation where the results of this example application will be
shown graphically.
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TABLE 3-1

ZONE MATERIAL PROPERTIES FOR
GEODYN®S. EXAMPLE PROBLEM

X COND Y COND X COND Y COND SPEC Ht SPEC Ht LATENT
ZONE  FROZEN) TROAEN) TWAWER) THWER)  (KBPAENC)  (KBPRENC)  (HBAR®)

1 2.077 2.077 1.038 1.038 1944.900 3085.000 201.2
2 2.942 2.942 2.250 2.250 1810.800 2347.300 82.0
3 4.327 4.327 2.596 2.596 1676.700 2682.600 74.5
4 0.026 0.026 0.026 0.026 67.100 67.100 0.0
5 0.340 0.340 0.340 0.340 6.710 6.710 0.0
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TABLE 3-2

METEOROLOGIC INPUTS FOR
GEODYN'S EXAMPLE PROBLEM

wonth  JULIAN - SERRT AIR o Do SNou
OAY (w/m?2) (B%PC) (k’nWRr) ﬂ‘%?? (w/m?) DFmI (gm/cc)
1 16.5 7.10  -25.00 4.67 0.60 0.00  0.49 0.18
2 45.0 31.27  -21.33 6.28 0.64 0.00  0.60 0.20
3 75.5 90.93  -13.05 8.21 0.60 0.00 0.61 0.20
4 105.0  165.17 -1.67 10.46 0.67 0.00  0.65 0.22
5 136.5  217.07 8.17 12.39 0.70 12.62  0.00 0.00
6 166.0  240.99 14.44 11.26 0.73 31.41  0.00 0.00
7 1975  215.89 15.67 10.46 0.75 33.39  0.00 0.00
8 2285  157.68 13.22 9.81 0.78 25.63  0.00 0.00
9 258.5 96.68 7.80 9.81 0.75 14.33  0.00 0.00
10 289.5 40.60 -4.33 8.69 0.80 0.00  0.00 0.00
11 319.0 12.48  -15.89 6.28 0.68 0.00 0.18 0.10
12 350.5 2.76  -22.17 5.15 0.70 0.00  0.41 0.17
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COMPLETE SAVE FILE(15%)

NUM SIN/SURFACE NODES(1SIND)
NUM SURFACE NODES(NSF 1)

NUM CONST FLUX NODES(NSF2)
NuM TIME DEP B-& CROUP SPECS(NBCG!
REORDERING OPTION(IRD)

INITIAL COND cArDS(IS1)

()]

o)
RPOMOOPOOO~0ORMNUOO

NUMERICAL SOLUTION mARAMETERS

MAX DYM ITERATIONS(MAX!)

MIN
MAX

INTEGRATION LEVEL (MINGP)
INTEGRATION LEVEL (MAXGP)

CYCLE FOR RELAX (NURF)
MAX TIME DIV(MAXSUB)

TEMP CONVRG LIMIT(CONVC) 0.002

TIME INTEGRATION FACTOR (ALPHA)

SCALE FACTORS

X
¥
W
U
v

SCALE
SCALE
SCALE
SCALE
SCALE

0.303
0. 30%
0.305
0. 000
0.000

##4THIS PROBLEM USES CARTESIAN COORDINATES##e

TIME CONTROL PARAHETERES

NUMBER OF SOLUTION STEPS(NTIME)
PRINT INTERVAL (NTSEG)

INPUT TIME STEPS(NVTS)

INITIAL TIME(TSTART)

IMEUT TIME STEPS (DAYS) AS FOLLOWS

T 000

2t

7

MATY

. 600 13. 200 13. 200 1S. 200

HiAL PROPERTIES

THLEMAL CONLUNTIVITIES (W/M=-C
VOLUMETRIC SI(CIFIC HEAT(KJ/M3I-C)
VOLUMETRIC LATENT HEAT(MU/M3)

Jung

(X OR

FROZEN conp
R) (¥ OR Iz} (X OR R} v OR I}

THAweED COND

2 077 2 a77 | 038 1 038
2 942 2 942 2 250 2. 250
4 327 4 327 2 396 2 596
0 02s& 0 o2s o 024 0 026
0 340 0 340 0 340 0 340

MAX

SI UNITS.

Qwouo

15. 200

SP HEAY
FROZEN

1544
1810
1676
67
6

@00
800
700
000
710

ELEMENT NUMBER = 128 MAX NODE NUMBER =

FIGURE 3-4

SP HEAT
THAWED
3085 000
2347 300
2682 600
67 100
6.710

417

ECHO PRINT OF RUN CONTROL
AND MATERIAL PROPERTIES

30

LATENT
HEAT
201. 2
82. 0
74 5
0.0
0.0

ALPHA
0. 700
0 300
0 500
1 000
1 000

[olepe]

030
[e3-18]
[ofe]o}
003G

ECSILON

o]

Q
c
o)

oo
162
563
100

100




1
234

393
397

REORDERING OPTION HAS BEEN INVOKED

STARTING NODES

13 20
229 726

Je a9

STARTING NODES

289 387 2383 38t

66 73

377 373

SELECTED ELEMENT oroDer IS

120
115
112
105
32
3]
28
41
a7
78
13
23
9

118
113
109
102
50
39
20
48
84
77
12
10
29

116
127
104
56
61
99
92
27
81
38
19
S
4

ECHO PRINT OF INFORMATION GENERATED IN

108 116 129 132 2as

371 369 417 415 411
LISTED BELOW
114 128
123 123
103 s7
33 66
60 100
97 95
e9 86
91 - 1:]
38 as
47 44
17 14
2 30
3 72
FIGURE 3-5

241

409

126
123
34
63

93
e3

39
34
71

THE REORDERING OPTION

31

239

409

236

403

124
58
67

110
96
21

19
at
37
42
33
79
70

234

399

&8
11!
104

St

45
80

32
73

117
&S
108
101
49

43
90
79
35
k3
22




PaBGA A CZODYN
A FINITE gLEMENT FREEI-THAW PROGRAM
SCVELOPED BY
RESOURCE MANAGEMENTS ASSOCIATES
LAFAYETTE. CALIF ~~ NOVEMBER 1982

EXAMPLE RUN FOR QEODYN DOCUMENTATION. .. SI UNITS.

FIXED NODAL COORDINATES ...

NODE x-L0C y-LoC THICK  NODE x=t0ac Y=.0C THICK  NODE x-Lac Y-10¢ THICK
(METRE) { METRE) {METRE) ¢ METRE) (METRE) (METRE) (METRE) (METRE) (METRE)
1 0.00 0 00 0.3 140 0.69 0 5t 0.3 279 1. 22 7 92" 0.3
2 0.1t 0 00 0.3 141 0.59 0.82 0.3 200 1. 52 7 92 0.3
3 0.23 o 00 0.3 142 0.86 0.62 0.3 281 1. e3 7 92 0-3
4 0.34 0 00 0.3 143 0.91 0.82 0.3 282 2.13 7 92 0.3
5 0.46 0 00 0.3 144 0.70 1.22 0.3 283 2.44 7 92 0'3
6 0.61 0 00 0.3 145 131 1 22 0.3 204 2.74 7 92 0.3
7 0-76 0 00 0.3 146 2.32 0 00 0.3 208 1. 52 7 1 0.3
2] 2.29 0 00 0.3 147 2.34 0.13 0.3 286 2.13 7 0oL 03
9 2.36 0 00 0.3 148 2.27 0.30 0.3 287 2.74 7 01 0.3
10 2.44 0 00 0.3 149 2.40 0.00 0.3 208 1. 22 6 10 0.3
1 2.s9 0 00 0.3 150 2. 30 0.30 0.3 209 1. 52 6. 10 0.3
t2 2.74 0 00 0.3 181 2.29 0.5¢ 0.3 290 1. e3 4 10 0.3
13 0.00 015 0.3 152 2.1% 0.62 0.3 291 2.13 & 10 0.3
14 0.23 0 15 0.3 153 2.34 0.82 0.3 292 2.44 6 10 0.3
13 0.46 01ts 0.3 1354 2.07 0O.e2 0.3 293 2.74 & 10 Q.3
16 0.79 0 1e 0.3 1558 1. 71 1. 22 0.3 294 1. 52 518 0.3
17 2.26 0 t8 0.3 156 3.35 1. 22 0.3 295 2.13 518 0.3
18 2.44 0! 0.3 157 3.96 1. 22 0.3 296 2.74 518 0.3
19 2.74 0 30 0.3 158 4.s7 . 22 0.3 297 1. 22 4 27 3.3
20 0.00 0 30 0.3 159 5. 18 1. 22 0.3 299 1.52 4 27 0.3
21 0 11 0 30 0.3 160 3.96 0. 91 0.3 299 1.83 4 27 03
22 0.23 0 30 0.3 161 5. 18 0.91 0.3 300 2 13 4 27 0.3
23 0.34 0 30 0.3 162 3.35 0.61 0.3 301 2.44 4 27 0.3
24 0.46 0 30 0.3 143 3. 96 0.41 0.3 302 2.74 4 27 0.3
25 0.65 0 30 0.3 164 437 0.61 ~0. 3 303 1.52 3 35 0.3
26 0.94 0 30 0.3 165 5. 18 0. 61 0.3 304 2. 13 3.35 0.3
27 2.21 0 30 0.3 166 3.96 0.30 0.3 305 2.74 3 35 0.3
20 2.32 0 30 0.3 167 5. 18 0.30 0.3 306 3.35 ? 7S 0.3
29 2.44 0 30 0.3 168 3.35 0.00 0.3 307 3.96 9 7s 0.3
30 2.59 0 46 0.3 169 3.96 0.00 0.3 308 4.57 9 75 0.3
31 2.74 0 61 0.3 170 4. 57 0.00 0.3 309 5. 10 9 75 0.3
32 0.00 0 61 0.3 171 5. 10 0.00 0.3 310 3.96 8 94 0.3
33 0.23 0 61 0.3 172 6.25 1.22 0.3 311 3. 10 8 84 03
34 0.46 0 &1 0.3 173 7.32 1. 22 0.3 312 3.3% 7 92 0.3
33 0.9 0 43 0.3 174 8. 30 1.22 0.3 313 3.96 7 92 0.3
36 2.13 0 43 0.3 175 9.45 1. 22 0.3 314 4.57 7 92 0.3
37 2.44 0 61 0.3 176 10, s2 1. 22 0.3 315 $. 18 7 92 0.3
38 2.74 091 0.3 177 11. %8 1.22 0.3 316 3.96 7 01 0.3
39 0 00 0 91 0.3 178 7.32 0.91 0.3 317 5.18 7 01 0.3
40 0.11 0 91 0.3 179 9.45 0.91 0.3 310 3.3% 6 10 03
41 0.23 0 9t 0.3 1BO 11.56 0.91 0.3 319 3.96 6 10 0.3
42 0.34 0 91 0.3 181 6.25 0.61 0.3 320 4. 57 6 10 0.3
43 0. 46 0 91 0.3 182 7.32 0.61 0.3 321 S. 18 6 10 0.3
44 0.72 0 72 0.3 183 9.38 0.6t 0.3 322 3. 96 5 18 03
4% 0. 99 0 52 0.3 184 9. 45 061 0.3 323 5.18 5 18 03
46 0 78 0 91 0.3 185 10. %2 0 61 0.3 324 3.3% a4 27 03
47 .10 0 52 0.3 186 11.58 Q. 61 0.3 2% 3.96 a4 27 a3
48 {10 0 9 0.3 187 7.32 0.30 0.3 326 4 57 4 27 03
49 .18 0 60 0.3 188 9.45 0.30 Q.3 327 s. 18 4 27 03
50 1 20 3 69 0.3 189 11. 50 0.30 0.3 320 3 96 3 35 03
St 1. 31 0 91 0.3 190 4. 25 0.00 0.3 329 s. 18 3 35 03
32 1. 37 0 75 0.3 191 7.32 0.00 0.3 330 & 25 9 75 Q2
53 1. 52 0 91 0.3 192 d. 38 0.00 0.3 331 7 32 9 75 03
34 1. s2 0 & 0.3 193 9.45 0.00 0.3 332 €.38 9 75 9.3
38 1.52 0 76 0.3 194 10.%2 0.00 0.3 333 9 45 9 75 03
56 1. 71 0 91 0.3 199 11.58 0 00 0.3 334 10. 52 9 75 0.3
57 1. 68 075 0.3 196 3.33% 2.44 0.3 335 11. 58 9 75 53
58 1. 89 091 0.3 197 3.96 2.44 0.3 336 732 8 84 03
59 l. 84 0 81 0.3 198 4.57 2.44 0.3 337 Q.45 € 84 33
60 1 BO 0 70 0.3 199 5. 19 2.44 0.3 338 11. 58 € e 53
61 2.16 0 91 0.3 200 3.96 2.13 0.3 339 6. 25 7 92 03
62 195 o 62 0.3 201 5.10 2.13 0.3 340 7.32 7 92 03
63 2.06 0 s2 0.3 202 3.35 1.e3 03 341 8.33 7 92 53
64 2.33 0 72 0.3 203 3. 96 1.83 0.3 342 9 45 7 92 03
63 2. 44 0 91 0.3 204 4.57 1.e3 0.3 343 10. 52 7 92 03
FIGURE 3-6

ECHO PRINT OF NODE AMD
ELEMENT SPECIFICATIONS
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bé
67
48
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
a4
L]
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
{18
119
120
121
122
123
124
125
126
127
1t8
129
130
131
132
133
134
135
136
137
138
139

FIGURE 3-6
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ELEMENT

FB(OOO\IOU'*OON"

5~

BBEReuRE

137

143
159
173
173
143
tag

128
197
107
203
199
209

EXAMPLE RUN FOR GEQDYN DOCUMENTATION.

PROGRAM CEDDYN

A FINITE ELEMENT FREEZ~-THAW PROGRAM

OEVELQPED BY

RESOURCE MANAGEMENTS ASSOCIATES
LAFAYETTE, CALIF ~~ NOVEMBER 1982

NOOK CONNECTIONS AND MATERIAL NUMBERS. . .

2
4
11
21
23
49
°4
30
40
42
90
07
09
9t
93
9
97
72
61
101
109
74
76
70
80
113
82
106
117
119
138
138
137

166
161

178
179
167
187
§:1-]
113
200
Xe}-}
206

214

165
188

(71

193
107
203

85
137

218

14
1]

33

142

170
181

183
183

192
194
202
204
136
150
217
219

141

190
152

59
194

141
155
160

166
167
170
179
180
187
188

200
201

207
214
1%

NODES{COUNTERCLOCKHWISE)
2

20

22

147
151

183
196

208
210

IONE

NN~ =R =NNNNNNNOWOOWWOWWWWWWHWWWRLWWWUWWLR= —~WWWW P WARMBRATUTWWWRAODWWWANWW

SEG
120

118

116
114

128

126
124
122
119
117
115
113
127
129
123

. .81 UNITS.

AREA-M2 ELEMENT
0.070 63 211
0.070 86 205
0.139 67 218
0.139 68 120
0.139 69 226
0.069 70 231
0.057 71 236
0.093 72 241
0. 139 73 220
0.139 74 233
0.090 7% 230
0.091 76 243
0.091 77 247
0.132 70 23%¢
0. 132 79 233
0.224 80 256
0 224 81 259
0.139 82 271
0. 107 a3 273
0.190 84 262
0.093 8% 280
0.209 86 202
0. 209 87 263
0.446 88 289
0. 291 89 291
0.279 90 268
0.9%16 91 298
0.492 92 300
0.10% 93 775
0.052 94 307
0.052 95 294
0.049 96 313
0.120 97 293
0. 081 90 319
0.093 99 302
0.195 100 3293
0.198 101 309
0. 130 102 331
0.167 103 333
0.026 104 318
0.029 105 340
0.057 106 342
0. 082 107 321
0. 089 108 349
0.034 109 351
0. 111 110 327
0.063 111 3%8
0.158 112 360
0.743 113 213
0.743 114 367
0.743 118 222
0.743 116 373
. 301 117 177
1. 301 110 379
. 301 119 184
1. 301 120 a8%
1.30L 121 335
1. 301 122 395
0.743 123 344
0.743 124 401
0.743 12% 353
0.743 126 407
1. 301 127 262
1. 301 128 413

FIGURE 3-6

(continued)
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NODES (COUNTERCLOCKWISE)

215
207
223
224
229
234
239
244
230
233
240
245
240
251
254
237
240
276
277
263
205
286
266
294
293
249

304
279

305
328

220
139
173
175
231
236
241
137
233
230
243
134
250
253
256
120
262
280
202
265
209
201
260
290
300
122
124
1286
284
313
293
319
302
325
128

221

172
174
176
232
237
242
133
249
2%2
255
131
261

264
267
121
279
281

283

288
290
297
297

386
390

4G2

4CB
412
414
366
368

222
173
173
177
233
238
243
134
250
2S3
256
120
262
265
248

216
223
224
225
230
235
240
243
240
a1

254
237
260
263
266
269
274
277
270
283
206
207
294
29%
294
303
304
305
310
311
316
317
322
323
320
29
338
337
330
345
346
347
354
338
356
363
364
365
370

376
377
382
383
aJa8

398
399
404
405
410
411
416
417

213
218

220
222
228
233
230
243
247
2350
2S3
234
259
262
265
260
271
273
R7%

280
282
204
289

291

293
290
300
302
307

309
313
318

319
321

325
327

331
333
3%

340
342
344
349
351

353
3%8

362
367
369
373
375
379
381
8%
387
393
397

403
407

413
415

212
217
219
221
227
232
237
242
24L
249
252
235
250
261
264
267
170
272
274
279
281
203
2ee
290
292
297
299
301
306
300
312
314

380
384
J8s
394
396

402
406
408
412
414

ZONE

PDNRNN OB NNSRB ORI R R RRRNNIN S & m e et s e s s o e s s b2 b e e e o e s — O N

SEQ  AREA-M2

86
83
19
11
45
43
4t
48
27
91
88
a3
82
46
26
90
87
64
81
38
25
39
37
24
EO
~
70
77
36
a7
a4
7
42
40
6
35
13
12
15
17
14
34
33
18-
32
31
23
LO

7

1 301
L. 301
1. 301
1. 301
Q. 392
0.392

3 902
3 902
3.902
3 90<
3 902
2 23C
? 23C
2.23C
2 23c
2 23C
2 23¢C
2 23C
2 23C
& &8%
& &6%
b &89
& 48¢
& &89
s &89
& suv
5 839




S€

SUMMARY gf STANDARD MONTHL v AVEY ¢ nE EOmOLOOIC CONDJNONS

MONTH DAY S-wWAvE AIR TEnp WIND CLD cwr Evap SNOW Ccvr SNOW pen
Wrn2, (DEG(c) CKM/HR ) (FRAC) (W/n2) M) emscc)

1 16 3 7 10 =25 00 4. 67 0. 60 Q. 00 Q. 49 0O 18
2 45. 0 3127 -21. 33 6 29 0. &4 0. 00 0. .60 - 0 20
3 75. 3 90. 93 =13 05 8 0 40 0. 00 0 &1 0. 20
4 1059 165 17 ~1. 67 10 44 0. &7 0. g0 0 &3 0 22
S 135 5 217 o7 8 17 12 39 0. 70 12 .42 0. 00 0. 00
& 188 ¢ 240 99 14 44 11. 26 Q. 73 31 43 0. 00 0. 00
7 197 s 215 g9 13 67 10. 45 0 73 33 39 0. 00 0 00
8 22g 5 157 48 13 22 9 81 0. 78 23. 63 0 00 0. 00
? 258 s ?4 &8 7. 00 9 81 0 73 14. 33 0. 00 0. 00
10 2g9 & 40 s0 -4 33 8 &9 0. 80 0. oo 0. 00 0. 00
11 319 [¢] 12 49 -13 g9 6. 28 0. 48 0. 00 0. 18 0 10
12 350 5 2. 76 ~22. 17 S. 15 0. 70 0. 00 0. 43 0 17
huLy 1. 00 t. 00 1.00 1. 00 0. 40 1. 00 1. 00

SUnMARY of MONTHL Y HETEORDLOCIC DATA fFoR SURFace ENERCY CALCULATIONS
PLICATION

AFTER LT

MOy DAy S-WAVE AIR TeEMp HIND CLD cvr Evap SNOW cyr SNOW pen
(W/n2) (DEG ¢, (KN/HR ) {FRAC) (W/M2) n) {CM/cC)

1 16 5 7. 10 ~23. 00 4. 67 0. 60 0. 00 0. 49 0 18
2 45 o 31. 27 ~21.33 6. 28 0 44 0. 00 0. 40 0. 20
3 75. 3 ?0 93 ~13 03 a2 0 &0 0. 00 0 &1 0. 20
4 105 ¢ 163 17 ~1. 47 10. 45 0 &7 0 00 0 &3 0 .22
3 135 5 217 oz a 17 12 39 0. .70 3.0 0. 00 0. 00
4 166 ¢ 240 99 14 44 11 26 Q.73 12 34 0. 00 0. 00
7 197 5 213 g9 13 &7 10. 45 0 .75 13 36 0. 00 0 00
8 229 3 137 48 13 22 9. a1 0. 78 10. 25 0. 00 0. 00
9 258 s 96 48 7. 00 9.1 0 73 3. 723 0. 00 0. 00
10 2a9 5 40 60 -4.33 8 &9 0. 80 0. 00 0. 00 0. 0o
11 319 g 12 48 =13 a9 6. .29 0. 68 0. 00 0. 18 0 10
12 350 » 2. 76 =22 17 313 0. 70 o 00 0 43 0 17

FIGURE 3-7

ECHO pRinT OF STANDARD
METEOROLOGIC CONDI TIONS
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NOEDE

229
234
239
244
129
108
&6
2
13

VCERNOCUELDWUN -

SUMMARY OF METEOROL ¢ IC F CTORS FOR SURFACE NODES

SURF ALB

(FRAC)

Q

cooocoo0o

82
82
82
a2
82
a2
82
a2
82

SNOW ALD
(FR.AC)

ccoooooo00

30
30
30
30

.30

30
30
30
30

VIEW FAC

(FRAC)
. 00
. Q0
. 00
. 00
00
00
[+1]
00
- 00

- s o g e b b

NUMBER OF CONSTANT F>UX BOQ QY NODES IS

NODE
NuUM
399
403
411
417
n
377
382
el- 1

(W

ocvoococcoo

FLUX
/M2)
041
041
041
041
041
041
o41
o4t

SURF Zm

(FRAC)
90
90
90
90
90
90
20
90
90

ocoooooco00

FIGURE 3-8

SNOW

&M

(FRAC)

eoco000C0ODO

93
93,
9
99
3
993
93
95
35

SURF RUF
)
15
13
13
[ &)
13
13
13
15
15

000000000

ECHO PRINT OF NODAL VALUES USED IN

THE SURFACE ENERGY BALANCE

SNOW RUF

ceoooo000

o)
o2
[
Q2
[+
02
02
02
02
o2

EVAP FACT
(FRAC)

e aeledalal

. Q0
.00
. 00
.00
.00

00
00
00

.00

8888838883



EXAMPLE RUN FOR CEDDYN DOCUMENTATION. . .St UNITS.

eeeTHIS PROBLEM USES CARTESIAN COORDINATESese

TIME STEP

TIME STEP

RESULTS AT

THE s¥m80L e DENOTES A SPECIFIED VALUE

TEMP
0.05&
0 056
0 056
0.056
0.056
0.056
0 056
0.056
0. 056
0. 056
0 056
0. 056
0 056
0.056
0.056
0.0%%
0 056
0.0%8
0 056
0.056
0 056
0 056
0.0%&
0 056
0.056
0.056
0.056
0.056
0. 056
0.056
0.0%6
0.0%6
Q. 056
0.056
0 056
0. 038
0 056
0 056
0.056
0 056
0.056
0.056
0 056
0.056
0.056
0. 056
0.056
0. 056
0.056
0.056
0.056
0. 056
0.056
0. 056
0. 056
0.056
0.056
0 036
0 056
0.056

NODE
85
86
a7
88
89
90
91
92
93
94
95
&
97
98
99

100
101
102
103
104
105
106
107
08
09
10
1
12
13
14
15
16
117
118
119
120
4l
122
123
124
125
126
127
128
129
130
134
132
133
134
135
138
137
138

140
141
142

144

o OF

6

IS 7. 60(DAYS)

0.00(HRS)

TEMP
0 036
0 056
0 056
0 056
O 056
0 03s&
O 056
0 056
0 056
0 056
0 056

-12.222
O 056
0 036
0 056
0 056
0 0%6
0.056
0.056
0. 056
0. 056
0.056
0.056
0.056
0.056
0. 056
0.056
0.056
0.056
0. 056
0.056
0. 056
0.056
0.056
0. 056
0. 056
0. 056
0. 056
0.056
0.056
0.056
0°0%6
0.056
Q0. 036
0. 056
0.056
0.056
0.056
0.056
0. 056
0.056
0 056
0.056
0.0S6
0.056
0. 056
0.056
0.03%6
[O2R3-7-)
0.056

NODE TEMP
169 0. 056
170 0.056
171 0.056
172 0. 056
173 0.056
17.4 0.0%5&
175 0. 056
176 0.056
177 0.056
178 0.056
179 0. 056
180 0. 056
181 0. 036
182 0.056
183 0.056
184 0.0%6
188 0. 036
186 0. 036
187 0.056
188 0.056
189 0.056
190 0.056
191 0.056
192 0. 056
193 0.056
194 0.056
193 0.056
1946 0. 036
197 0.056
198 0.056
199 0.056
200 0.056
20% 0. 056
202 0.056
203 0. 056
204 0. 056
205 0. 056
206 0.056
207 0.056
208 0. 056
209 0.056
210 0.056
<1t 0. 056
212 0.056
213 0.056
214 0.056
215 0.056
216 0.056
217 0.056
218 0.056
219 0.056
220 0.056
221 0.056
222 0. 056
223 0.056
224 0. 056
225 0.056
226 0.056
227 0.056
228 0.056

FIGURE 3-9

INITIAL CONDITIONS

0. OO(DAYS)

NODE
253
254
255
256
257
258
759
260
261
267
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
<280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
il
312

0.00(M0S)

SUMMARY OF INITIAL CONDITIONS
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0 OO(YRS)
NODE TEMP
337 0.056
338 0.056
339 0.056
340 0.056
341 0.056
342 0.0%6
343 0.056
344 0.056
345 0.056
346 0.0568
347 0.056
348 0.056
349 0.0S6
350 0.056
351 0.056
352 0.056
353 0.056
3%4 0.056
355 0.056
356 0.056
357 0.056
358 0.056
359 0.056
360 0.056
361 0.056
362 0.0%
363 0.0%6
364 0.056
385 0.056
366 0.056
367 0. 056
368 0.056
369 0.0%6&
370 0.056
371 0.056
372 0.056
373 0.056
374 0.056
375 0.056
376 0.056
377 0. 056
378 0.056
379 0. 056
380 0.056
381 0.09%s
382 0.056
383 0.056
384 0.056
385 0.0%6
386 0.056
387 0.056
a8 0.0%%
389 0.056
390 0.056
391 0. 056
392 0.056
393 0.058
394 0.056
395 0.056
396 0.056




61  0.0% 145 0.056 229 0.056 313 0.036 397 0.056
67 0.056 146 0.056 230 0.056 314 0.0% 398 0.0%%
63 0.056 147 0.056 231 0.056 315 0.056 399 0.056
64 0.056 148 0.056 232 0.056 316 0.0% 400 0.056
65 0.056 149 0.056 233 0.056 317 0.056 401 0.056
66 0.056 1SO 0.056 234 0.056 318 0.056 402 0.03&
67 0.056 151 0.056 23% 0.056 319 0.056 403 o©.0%6
68 0.056 Is2 0.0 236 0.056 320 0.0%& 404 0.056
69 0.056 183 0.056 237 0.056 323 0.056 405 0.056
70 0.056 184 00% 238 0.0% 322 0.056 406 0.03%8
71  0.056 155 0.056 239 0.0% 323 0.056 407 0.056
72 0.056 1% 0.056 240 0.056 324 0.056 400 0.056
73  0.0%6 157 0.056 241 0.0% 315 0.056 409 0.056
74 0.0% 1% 0056 242 0.056 326 0.056 410 0.056
75 0.056 1%? 0.056 243 0.0% 327 0.0% 411 0.056
76 0.056 140 0.056 244 0.0%& 328 0.054 412 0.0%%
77 0.056 1681 0.056 245 0.056 319 0.056 413 0.056
78 0.0%& 162 0.056 246 0.056 330 0.056 414  0.056
79 0.0%6 163 0.056 247 0.056 331 0.0%6 415 0.056
€0 0.056 144 0.056 240 0.0% 332 0.056 416 0.056
81 0.056 6% 0.056 249 0.0%6 333 0.056 417 0.054
82 0056 14 0.056 250 0.056 334 0.056

e3 0.056 167 0.0% 251 0.016 335 0.056

e4 0.056 148 0.056 2%2 0.056 336 0.056

NODE TEne oTDT
I 98  -12.22 0.000€-01
FIGURE 3-9

(continued)
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EXAMPLE RUN FOR GEODYN DOCUMENTATION...SI1 UNITS..

e*sTHIS PROBLEM USES CARTESIAN COORDINATESees

Ti{mg€ STEP 6 OF 5
TI{ME STEP !S 15. 20(DAYS)

RESULTS AT 1824. 0(=RS) 76. 00(DAYS) 2.3%0(mM08) 0.21(YRS)

THE 8YMBOL ¢ DENOTES A SPECIFIED VALUE

TEMP  NODE TEMP NQDE TEMP NODE TEMP  NODE
-0 256 88 0.032 169 0.046 253 -0.002 337
-0 183 86 -0.482 170 0.049 254 -0.003 338
-0 120 a7 -1.072 {7t 0.051 255 -0.014 339
-0 063 88 -~1.%0% 172 0.054 256 -0.003 340
-0 040 89 -1.066 173 0.055 257 -0.001 34t
-0 053 90 -2.268 174 0.6%% 2%8 0.003 342
-0 055 9 -2.215 175 0.056 259 0.007 343
-0 064 92 -3.327 176 0.056 260 0.007 344
-0 c83 93 -2.214 177 0.057 261 0.003 345
-0 0€0 94 -7230 178 0.055 262 0.007 346
-0 016 95 =-2.487 179 0.056 263 0.007 347
¢ 040 96 -12.222% 180 0.057 264 0.003 348
-0 256 97 -2.685 181 0.053 2% 0.007 349
-0 119 99 -0.004 182 0.055 266 0.007 350
-0.039 99 0.000 183 0.0%5% 267 0.001 351
-0 134 100 ©0.002 la4d 0056 269 ©0.008 352
-0 1% 10t 0.003 I8 0.056 269 0.004 353
-¢ 073 102 0.001 86 0.057 270 ©.0t1% 354

3 041 103 0.026 187 0.053 271 0.022 355
-5 255 104 0.021 188 0.056 272 0.028 356
-0 187 103 ©.028 189 0.057 273 0.033 357
-+ ~ 1 e 106 0.016 190 0.053 274 0.038 3s8
-3 302 107 0.027 191 0055 275 0042 359
-0 034 108 =0.249 192 00%% 276 0.022 360
-3 ¢%2 109 -0.113 193 0.056 277 0.033 361

0 001 110 -0.025 (94 0.0% 278 0.042 362

0 006 111 0.000 19% 0.0%7? 279 0.015 363
-0057 112 0.001 194 0.040 280 0.022 364
-0 049 112 0.004 197 0.047 281 0.028 3&%

0005 114 ©0.0313 |98 0.0%0 202 0.033 366

0040 115 0.029 199 0.053 @283 0.038 367
-0 253 116 -0.243 200 O0.044 284 0.042 360
-0 116 117 =0.178 201 0.053 285 0.021 369
-0 030 118 -0.107 202 0.039 2986 0.033 370
-0 075 119 -0.052 203 0.046 287 0.042 371
-0081 120 -0.022 204 0.050 288 ©0.014 372
-0014 121 =-0.002 205 0.0%2 289 6.02% 373

0037 122 0.000 206 0.046 290 0.027 374
-a 251 123 0.005 207 0.052 291 0.033 375
-G 183 124 0.009 208 0.054 292 0.038 376
-3 114 12% 0.014 209 0.055 293 0.041 377
-0 058 126 0.020 210 0.055 294 0.021 378
-J 026 127 0.026 211 0.0% 295 0032 379
-0 015 128 0.031 212 0.056 <2%6 0.041 380
-3 097 129 -0.247 213 0.057 297 0.014 38t
-¢ 507 130 -0.10% 214 0.05% 290 ©0.020 382
-0 082 13t =-0.947 215 0.056 299 0.026 383
-0 017 132 -0.286 218 0.057 300 0.031 384
-0 343 133 -0.178¢ 217 0.054 301 0.035 38%
-G 081 134 ~0.090 218 0.055 302 0.039 386
-0 026 133 ~0.041 219 0.0%% 303 0.016 387
-0 072 136 =~0.042 220 a.0% 304 0.027 388
-6 030 137 -0.032 221 0.0% 308 0.036 389
-3 050 1383 =-0.038 222 0.057 306 ©.048 390
-C 07S 139 -0 027 223 0.0%% 307 0.051 391
-, C2Z7 130 -0.017 224 0.056 308 0.053 392
-y 369 141 -0014 225 0.¢%7 309 0.055 393
-5 013 142 -0033 226 -0.306 310 0.051 394
-3 047 143 -0017 227 -0.162 311 0.0%% 395
-¢ 087 144 -0002 220 -0.053 312 0.048 396
- 609 148 -0.003 229 -0.306 313 0.0st 397
-C 080 146 -0065 230 -0.053 314 0.053 398
-5 100 147 -0.089 231 -0.306 315 ©0.05% 399
-G 018 148 -0 033 232 -0.182 316 0.03t 400
-3 003 149 =-0.078 233 -0.053 317 ©.03%5 401

FIGURE 3-10
SIMULATION OUTPUT AT TIME STEP SIX
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0. 080
0. 106
0 065
0. 106
0.059
0.063
0. 080
0.106
0.065
0.106
0.059
0.063
0. 080
0.106
0 065
0.106
0.059
0.0465
Q. 0oeo
0. 106
0.059
0.065
0. 080
0 106
0.065
0. 106
0.0s9
0.065




66 -03%1 150 <-0.051 234 -0.306 318 0.047 40P
67 -0.114 131 =0.026 235 -0.053 23a1* 0.051 403
68 -0 023 152 -0.041 236 -0.306 320 0.0%33 404
69 -0 003 153 -0.008 237 ~-0. 167 328 0.054 409
?0 -0 007 154 ~0.022 238 -0.054 322 0.051 406
71 -3 001 155 =~=0.00Q 239 _0.307 323 0.0%4 407
72 0015 1s& O0.041 240 _0.053 224 0.046 408
73 -0 291 137 0.041 241 -0.302 323 ©.0%0 409
74 =018 138 0.04% 242 _0 142 326 0.0%2 410
7s -0.113 139 0.0Sl 243 _gog0 327 0. 0%s 41l
7b =0.0%7 160 0.043 244 _g 309 328 0.048 412
77 =0.03% 1bl 0.051 ad5 -0.046 329 0. 08s 413
78 ~0.004 163 0.042 D34 -0.012 330 0.0%5 414
79 -0 Q08 163 0.046 747 ~0. 002 331 0.055 415
(0] 0 000 164 0.049 748 -0.002 332 0.056 416
8t -0 00t 165 0. 031 249 -0.012 333 0.056 417
a2 0 001 166 0.046 250 -0.002 334 Q.0%6
83 0003 (67 ©0.051 251 -0.002 335 0.0%7
84 0002 168 0.043 252 =-0.01a 336 0.035
CURRENT METEOROLOGIC CONDITIONS
SHORT WAVE(W/M2) 92. 19
LONG WAVE (W/M2) 166.74
AIR TEMP(DEQ C) -12.86
WIND SPEED(MM/HR) 8. 2%
CLOUD COVER(FRAL) 0.60
EVAP. FLUX(W/M2) 0.00
SNOW DEPTH(M) 0.61
SNOW DENS(GM/CC) 0.20
NODAL VALUES-SURFACE ENEROY BALANCE
NOOE q NET pa/DT  EO TEMP TEMP SH Wy
KJ/MR/HR {DEG C) (DES C) (W/M2)
| 229 -9.26 -0.38 -13.76 -0.31 64 .53
2 234 -9.26 -0.38 -13.74 -0.3L 64.53
3 239 -9.76 -0.38 -13.76 -0.31 64.53
4 244 -9.25 -0.38 -13. 76 -0.31 &4 33
5 129 -9.30 -0.38 -13.76 -0. 25 64.33
6 108 -9.30 -0.38 -13.76 -0.25 b4 .53
7 & -9.29 -0. 38 -13.76 -0. 2% 4. %3
e 32 -9.29 -0.38 -13.76 -0. 28 64.53
9 13 -9.29 -0.38 -13.76 -0.21 64.33
CONVERGENCE HISTORY
ITER NODES ave COR MAX COR NODE
{ 416 0.00%9 0. 0404 toe
i 416 0. 0002 0. 0020 257
LOCATION oF 0. 00 ISOTHERM
ELT M!D NOD X-CORD Y-CORD FRAC
1 3 T 2. 633 9. 000 0.637
2 3 30 2.574 0.440 0.355
3 8 72 2. 470 0. 883 0.897
4 11 98 2.182 1. 139 0.738
5 11 AR 1.973 1.247 0.453
3 14 91 0.038 0.305 0.000
7 14 35 0.039 0.306 0.994
e 13 93 2.209 0.305 0.999
9 15 36 2.206 0.310 0.024
10 16 16 0.838 0.304 0.003
11 17 17 2. 211 0.302 0.996
12 18 99 2.438 1. 039 0.527
13 24 111 0. 932 2.171 0.707
14 24 121 0.738 2.438 0.385
1S 25 112 {. 446 1. 640 0.127
16 26 113 1, 324 1. 993 0.078
17 27 82 1.673 1. 324 0. 287
19 32 139 0.834 0.305 0.020
19 40 148 2.717 0.305 0.937
20 77 261 0.540 7.924 0. 1g1
21 77 2se 0.537 9.754 0. 824
22 78 264 0.32s 6.096 0.1%0
23 79 267 3. 622 4267 0.361
FIGURE 3-10

(continued)
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0. 080
0. 104
0.063
0.106
0. 0%9
0.063

0.104
0.065
0.106
0.059
0.063
0.080
0. 106
0. 065
0. 106

L Wy=IN L Wv=0QuTt

(W/m2)
166. 74
166. 74
166. 74
166.74
164.74
144.74
1b6. 74
166.74
166. 74

(W/M2)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0. 00
0.00

EVAR
(W/m2y
0.00
0 00
0 00
0 00
0 00
0.00
0.00
0.00
0 00

TURB
LIy




CONVERCENCE

STE: DAYS OELT
i 76 7.6

e 18. 2 7.6

| 30.4 182

4 43.6 15. 2

H 50. 8 15.2

s 76.0 15.2

SUMMARY FOR THE COMPLETE RUN

Mx CHQ
0.0018
-0.0010
0.0013
-0. 0012
-0.0014
0. 0020

e a2 221 1221223

1T NUM
14

ENIENINY ¥

NODES  INT LV
179 t
199 1
157 |
183 |
209 [
416 t

RUN COMPLETE eee

FIGURE 3-11

CONVERGENCE HISTORY FOR THE EXAMPLE PROBLEM
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CHAPTER 4
PROGRAM INPUT INSTRUCTIONS

The input data for program GEOOYN are read from the card reader (logi-
cal unit 5) and output to the line printer (logical unit 6). The program
may be run on a completely stand alone basis by card image input or may
read files previously generated by itself or by the network generator,
GEOGRD. A schematic description of the file units which may be used by
GEODYN is shown in Figure 4-1.

DATA INPUT FORMATS

The following paragraphs summarize the exact card formats expected
by GEODYN. The user should follow this sequence exactly and input the
data in the same order as it is described. In all cases the program will
expect to input this information on FORTRAN logical unit 5 unless other-
wise noted. Finally, the reader is urged to review the nput and output
from the example problem if questions arise.

Please note that all inputs to GEODYN are in free f eld format. This
means that all data on a specified card image must be supplied, with indi-
vidual values separated by blanks or commas. A slash (/) at the end of a
line indicates the end of record and may be used to advantage in some cases.
If less than the proper number of items are input on a gtven card image,
the program will look at the next card to complete its list. This is a
common error in free field Input, and must be checked carefully by the
user.
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Unif
5
Card Input ety Line Printer
Program
Network unit
Eile LUNIT SEODY N Progran
(GEOGRD) GEOPLT
Unit
Input Output
Regtart Restart
File File
I |
e —_
FIGURE 4-1

FILE ORGANIZATION FOR GEODYN PROGRAM

43




CARD [NPUT FORTRAN
TYPE  SEQUENCE NAME DESCRIPTION
A. Job Title
1 TITLE Header label ; any 80 column Comment.
B. Job Controls

1 NCD .
2 NPX

3 NMAT
4 IS1

5 | PRT
6 NSPN
7 1SOC

Number o f element defining cards to be
read from the card reader. This number
may be zero 1¥a GEOGRD file is input.

Number o f nodes whose spatial coordinates
are to be explicitly input. Only the
corner nodes need be explicitly input, as
mid-side node locations, if not user-
specified, are determined by linear inter-
polation. This number may be zero if a
GEOGRD file is used.

Number o f material zones. (Each unique
combination of values for frozen and thawed
thermal conductivities and heat capacities,
and latent heat characteristics constitutes
a unique material zone.) NMAT cannot ex-
ceed 20 and must be at least one.

Enter the number of cards to be read to
define the initial temperature conditions.

The entire network will be initialized

to the first value input before subsequent
cards are read. |If a zero is entered, no
cards will be read. . If -1 or -2is en-

tered, a card of Type N will be required.

If IS1<0, the initial conditions

will be calculated from the expression

T=T,+(T.-T;)e-k1 where 1 = x if ISl=-1 and
1 =y 1FIS1l=-2. T,, T2 and k are input
on Card Type N, below.

If IPRT is nonzero, the nodal coordinates,
nodal connections, and element areas, will
be printed. |If IPRT equals zero, this por-
tion of the network description will not
be printed, but computations are unaffected

Enter the number of nodes for which a sum-
mary time history of temperatures is to
be output at the end of the computer run.
The list of node numbers is input

on Card Type H.

Enter 1 I f the program is to calculate and
output the location of the freezing isotherm;
otherwise enter zero.

A
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CARD
TYPE

INPUT
SEQUENCE

FORTRAN
NAME

DESCRIPTION

8

10

11

12

13

14

15

16

LUNIT

LI

IS5

ISINO

NSFI

NSF2

NBCG

IRO

Enter the FORTRAN logical unit number fop
the input file generated by GEOGRD; if
no file is available, enter zero.

Enter the FORTRAN logical unit number for
the input restart file; this file will
have been written by a previous GEODYN
run and written on unit IT, below.

Enter the FORTRAN logical unit number for
output of the restart file; this file will
contain al7 the information necessary to
restart the simulation at the end of the
final time step of the current simulation.

Enter the FORTRAN logical unit number for
output of a complete time history of re-
sults from this simulation. This file can
be used. for post processing for such things
as time histories or contour plotting.

This is the input file for program GEOPLT.

Enter the number of surface boundary nodes
at which an annual sinusoidal temperature
variation will be imposed, These nodes
will be the last ISINO node numbers assigned

for boundary condition_specifications
and are input on Card Type T.

Enter the number of element sides (faces)
which define the network interface for a
full surface energy balance computation.

The data required {)y a positive value are
input on Card Types 0, P and Q.

Enter the number of element sides (faces)
which are to receive a specified thermal
flux. The node numbers are input on Card
Type R.

Enter the number of annual profiles of
temperature which ney be used to define time
dei)end_ent boundary conditions. If this
value is greater than zero, NBCG of Card
Type S will be required.

If the program is to internally reorder the
system elements, enter 1; otherwise enter
zero. The node numbers from which to begin
reordering are input on Card Type L.
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CARD INPUT FORTRAN
TYPE  SEQUENCE NAME

DESCRIPTION

C.  Numerical Solution Controls

1 MAX|

2 MINGP
3 MAXGP
4 NURF
5 MAXSUB
6 CONVC
7 ALPHA

0, Scale Factors
1 XSCALE

2 YSCALE

The maximum number of Newtonian iterations
for a given time step for a given level of
numerical integration; < 25.

The minimum level of numerical integration
to be used for this problem. This value
must be between 1and 5, and is usually 1.
MINGP must be < MAXGP, below.

The maximum level of numerical integration
to be used for thfs problem. This value

must be between 1 and 5 and is usually 2.
MAXGP must be > MINGP, above.

The iteration number at which the program
will apply an under relaxation factor of
0.5 for the Newtonian iteration scheme;
normally this value is set to zero and
under relaxation is not needed. If con-
vergence problems develop, set NURF to 8.

The program will automatically halve the
time step specified by the user if a stable
solution cannot be reached. MAXSUB is the
maximum number of times the time step in-
crement will be halved.

The temperature convergence criteria, °C,
The problem is considered converged if
this limit is reached. The program will
terminate execution on an error stop if
this limit 1s exceeded by a factor of ten
on the final iteration.

This factor is used in the time integra-
tion scheme, and has a value between 1.0
and 2.0, Normally this value is set at
1.0 or 1.5, with 1.5 the recommended value.
This is the value o in Equation (1.6).

X-direction (or r directionR_inputs for
nodal locations will be multiplied by this
factor to convert input values to meters.

Same as XSCALE, but for y-direction (or
z direction).
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0 m/hr.

CARD INPUT FORTRAN
TYPE  SEQUENCE NAME DESCRIPTION
3 WSCALE Same as XSCALE, but multiplies thickness
inputs for a Cartesian system.
NOTE: ~To operate GEODYN in cyllIndrical
coordinates, set WSCALE to 0.0. The pro-
grann will then shift to cylindrical coordl-
nates with the ortfain at r = 0,0,
4 USCALE Scale factor for x or r directton ?round—
water velocities to convert input
5 VSCALE Scale factor for y or z direction ground-

E.  Time Step Controls

1
2

4

NTIME
NTSEG

NVTS

TSTART

water velocitiesto convert input to m/hr.

Number of time steps for this simulation.

Frequency of printout, in number of time
steps (if G = 1, printout will be
generated every time step).

The number of different time step increments
to be read on Card Type F.

Starting time _(days) for this run.. If a
restart file 1S used this value will be
overwritten.

F. Time Step Length - NVIS (Card E.3) cards required

1
2

N
DELTX

Number of time steps

Time step size(s) (days). If set equal

to zero, then the steady-state solution

is calculated, and MAXI should be set
equal to 1to avoid duplicate calculations.

6. “Sinusoidal Temperature Boundary Condition = omit if ISINO (Card B.12)=0

1

TMEAN

AMP1

AMP2

PHASE

Base temperature for sinusoid (equals mean
annual temperature when AMP1 equals AtP2).

Summertime sinusoid amplitude (difference
between highest desired temperature and
TMEAN) .

Winter sinusoid amplitude (difference be-
tween TMEAN and lowest desired temperature).

Phase in days, different from zero if start

of simulation is other than January 1 of
any year.
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CARD  INPUT
TYPE  SEQUENCE

FORTRAN
NAME

DESCRIPTION

H.  Time History Summaries = Qmk iFNSPN (Card 8.6) = 0

1

ISPN

Up to 12 node numbers for which compiete
time history summaries will be printed at
the end of the computer run.

I. Zone Properties - NMAT (Card 6.3) cards required

1

2

10

11

J

ORT(J,1)
ORT(J,2)
ORT(J,3)
ORT(J,4)

ORT(J,5)
ORT(J,6)
HEATL(J)

ALPE(J)

GAME(J)

EPSE(J

Material zone number - corresponds to
element zone definitions.

Frozen thermal conductivity in the x or
r direction (W/m°C).

Frozen thermal conductivity in the y or
z direction (W/m°C).

Thawed thermal conductivity in the x or
r direction {(W/m°C).

Thawed thermal conductivity in the y or
z direction (W/me°C).

Frozen volumetric heat capacity (kd/m3°C).
Thawed volumetric heat capacity (kd/m3°C).

The heat of fusion for this type element
(md/m?).

The value of « in the soil moisture/tem-
perature function of this type of material,
°C. (See Equation (1.3).)

The fraction of the soil moisture not fro-
zen isothermally for this type of material.
(See Equazion (1.3).)

The temperature range over which the iso-
thermal release of latent heat will be
approximated, °C. (See Figure C-6.)

J.  Node Definitions = NPX (Card 8.2) cards required, omit if NPX=0

J 1
2
3

]
CORD(J, 1)
CORD(J,2)
WD(J)

Node number.

X or r coordinate location.

Y or zZ coordinate location.

The width of the network at this location

(Cartesian coordinates only), If zero is
entered, unit width will be assumed.
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CARD INPUT FORTRAN
TYPE  SEQUENCE NAME DESCRIPTION

K.

L.

Element Definition - HCD (Card 8.1) cards required, omit if NCD=0.

1 J The element number
2-9 NOP(J ,K) Six or ei%ht node numbers, starting at a
corner node and going counterclockwise

around the element (remember to zero
fill for triangles).

10 IMAT(J) Corresponding material zone number,
Setting this to zero implies a null
element and it effectively alters the
grid network without having to pull out
the corresponding cards. This number
should correspond to the zone properties
entered on Card Type 1.

Element Renumbering - enter as many node lists as desired and terminate
with a 9999/ card Image, omit if IRO (Card 8.16) = 0

1-50 NLIST A list of node Foints (up to 50) from which
the program will reorder the internal se-
quence of elements to obtain the most effi-
cient operation of the simulation programs.
As a general rule at least two starting
lists should be tried, one at each end of
th? network. The end of a list is a zero
value.

Initial Temperature Specification - 151 (Card 8.4) cards required,
omit if IS1 1s less or equal to zero

1 J Mode number

2 TOLD(J,1) Initial temperature at node 3. All nodes
will be set'to the first value input before
reading subsequent inputs.

Initial Temperature Relationship - one card required, omit if IS1
(Card 8.4) is less than zero.

1 1 The initial condition temperature at coor-
dinate distance of infinity, °C.

2 T2 The initial condition temperature at coor-
dinate distance of zero, °C.

3 XK An exponential decay factor to transition
from T2 to T1 with distance, m~!. The de-
finition of how these data are used to
define initial condition is provided in the
description of IS1.
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CARD INPUT FORTRAN
TYPE  SEQUENCE NAME DESCRIPTION

NOTE: Input Card Types O, P and Q only if a full surface energy balance
1s to be calculated (NSF1>0).

0. Meteorological Conditions - twelve cards required iFNSFl (Card 8.13)
is greater than 0, omit if NSF1=0

1 N Month (1 <N < 12).

2 DOM(N) Day of year corresponding to this month
(1 < DoM(N) < 365).

3 QSW(N) The short wave solar radiation for this
month (W/m?),

4 TAIR(N) The air temperature for this month (°C).

5 WSPO(N) The wind speed for this month (km/hr).

6 CLDCV(N) The fractional cloud cover for this month
(0.0 < CLDCV(N) < 1.0).

7 EVPRT(N) The evapotranspiration flux for this month
(W/m?) .

8 SDEP(N) The snow depth for this month (m).

9 SDEN(N) The snow density for this month (gm/cc).

P. Meteorological Data Multipliers = one card required if NSFl (Card 8.13)
is greater than 0, omit if NSF1=0

1 CVF1( D) A uniform multiplier to be applied to the
values of QSW(N) (Card 6.3).

2 CVF1(2) A uniform multiplier to be applied to the
values of TAIR(N) (Card 8.4).

3 CVF1(3) A uniform multiplier to be applied to the
values of WSPD(N) (Card 8.5).

4 CVF1(4) A uniform multiplier to be applied to the
values of CLDCVR(N) (Card 8.6).

5 CVF1(5) A uniform multiplier to be applied to the
values of EVPRT(N) (Card 8.7).

6 CVF1(6) A uniform multiplier to be applied to the
values of SOEP(N) (Card B.8).

7 CVF1(7) A uniform multiplier to be applied to the
values of SDEN(N) (Card 8,9).
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CARD INPUT FORTRAN

TYPE  SEQUENCE NAME DESCRIPTION

Q. Surface Heat Flux Parameters - NSFI (Card 8.13) cards required, omit
if NSF1=0

1 NLIST1(J,2) The mid-side node number of an element
face (side) which is to be included in 4
surface energy balance calculation,

2 ALGND(J) The short wave radiation albedo for this
face when snow free (fraction).

3 ALSNO(y) The short wave albedo for this face when
snow covered (fraction).

4 VFACT(J) The shortwave view factor for this face
(fraction).

5 EMGND(J) The long wave back radiation emissivity
for this face when snow free (fraction).

6 EMSNO(J) The long wave back radiation emissivity
for this face when snow covered (fraction).

7 RBARE(J) The surface roughness for this face when
snow free (m).

8 RSNOW(J) The surface rou§hness for this face when
snow covered (m) .

9 EFACT(J) The ratio of the monthly evapotranspiration
flux to the evapotranspiration flux to be
assigned to this element fact (fraction).

10 TFACT(J) The ratio of the monthly snow depth to the
snow depth to be assigned to this element
face (fraction).

11 DFACT(J)

R.

The ratio of the monthly snow densitK_to
the snow density to be assigned to this
element face (fraction).

Constant Heat Flux - NSF2 (Card 6.14) cards required, omit if NSF2=0

1 NLIST2(N,2)

2 FLUXC (N)

The mid-side node number of an element face
across which a flux is to be specified.

the elemen _
an input and egative value is a with-

The constant flux tg be awolied Cross
ent face. positive value Ts
a
drawal (W/m*),
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CARD INPUT FORTRAN
TYPE  SEQUENCE NAME DESCRIPTION

NOTE: Input Card Type S only if time dependent annual schedules are tg pe
input to define boundary conditions (NBCG>0),

S.  Time Dependent Boundary Conditions - one card required if NBCG (Card
8.15) is greater than zero, omit if NBCG=0

1 " The time series order number. This will be
used for reference purposes later when the
boundary condf tions are input.

2 N The number of day-temperature pairs which
define the annual temperature schedule.
3-22 T8C,VBC The Julian day, TBC, and the associated
(N pairs) temperature value. At least two pairs must

be input, with 0 < TBC < 365, Up to 20
pairs mey be used—to define an annual
sequence.

T. Boundary Condition Control - one card required (see notes following
Card Type V description) -

1 NBX The number o f temperature boundary condi-
tfon cards to be read.

2 NVEL The number of nodal velocity component
cards to be read.

U. Temperature Boundary Conditions = NBX (Card T.l) required) (see notes
following Card Type V description)

The node number where a boundary condition
is to be applied.

2 TNEW(J,1) The boundary condition value (°C).

3 IG The group number for this boundary condi-
tfon. This value corresponds to input 1
on Card Type S. Enter zero if the value
of TNEW(J,1) Is to be used as the boundary conditic

V. Flow Velocity Boundary Conditions - NVEL (Card T.2) required (see
following notes)

I N The node number where flow velocities are
to be assigned.

2 UX The convective velocity to be assigned to
node N. The value input will be multiplied
by USCALE input on Card Type 0, above.

3 VX The convective velocity to be assigned to
node N. The value input will be multiplied
by VSCALE input on Card Type 0, above.

A
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Notes for proper boundary condition Specification.

1) The set of Card Types T, U, and V can be repeated for as many time steps

5)

as desired. After the set of inputs 1s exhausted, the program wii1
continue ta use the last values read. Please note the temperature
boundary conditions and/or convective velocities may be time dependent.
If, for example, one wished to change only velocities and leave the
temperatures alone, the proper speciffcation would be NBX=0 and NVEL>OQ,

The first set of inputs must encompass the total 1ist of nodes for
which boundary conditions are to be specified. After the first set,
subsequent sets need only contain values that are to be changed; pre-

viously specified values will remain at their current levels.

After the first set of inputs, a value of NBX = -1 will result in a
single card input (Card Type U) which will be applied to all nodes which
are designated as boundary condition nodes.

A value of NVEL = -1 will result in a single card Input (Card Type V)
which will be applied to all nodes in the network.

If the IG on Card Type U is >0, the annual specification (Card Type S)
will override any input values.
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APPENDIX A
SURFACE HEAT BALANCE

Al INTVROJUCTION

This crzpter discusses the formulation of the surface energy
balance used in CEODYN. Part or all of each component of the energy
balance is calculated as a function of a climate wvariable that is
expressed as an explicit function of time (i.e., solar radiation, cloud
cover, air temperature, wind speed, local evaporation rate, and snow
depth and density). As presently formulated, selection of the full
surface enerzy balance option in GEODYN will invoke piece-wise linear
temporal interpolation of the appropriate average monthly values of the
following seven reteorological parameters:

« Incident solar radiation (W/m2)

« Hind velocity (km/hr)

- Evaporation flux (W/m?)

- Snow cepth (m)

. Snow censity (grams/cm’)

« Air temzarature (°C)

* Cloud cover (fraction of sky)
Computaticn of the net surface heat flux is completely integrated with
the calculation of soil temperatures. It is solved simultaneously with
the n=zat conduction problem in a fully implicit manner. tonlinear terns
arising {ro- “ack radiation and latent kat effects are included in

iteraticn schemes.  Snow cover effects are modeled by calculating an
energy talanc2 across the snow depth and solving for the equilibrium

1z
snou surface ‘tsTperature, This temperature is used to estimate a heat
flux trhrough <the snow based on an assumed linear tenperature
distrituzicn in the snow and the local value of the snow/ground
interface iz-gsrature.

A.2 SURFACT INZIRGY BALANCE

The nzt surface energy balance flux term is approximated by the
relationship:
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QNET = QW . Onew * QTURB ~ QEVAP A.1)

where Qgy = net shortwave radiation flux
Qery = net ‘longwave radiation flux
Qrypg = Net turbulent heat exchange across the surface
Qeyap = Net evaporative heat flux leaving the boundary surface

Shortwave Radiation

The available shortwave radiation transmitted across a surface is
specified explicitly according to the relationship:

Qo = @ Ve st(t) (A.2)

where a = surface absorption coefficient, time dependent

-l
1

P view factor accounting for shading effects, indepen-
dent of time

Fo (t)

W total incoming shortwave flux, time dependent

Appropriate summer and winter surface absorptivities for incoming
solar radiation are specified on a monthly basis. Bifferent values are
read in for each surface grid point and values tetween grid points are
linearly interpolated. F(t) is the explicit incoming solar radiation
function. The variable, V¢, view factor, is a fractional modifier for
available solar radiation that accounts for shading effects.

Colsenga and List (1964) give detailed information on how to
calculate inconing solar radiation on clear days. Scott (1964) provides
a correction for cloud cover. In general, the m2asured and calcuiate:
values of solar radiation agree well, Alternatively, The HNaticnal
Weather Service and Titus (1969), publish measured solar radiation tor
several locations in Alaska and Canada. These values can be used
directly or corrected for small changes in latitude for a given
location.
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Longwave Radiation

Outgoing longwave radiation iS simulated according to the well
known Stefan-801tzmann relationship:

Q,,:eo TS" (A.3)

= the Yongwave emissivity of the surface

[P

where

(8]
11

the Stefan-B8oltzmann constant, (5.7 x 1078 W/m2 °K=*)

—
w
1

the surface temperature (°K)

Values of € are tire dependent and are read in for each grid point just
as for the shortwave absorptivities.

If clouds are present, additional radiation is emitted by water and
ice particles at the bottom of the clouds. Low clouds emit more
radiation than high clouds, the farmer being in general warmer and
denser than the latter, furthermore, the extent of cloud cover has an
influence on the incoming longwave radiation transmitted to a surface.
Since the amount of radiation from the central part of the sky is
dominant, clouds near the horizon do not influence radiation as much as
clouds in the central part of the sky. However, in many practical
cases, cloud types are not recorded, therefore, an approximate
correction for cloud cover has to be taken into account. If a certain
cloud type 1Is associated with a certain cloud cover, a functional
relationship such as f(c) = 1. + .17c* has been derived (TVA, 1372).
The atmospheric radiation from a cloudy sky usng a formula proposed by
Swinbank is presently employed in the surface heat balance al?orithm to

account for incoming longwave radiation according to the relationship:
QIL‘n’ = 0.91 X 10-5 € TSE f(C) (1‘Ra) (A.4)
where Qpy= incoming longwave radiation (W/m?)
€ = Stefar-Boltzmann constant (5.7 x 1078 y/m? °K=*)
T, = dry bulb air temperature (°K)
f(c) = 1. + ¢.17¢*, cloudiness correction for atmospheric
radiation
Pa =

0.05, reflectivity of a surface incident Tlongwave
A

k]
raciztion
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Convection

The heat transferred by convection between the air and groungd
surface is calculated in the conventional manner according to the

relationship:

QTURB = (T = T,) (A.5)
where h = the local convection heat transfer coefficient (W/m%-°C)
T, = the surface temperature (°c)
T, = the local air temperature, time dependent (°c)

The air is assumed to act as an infinite sink at any given time and the
surface temperature 1is calculated implicitly at each step 'by the
program. The convective heat transfer coefficient is calculated from
the Colburn analogy which is a classical heat and momentum flux
relationship that assumes neutrally stable atmospheric conditions.

This analogy was used since it accounts for local wvariations in
wind speed and surface roughness and gives values of h that are
representative of "mean" conditions between stable and unstable
atnospheric conditions during nighttime and daytime. The Colburn
analogy is written as:

h=CerpCy v (P77 u (A.6)

where Ce = a drag coefficient dependent on surface roughness
e = the density of air (Kg/m’at °C)
C, = the heat capacity of air (Kcal/kg at °C)
P. = the Prandtl humber of air

_\..
-—
11

the wind speed (km/hr)

GEODYN uses the correlation for the drag coefficient presented by
Schlicting determined in a study of drag caused by vegetation on the

earth's surface:
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Ce = (2.5 1n (1.6/R) +5.17° (A.7)
where R = the surface aerodynamic roughness (m)

R is time dependent and nay also be varied from node point to node point
in the finite element grid.

EvaDorative Heat Effects

Surface evaporative heat gains and losses, Qevap, at the surface
are included in the program in an explicit form. Explicitly evaporative
heat losses are provided by the user with the evaporation function that
specifies the surface evaporation rate in the summer months to account
for best estimates of evapotranspiration.

Snow Cover

Snow cover is one of the more important factors affecting the
surface heat balance. Snow cover is simulated as discussed earlier,
Whenever snow is on the ground, surface parameters are automatically
switched to represent a snow cover. Thermal conductivity of the snow is
calculated based on the formula:

K=168 - (F's)2 (A.8)
where ¥ = the snow thermal conductivity (W/m2-°C)
P. = the snow density in (gm/cc)

Both the snow depth and snow density are explicitly specified by the
user. Bilello (1963) publishes a correlation that can be used to
estimate the snow density based on air temperature and wind speed.  The
snow's volumetric heat capacity is neglected during all heat transfer
calculations. Snow cover effects are terminated when specified snow
depth decreases to 0.006 m. The depth and density, respectively, of
the snow cover may be varied across the entire simulation grid using the
dimensionless variables in the program input.

A.3  SUMMARY AND USE

~ Past experience has shown that where sparse meteorological data
exists for thernally sensitive areas, it is necessary to "calibrate" a




rodel to site specific conditions. GEODYN has been specifically
formulated to provide this capability. Each of the climatic variables
may be multiplied by a dimensionless factor to facilitate micro-climate
calibration of the model or to permit a sensitivity study of climatic
variability.

Climatic data for the surface heat balance IS input in average
nonthly values beginning with the month of January.  The user may
specify any desired starting point for a simulation (i.e., a summer

start capability.) as well as request a restart point to continue a
previously run simulation.




APPENDIX 8
GOVERNING EQUATIONS AND SOLUTION TECHNIQUE

3.1 INTRODUCTION

The intent of this chapter is to describe the technical basis for
the mathematical model and computer program GEODYN, The purpose of the
model is to predict temperature distributions in a soil mass which may
or my not undergo a phase change and which may or may not possess a
convective component. This discussion is focused on the two dimensional
version of the model and uses the finite element method of numerical
approximation. The governing equation is derived from the classic
concept of conservation of energy and accommodates both surface fluxes
and specified boundary conditions.

As presently programmed 'GEODYN  provides a generalized two
dimensional, nonlinear, time dependent solution for a statement of
conservation of thermal energy in terms of temperature. A solution is
produced in response to a number of user specified boundary conditions
and/or source and sink terms, and the program will accept arbitrarily
defined material and thermal properties. The output from the model is a
set of temporal histories of temperature over the spatial domain being
simulated.

The solution technique employs the finite element method of
numerical  approximation to achieve a solution to the governing
differential equation. To develop this solution, we first present the
governing differential equation which has been derived in the classical
manner for an infinitessimal elemental volume. Next, we discuss some of
the basic concepts of the finite elenent method, and how it can be
applied to the governing equations. Included in this discussion is an
explanation of how the governing equations will be integrated in both
space and time, Finally, since the final set of equations is nonlinear,
a brief summary of the nonlinear solution algorithm is presented.

8.2 GOVERNING DIFFERENTIAL EQUATION

The two-dimensional form of the differential equation solved by
GEODYN can be written in Cartesian coordinates as:
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ST, 2Ty |2 3Ty 3 3T
Tt t e (ugy ay) - 3x (KW o) - Sy (Kyw 3y
W T wa =0 (8-1)
where T = temperature, °C
Z, = the average volumetric heat capacity of the soil mass
(kd/m¥);  this term is temperature dependent
3z = the volumtric heat capacity of water (kg/m3)
u,v =
Koky =

the components of Darcian water velocity in the x and y
directions, respectively (m/hr)

thermal conductivity coefficients in the x and y direc-
tions, respectively, (kd/m-hr-°C);
temperature dependent

W =

C1

terms

T2

these are
the soil thickness normal to the x-y plane (m)

a thermal source or sink representing
latent heat (kd/hr=m?®);
pendent

the effects

this term is temperature de-
a thermal source or sink term

of
Equation 8-1

In reviewing
dependence of

representing a
this
coefficient

thermal
a generalized,
the

from the geothermal gradient (kJ/hr-m?)
equation describing the flow of heat in a saturated or unsaturated soil.
thermal
=3
Equation 8 -1

flux such as a surface heat flux or the flux resulting
represents

nonlinear
conductivity 'of
, and the
in
paragraphs.

statement
equation, it is nonlinear because of the temperature
cien phase
approximations used for each tern, plus the method
both

of the
terms, K and Ky, the

change term, o.. The numerical

used to integrate

space and time are presented in the following

8.3 THE FINITE ELEMENT METHOD

Within the limits of
Equation (8-1) can

numerical

present

found
solution

be
conditions and thermal properties.
wider set of conditions;

knowledge, analytic solutions to
for only a limited set of boundary
For this reason, GEQDYN wuses a
technique to approximate Equation (B-.1) under a much
in this case we have chosen the
Finite Element liethod (FEM) of numerical solution.

so-called
8-2




The Finite Element Method is a numerical. technique suitable for
solving differential equations of the type derived for the therma]
balance relationship. It differs from the finite difference method i,
that it assumes a continuous description of state variables as opposed
to values defined only at specific points. In a general sense, the
finite elenent is said to provide an "exact" answer to an approximation
of the problen, whereas finite differences provide an approximate answer
to the "exact” problem. From the user's point of view, the FEM offers

sfumnlifiad daty daput and provis'es a great <eal of flexibility in aroslem
definition.

The nethod wes first applied by structural analysts seeking the
solution to complex problems in stress analysis of a continuum. The
initial applications were in the aerospace industry where the resistance
capability of continuous aircraft skins had to be maximized in keeping
with the overall objective of weight minimization.

In the FEM, a continuum is represented by a series of discrete
polygons each interconnected at a finite number of locations called
nodal points. These nodal points are directly equivalent to joints in
structural problems and the elements are equivalent to beams and
columns., In the first applications, the elements were allowed to
respond in only restricted and simple displacement patterns such that
continuity was maintained along element faces, but force transfer was
allowed only at the nodes. With the system thus approximated, the
method of assemblage of elements and solutions of the governing
equations was exactly that of conventional structural analysis.

The rid-1960's saw a rapid expansion of the finite element into
many structural problems such as plate bending, axisymmetric structures,
solid systems, and shell structures. The procedure was also generalized
and solutions were developed for nonstructural problems such as electric
fields and pore pressures. Simultaneously the method was applied to
nonlinear and tine dependent problems in elasticity and from these
problems experience was built up allowing the systematic solution of
nonlinear problems.

ore recently, the method has been applied as a special form of the
method of weighted residuals in which the governing equations are
satisfied in an area integral sense. This process removes the need for
a functional and allows solution of equations for which there are no
convenient functionals.

The first step in the application of the FEM is the construction of
acceptable single element approximation to the physical system. A
suitable elesent will have an approximating function with the same
number of independent variables as the number of node points. The
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approximation must be such that the variation of the approximating
function along the boundary of an element exactly matches that of aq
adjacent element,

For example, a triangular element with nodal (corner) point degress
of freedom at the vertices must have a linear approximating function,
The necessary condition is met because the function is linear along the
sides of the element and the adjacent elements match exactly. If
mid-side nodes are used, a quadratic approximating function may be used,
as 1S the case in GEODYN.

A necessary condition for solution of the equations is that the
fundamental equations do not contain derivatives two orders higher than
those that match across the element boundary. Also, the function must
be capable of representing a constant value of the function or its
dlerivatives which may be present in the integral equation describing the
element.

~As an example, consider a region as shown in Figure 8-1. Qver each
triangular element the state variables of the governing equations are
allowed to vary in a prespecified form and elements are interconnected

only at nodal points.

In the conceptual representation of the region, let the nodal
points be the vertices of the triangles. Then for a typical triangle
(i, j, k) a linear approximation for a state variable, ¢, may be written

as.
6 = <Npy Ny, Mo ‘. (B-2)
°
¢
or k
6 =<t {s,) (8-3)

in which N; is a linear function of the coordinate system such that §; =
unity at node i and zero at nodes j and k. A similar relationship
exists for N5 and Hk. Nj is the so-called "shape function”, or basis
functions. In all finite element applications the shape functions have
the same definition, i .e.,
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N; is continuous over the element, and

g, = latnode i
1 0 at all other nodes

The coefficients of the shape functions are all known functions of
the element geometry. For example, in an element with vertices at
locations (0,0) (2,0) (0,2) as shown in Figure 8-2. (A 45-degree
triangle with base length equal 2). The shape functions are:

Ny = 1/2 (2-x-y)
Nz = 1/2 X (8-4)
N3 = 1/2 Yy

Similar functions may be written for the general linear triangle i, j,
k, i.e.,

Ni = a; + bix + cyy (B-5)
where a;, by , ¢, are purely geometric constants,

In GEODYN we use a more complicated, quadratic shape function. In
one dimension the quadratic shape functions have the form indicated in
Figure R-3. While the form of the quadratic shape function shown in
Figure B-3 are' somewhat more complicated than the linear shape
functions, a71 the ideas and definitions used with the linear functions
are directly applicable to the quadratic formulation.

In developing the spatial approximation to the problem, it may be
said that the continuous function, Equation 8-1, has been replaced by a
new, piecewise continuous function which is defined in terns of the
values at the nodal points. To obtain a solution to the equations, we
make use of the method of weighted residuals which restates the basic
differential equation, h = f(¢,x,y) in terms of an error function end
weighting function, w.

Ideally, the error function should be identically zero at all
points. If this s the case, the integral for all weighting functions
will be zero, or:

[/ whdA =0 (3-5)
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Then for a finite element approximation with n degrees of freedom, tn
single integral may be replaced by n integfals with independen
weighting functions:

[fwhdh=0 (8-7)

where v represents the shape function associated with a degree of
freedom. If the weighting function is defined to be equal to the shape
function (w = N), there results what is known as the Galerkin method of
weighted residuals which is the most accurate overall form.

In the complete formulation the contribution from a single finite
elenent will be to all degrees of freedom (nodes) for that element and
the total system will be a set of equations representing the sum of
these contributions.  This contribution to the equations may be written

N h dA where N is the vector of shape functions for all degrees of
freedom of the el ement.

The final step in the process is the assemblage and solution of the
set. of simultaneous equations representing the system.  The equations
must be integrated and summed for each nodal point.

Figure 8-4(a) shows a typical system consisting of six elements.
The element is connected to the nodes as listed below:

ELEMEFT NODES
1 1 4 3
2 1 2 4
3 4 2 5
4 3 4 6
5 4 7 6
6 4 5 7

If the three contributions are formed in terns of global
coordinates, they can be added in the appropriate space of the global
matrix. Figure 8-4(b) shows the form of the six elements before
aﬁdét:‘jon and Figure 8-4(c) the final form where non-zero elements are
shaded.

After the equations are completely formed the boundary conditions
must be inserted. These usually consist of specifying values of % or
its derivative at one or more nodes on the boundary of the region.
Present values of 2 nay be inserted as an overriding equation replacing
the previously formed equations or by eliminating the equation by direct
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substitution of the specified value into the remaining equations,
Values of the derivative of ¢ must be inserted by evaluating their
influence on the right-hand side vector. The final step is the solution
of linear simultaneous equations for the unknown nodal values of & .

6.4 APPLICATION OF THE FINITE ELEMENT METHOD TO GEQDYH

To develop a proper mathematical form for the application of the
finite element method to Equation (8-1), we shall take advantage of
Galerkin's technique which 1s a particular form of the method of
weighted residuals. The idea behind this approach is that if a trial
function (shape function) satisfying the boundary conditions is written
for a differential equation, there may be some error. Mathematically,
if a function is of the form 8(x,y,¢) =0, and we assume a solution
a(x,y,:), then:

g(x,y,¢) =R #0 (B-8)
vhere
R = the solution residual or error

The best trial solution will be one that, in some sense, reduces
the residual (error) to a minimum at all points. One obvious way to
achieve this is to formulate the problem such that:

[faR dxdy = 0 B-9)

-~

where = is any function of the coordinates x 'and y. Tnis general
procedure IS known as the method of weighted residuals, and if the
weighting function, @, is made equal to the shape functions defining the
trial functions, the technique is called the Galerkin's nethod. For
example, employing the normal finite element definition for variables,
We can write:

¢ (xay,t) = <t (6] ®-10)

e’i

where i(x,y,t) = the value of ¢ at an arbitrary point in time and
space in element i

<N>‘i

the finite element shape (a row vector)
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fvg?; =the va ues of ¢ at the nodal points of element i (a
column vector)

If Galerkin's method s applied to Equation (B-10) we obtain:
[ <N>; ¢dxdy = 0 (B-11)

Equation (8-11) is the generalized statement for the application of
Galerkin's mathod to the state variables of finite element i. This

definition results in one independent equation for each nodal point for
each element. In the final solution the contribution from all elements

are combined for each nodal point and solved as one set of equations.

The final statement of the finite element model is developed as
follows, First, for each element in the system the Galerkin method is
applied to Equation (8-1)., This leads to the general form:

. T 3T 1 9 oT
f};\ﬂ\’) wBigp + wBz (U5 + v &) "3 (Kew 5%)
2 aT
-y (Kyw —ay) + WOy - wO2} dxdy = 0 B-12)

where all terms have been previously defined. Next, to achieve the
necessary inter-slement consistency in the order of the approximation,
we shall reduce the second order derivatives of Equation (g.12) to first
order terms by an application of Green's transformation. = This is
accomplished by writing the identity, for example:

vy oT |
HA W = (Kow 32) T f<iPuk, = dy - ffA WK <N > %—{- dxdy (B-13)

where <N > Is the derivative of the shape function <N> with respect to
X, b}

When the relationships of the type shown in Equation (8-13) are
substituted into Equation (8-12), we arrive at the general statement of
the finite elerent form of the governing equation for GEQDYHM:
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SRCAR T 3T .
. > RALIFIN ] ol oly 4 + ! B
[fu (<N {mdt 2 (u i ay) o, + o2} Kx<r o

aT aT oT
> W]dxdy - ,{wKx<N> x4y - {wa<N> =~ dx = 0 (8-14)

+ K <N 5y

Y Y

In Equation (8-14) it should be recognized that for all interior element
boundaries the line integrals exactly cancel and their net influence at
any node is zero, For external element boundaries, however, these terms
do not cancel and appropriate boundary conditions must be specified or
assumed. Equation (B-14) is the final form of the thermal equation and
is the expression coded for solution in the computer code. The equation
IS numerically integrated for each element in the problem and a system
of linear, simultaneous equations developed. These are then integrated
in tine to provide the desired temporal and spatial description for
temperature. The situation is further complicated by the nonlinear
nature of several of the terms in Equation (8-14) as is explained below.
Within the context of GEODYN"s formulation, two sources of discontinous
nonlinearity exist. These are the step function changes in the material
properties which are assumed to take place at the freezing temperature
and the isothermal release of a large fraction of latent heat. Since no
modeling technique which assumes a .continuous description of system
variables (i.e., GEODYN) can easily accommodate discontinuous functions,
it was necessary to find aq_ﬁropriate_continuous _approximations to the
discontinuous functions. e way this was done is explained below.

The approach taken to approximate the discontinuous material
Properties (i.e., specific heat and thermal conductivity) is io use the
inear distribution of material properties between the corner node
points of any finite element. This approximation 1S schematically
represented in one dimension in Figure (8-5), It should be recognized
that this distribution c¢an be fairly complicated in a two-dimensional
element, and changes with time, temperature, and within the solution
process itself. The approximation shown in Figure 8 -5 is the most
satisfactory approach tested thus far and has been retained in the
present versions of GEODYH.

A second source of nonlinearity arises from the release of latent
heat. Recalling that the effects of latent heat are calculated from toe
expression:

A -
Cy = 4ot (m, = mo) (3'13)

where of1

the net effective heat source/sink term to represent the
effects of the latent heat of fusion (kd/hr m®)

% = the latent heat of fusion for the soil natrix (kJd/m?)
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FIGURE 8-5
SCHEMATIC REPRESENTATION OF GEQODYH'S

APPROX IMATION OF TEMPERATURE .DEPENDENT
MATERIAL PROPERTIES - ONE DIMENSION
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some finite time interval between times t, and t, (hr)

m; = the unfrozen moisture content of the soil matrix at tne
end of the time interval t, (fraction of total available
unfrozen moisture for phase transformation)

m. = the unfrozen moisture content of the soil matrix at the
beginning of the time interval t, (fraction of total
available unfrozen moisture for phase transformation)

Also, it is assumed that the unfrozen moisture content of a soil, m, can

be approximated as a function of the soil temperature. This
relationship has the form:

a N
m = Y(E:T?:T—> for T < Tf

B -16)
m = 1.0 for Tz.T1=

It can be seen from Equation (8-16) that the fraction (1.0-Y) of the
latent heat 1is assumed to be released isothermally. To overcome this
problem, GEODYN makes the assumption that the isothermal range can be
approximated by a narrow linear range as suggested in Figureg-6. In
practice, the finite offset range, €, can be specified to a small value
(i.e., 0.1°F) depending on the nature of the soil and the value of Y.

where the fraction of the soil moisture not frozen isothermally

at the freezing temperature (fraction)

= the freezing temperature, °C

— -
I [

the local temperature, °C

a coefficient characteristic of a particular soil

S
1"

Equations (8-15) and (E-16) have been incorporated into GEODYN. The
sign of -1 depends on whether the soil is heating or cooling. For
example, if the soil is heating, mi will be greater than mo, and the
effects of latent heat will tend to slow the temperature rise. In the
form written, O enters as a positive number, which is correct. The
reverse argument holds true for cooling, and the appropriate sign is
automatically generated by Equation (B -15). The nonlinearity introduced
into £quation (B-14) by Equation (B-15) is easily seen. The final tern
of Equation (8-14) is the surface flux term. These terms may enter
Equation (8-14) either as known and specified values or as functions of
the surface heat flux. When formulated as functions of the meteorologi-
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cal variables and surface temperatures such terms enter the formulation in
the general form:

n
oz =al, +bT, +¢C (B-16a)

where  Tg is the local surface temperature, and a, b, c and n are
constants which depend on the meteorologic conditions and the
empirical formulas chosen for surface heat exchange.

8.5 INTEGRATION IN TIME

Equation (8-14) is valid at all points in space at a particular
instant in time. |If a steady state solution is desired (3T/3t = 0), the
appropriate terms are set to zero and a single solution made of the
equations. If a dynamic problem is specified, however, it is necessary
to integrate Equation (8-14) in time as well as space. This is
accomplished as follows. First, it is assumed that the value of- T at a
particular point varies over a discrete time interval according to the
relationship:

) T=T +at+os (3-17)
where Ti = the value of T at the beginning of the time step
T = the value of T at the time t
t = elapsed time from the beginning of the interval
a,b = coefficients

If Equation (8-17) is differentiated, we find:

M = a tabti-1

i (8-18)

which can be substituted into Equation (8-17) to eliminate b:

2 -a+E (T-T) - aa (8-19)
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W also know that at t = 0, 3aT/3t = a, or (3T/2t)y = a. If «¢nis
relationship is applied, and the subscript 2 is used to denote the vaiue
at the end of time interval (t=At), we find:

3T, _ 2o aT
(a—t')z' =5 (T2 - )+ (1-a) (St)1 (8-20)
Note that if a = 1, this reduces to a conventional linear

integration scheme and if « = 2, the scheme is identical to the
quadratic integration method. A value ofa = 1.5 has been found stable
for large time steps and also to give good accuracy.

To incorporate this expression into GEODYN, we make use of the idea
that our solution is to be valid at a particular instant in time (the
end of the time step), and that complete information is available for T
and its time derivative at the beginning of the time step.  This being
the case, Equation ( -20) can be rearranged as:

Eh -&n+0-0) @D -F T (8-21)
or:

(%%=%n+p @ -22)
where P=(1-a)(3T/st) =-a/at T

known values at time 2 for time 1

=]
11

This expression, Equation (B-22) can be substituted directly into
Equation (8-14) with the result that the equation is formulated
completely in terms of values of T at the end of the time step. Cnce
the solution for T has been found, the value of the tine derivation,
Equation (8-21) can be calculated in a recursive fashion. The values of
T and its tine derivative thus become the "old" values used to define »
for the next time interval.

B.6 |INTEGRATION IN SPACE

It can be seen that Equation (8-14) implies a system of integral
equations which must be evaluated in the solution process. For reasons
of speed and efficiency, these -equations are integrated numerically
rather than analytically in GEODYM. A brief explanation of numerical
integration is as fol lows.
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The process of numerical integration is the evaluation of the
function at specified locations within an elenent and then multiplying
the value of the function by appropriate weighting factors and summing
the result, i.e.,

IIA g (x,y) dxdy 2

~

2y o (Xi ,,Yi) (8‘23)

w0
—

1

where Q, = a specified weighting factor

1
XisYi = the specified coordinate locations for evaluation of g

g = the number of integration points

In this process, xi and y;j are invariant with respect to actual
shape of the element. Appropriate numbers of points and their locations
for given orders of error are available in the literature. In GEODYN a
three-point scheme is used on linear elements, with higher order schemes
used on triangles and quadrilaterals. Typical locations and weighting
zact(;rs for two dimensional elements in GEODYN are indicated in Figure
B-7).

B.7 CURVED' ELEMENTS

GEODYN has the added feature that the sides of any of its elements
(linear, triangular, or quadrilateral) ray take on a curved shape. This
is accomplished by means of a coordinate transforcation as outlined
below.

Recalling that basic finite element definition takes the foorm s =
<N>13€}, it seems logical to consider the idea that the coordinates o¢
an element could also be expressed in terms of a shape function, say
<'>, and its specified coordinate points. If this is the case we can
write:

= <N'> (x5} (B-24;

>
[

= s {y©) (B-25;

<
I

wnen the shape functions for the coordinates are equal to the shape
functions for the state variables (<t'> = <N>) the elem NtS are aid to
be iroparametric; this is the case in GEODYH,
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Next, we wish to develop the expressions ncessary to transform tpe
arbitrarily specified, curved sided elements into & standard form jp
order that v may carry out an efficient solution to the problem. To do
this, we recognize first that two transformations are necessary.  Since
N> is defined in terms of the local coordinates, the first
transformation is necessary to devise a means expressing the global
derivatives. in terms of the local derivatives. The Second
transformation is used to define the surface over which the numerical
integration is to be carried out.

For example, consider a set of local coordinates ({zssociated with
the numerical integration elements) & , n, and a corresponding set of
global coordinates x and y. By usual rules of partial differentiation
the ¢ derivative of the shape function is:

BN AN ax 3N, 3y

— 2 e e o —— — B-
3£ - 5x 9E & ay o (8-25)

If this process is carried out for all terms in two dicensions, in
matrix form we have the expression:

N, ax Ay [N, 3N
€ 3E 3E | \ ox ETS

= = W) (B-27)
an on on_| | 3y 3y

The left-hand side can be evaluated as the functions of N and are
specified in local coordinates. Further, as «x and y are explicitly
given by the relation defining the curvilinear coordinates, the matrix
[J] can Dbe found explicitly in terms of the local coordinates. This
matrix is known as the Jacobian matrix.

To find the global derivatives we invert [J] and write:

QN]. aN
S ST AV (6-23)
g—Ni oN].
3) an
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In terms of the shape function defining the

coordinate
trapsformation we have:
BEELE sN: T
i 1
T TR
(J] = (B-29)
oM ERN
i - i
L5 % £ Zn Y
b i
5N oNz N —x =
3E TR 1 Y1
B-
or S (8-30)
LR éﬁ X2 Y2
|_an no_j
or, in the case of a two dimensional element:
) Jig di2
(J = (8-31)
VS J22
For which we can find the expression:
J -dv2
4 o | (8-32)
[J] 1 = det [ (
-5, Jia
—

and det [Jd] = J!; Jzz = Jys day
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To transform the variables and the region with respect ts5 sne
integration is a process which involves the determinant of (4), ¢,
instance :

dxdy = det (J] d¢ dn (8-33)

This type of transformation is valid irrespective of the number of
coordinates used. For its justification the reader is referred :o
standard mathematical texts.

le have now reduced the evaluation of the element properties to
that of finding integrals of the form:

fl fl [G(E.mé,)] dE dn (8_34>
-1 -1

If the curvilinear coordinates are of the normalized type. Indeed, the
integration is carried out within the normalized area and not in the
complicated distorted shape, thus accounting for the simple integration
limits.

8.8 NONLINEAR SOLUTION TECHMIQUES

In its initial pnases, the Finite Element method was used strictly
for linear problems but stress analysts soon become interested in
solving for stresses in materials with nonlinear stress-strain responss
curves. Research and development led to two basic approacnes to these
nonlinear problems: incremental methods and single step iterative
methods.

In the first approach the physics of the system are recognized azn:
the structure is assumed to be loaded in small increments. A iinear
solution with modified oroperties is made at each solution sten. ‘re
advantage of +this rethod is that it eliminates uncertainties ascu:
uniqueness of the solution by modeling the physical process. “owever,
making the solution steps small enough can make the computer time
prohibitive for some problems.

Using the second approach a succession of linear solutions are made
which approximate the full problem. Between each solution “ne
properties of the system are varied depending on the particular
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iterative technique employed. For the geothermal problem nq simple
physical interpretation of nonlinearity is possible and the Method of
Successive Approximations must be used.

In general terns, the finite element formulation for the geothermal
equations can be written as:

(K} AT 3+ (T)) 7 3 - R} =0 (3-35)
where (K} = the contribution. of linear terns
(0(T)] = the contribution of nonlinear terms
{Tn} = a generalized variable vector
{R} = a right-hand side vector

To solve these equations, GEODYN employs the so-called Newton-Raphson
iteration procedure. To do this, the Newton-Raphson procedure replaces

Equation (8-35)with a derivative approach based upon the error of the
first solution. If an error function f is defined as:

("= k1 "+ (T (T L )

and solution is based upon solving for the correction, AT, to the
previous solution, then:

0™ {Arnm+1}

mely _ o, M m+1,

wnere 1y + by

n
~ m

m| dfi
and [Jij :‘ = [ﬁ;—

(0™ is the so-called Jacobian of the system at stes m, and terms of
this matrix indicate the instantaneous slope of the functions f with
respect to changes in each of the wvariables. Actual solution thus
consists of evaluating all the error functions {f:, and computing the
corrections to {T}; based upon the instantaneous slopes to eliminate ai)
the errors.
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Graphically the Newton-Raphson procedure may be represented in
degree 0f freedom with values of f following the curve 0-0 (see Figure
8-8), by the following steps:

1. Point 1 represents the initial guess Ty

2. Point 2 represents the value of the function f for T;

3. Point 3 represents the adjusted value of T based upon the
slope at 2

4. Point 4 represents the adjusted value of f etc. until
convergence is achieved at point 9

f 0
|2
8

3 4 PN \
L) 5 "

4

0

FIGURE 8-8

HEWTON=RAPHSOM ITERATIVE CONVERGENCE:
INE DIMENSIONAL FUNCTION

tote that in a multi degree of freedom system there are n values
for f and each f has n slopes. The solution process must therefore
adiust all n values of f simuitaneously by variation of the n variabies.




APPENDIX C
NUMERICAL TESTING AND EXAMPLE PROELEMS

C.I' INTRODUCTION AND DESCRIPTION OF PROBLEMS

To demonstrate the operation of GEODYN, the results from three test
problems are reproduced in the following paragraphs. Please note that
all inputs and outputs in these problems are given in English units, the
units in which GEODYN was originally developed.

In summary, the test problems are as follows:

Test Problem No. 1

The first t st problem simulates the freezing of a soil whi h s
initially at 36.0°F by application of a 14,0°F boundary condition at the
soil surface. This problem is fully described in Jumikis (1977). The
anaytical solution for the temperature versus depth profile after 168.0
hours and the rate of movement of the freeze front are provided in the
reference.

Test Problem No. 2

Problem Number 2 is a solution to the transient heat conduction
oroblem in cylindrical coordinates including the effects of :chase
change. This is a slightly revised version of the problem described on
page 295 of Carslaw and Jaeger, and its solution has been reocorted by
several other investigators. This problem is designed to simulate the
rise in temperature in an initially frozen soil by introduction of a
specified heat flux at the origin of t%e system,

Test Problem No. 3

The final example problem documents the operation of GESDYN when
simulating a phase change problem with an active convective field. The
test problem is that of a cold pipe in a relatively large soil mass.
This oroblem is thought to be representative of what could te found
where a cold pipeline crosses a stream.

Details of these three problems are presented in the foilowing
paragraphs; please note that the description of each problem begins on
a separate page of text.
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C,2 RESULTS FROM EXAMPLE PROBLEMS

c.2.1 Test Problem No. !

The first test problem simulates the reezing of a soil which 5
initially at 36.0°F by application of a 14 0°F boundary condition at tre
soil surface. This problem is fully descr bed in Jumikis (1977), and ;s
schematically represented in Figure ¢-1  The analytical solution ¢5r
the temperature versus depth profile after 168.0 hours and the rate :
movement of the freeze front are provided n the reference.

<

To simulate this problem the network shown in Figure C-2 was
prepared with the network generation ootion 0of a network preprocessor
program (GEOGRD). This network has 18 elements, 93 node points and one
type of soil; the network is twelve feet long and two feet wide. Tre
relevant material properties were specified as:

K, = Ky = 1.34 (frozen conductivity) 8TU/ft-hr-°F

K, = Ky = 1.07 (unfrozen conductivity) BTU/ft-hreF
8y = 29.30 (frozen heat capacity) 8TU/ft® - °F
B, = 42.70 (unfrozen heat capacity) BTU/ft® . °F
A = 2966.4 (latent heat) 8TU/ft?

The problem was run for ten constant tine steps of 1.75 days (42 hrours:
using e = 9.10. - A comparison between the analytic and numeric scluzizn
for zhe soil temperature profile after 7 days (168 hours) is srcun
grapnically in Figure C-3, and in a tabular form in Table ¢-i.
comparison between the analytic and numeric predictions of the soosi
of the freeze front is provided in FigureC -4 and suncarized in

c-2.

» )

w

4 -
[SVIrE
«)

(1P I |

Review of Figures C-3 and C-4 and Tables C-1 and C-2 indicate :
rizh degree of agreement between GEODYN's and heumann's analytiz:
solution for the problem. After 168.0 hours of elapsed time, both =~
cosition of freeze front and the overall temperature profile are near”.
identical between the two solutions. At longer times there are ‘larza-,
but still small, deviations between the two methods as shown in Fig.-
C-4. It is believed that these small discrepancies can be attributed -
the minimum spatial resolution available in the finite element netwc-
(approximately 0.15 feet) and to the way isothermal phase change °
agproximated. The encouraging aspect of Figure C-4 is that there is -
tendency for the two solutions to diverge, and that the overall solutiz-
was smooth and convergent.
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COMPARISON OF ANALYTIC AND NUMERIC
SOLUTICNS FOR TEST PROBLEM NO. 1
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TABLE C -1

COMPARISON OF ANALYTIC AND
NUMERIC SOLUTIONS FOR
TEST PRCBLEM MO. 1
(after 7 days)

ANALYT IC NUMER IC

(DngZT) SOLUTION  SOLUTION
(oF) (oF)

8.00 14.000 14.000
0.50 20.190 20.172
1.00 26.000 26.296
1.50 31.800 31.818
1.52 32.000 -
1.57 --- 32.000
2.00 32.800 32.688
3.00 34.000 33.393
4.00 34.900 34.914
5.00 35.400 35.463
8.00 35.900 35.965
10.00 35.997 35.933
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COMPARISON OF ONALYTIC AND NUMERIC POSTTIONS
O THE FREEZE FRONT FOR TEST PROBLEM NO.




TABLE C-2

COMPARISON OF AMALYTIC AND
NUMERIC POSITIONS OF THE FREEZE FRONT
FOR TEST PROBLEM X0. 1

TIME ANALYTIC HUMERIC

(hours)  DISTANCE  oISTANCE

(feet) (feet)
42.0 0.76 0.75
84.0 1.08 1.07
126.0 1.32 1.34
168.0 1.52 1.57
252.0 1.86 1.35
294.3 2.01 2.07
336.0 2.15 2.25
378.0 2.28 2.27
420.0 2.41 2.45
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C.2.2 Test Problem tlo, 2

Problem tumber 2 is a solution to the transient heat csrduction
problem in Cylindrical coordinates including the effects ¢4 ophase
change. This is a slightly revised version of the problem descrized gn
page 295 of Carslaw and Jaeger, and its solution has been recocr<ed sy
other investigators.

This problem is designed to simulate the rise in temperature in an
initially frozen soil by introduction of a specified heat flux at the
origin of the system. The parameters used in this problem were:

7~
11

1.5 BTU/ft-hr-°F (frozen conductivity)

¢
Ky = .0 BTU/ft-hr-°F (thawed conductivity)
Cr = 40 BTU/ft®-°F (frozen heat capacity)
C, =50 BTU/ft®/°F (thawed heat capacity)
= 3003 8TU/ft* (latent heat)
te = 32.0°F (tecperature at phase change)
Q = 7000 BTU/day (input heat flux)

According to Carslaw and Jaeger, the location of the melt front is
given by the expression:

1/2

wnare R = +he location of the melt front (feet)
t = cime (hrs)

b

a coefficient depending on the physical properties sroblem
which has Seen found to ~ave a value of 0.4218 for the
values indicated

To simulate this problem, a cylindrical network was constructed ‘or
input t0 the molel. This network extended from r = 0.2 feet to r = 33.2
feet, and had unit heicst. The elements had a nominal r dimension of
one foot to r = 18.2 and a dimension of 4.0 feet from 18.2 to 38.2 *=et.
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The input flux of 7€20 BTU/day was specified over a finite area at
r = 0.2 feet, and 99 percent "of the latent heat was assumed to pe

exhausted over a temperature range of 0.1°F. The problem was simulated
for a total of 500 days with gradually increasing tine steps which
varied from 2.0 to 12.0 days in length.

The results of the simulation are presented graphically in Ffiqures
C-5. and C-6. Figure <¢-5 provides a comparison of the numeriC and
analytic calculations of the position of the melt front, while Figure
C-6 indicates the numeric and analytic temperature profiles at times of
196.0 and 500.0 days. Thre analytic calculations of the tzmperature and
profiles were computed from the equations presented on page 295 of
Carslaw and Jaeger.

In both Figures C-5 and C-6, the numeric and analytic solutions
are seen to be quite comparable, The position of the melt front is wel:
within  the [limits of resolution of the finite elenent network
(approximately 0.15 feet), and shows no sign of oscillation or any other
undesirable or unexpected behavior. The temperature profiles are also
in good agreement in shape and magnitude and would seem to confirm tne
operation of the program. The results from this problem confirm the
operation of GEODYN in cylindrical coordinates for problems with phase
change.
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C.2.3 Test Problem No, 3

The intent of this problem is to provide documentation on Gegpyn
when simulating a phase change problem with an active convective fiayg
It should be understood that the user must specify %the convective
velocities as the model is not yet capable of simulating the znysicajl
movement of groundwater, The model accepts the input velocities and
makes N0 further calculations on tne convective field except to set the
velocities to zero ifthe local temperature falls below the <rsezing
temperature. The reader should bse aware that as moisture freezes in
particular parts of a given system there wi11 be local violatisns of
flow continuity. This effect will undoubtedly cause some errors in the

temperature predictions, but such effects are judged to be small for the
examples presented .

The test problem is that of a cold pipe in a relatively large soil
mass. This problem is thought to be representative of what could te
found where a natural gas pipeline crosses a stream.

‘The test problem was set up using the finite element network shewn
in Figure C-7 with the following specifications:

* An overall network size of 34 feet horizontally and 30 feet
vertically

* Pipe dtameter of 4.0 fest

* Top sur®ace at a constant temperature of 33°F

* Left face at a constant temperature of 32.1°F

« Pight face and bottom surface at zero gradient

. F_orh?ctive convection, a constant flow velocity from J27t 2
rig

The physical parameters used for the problem are the follewing:

* Pipe properties (shaded area in Figure C-7)

Frozen ¥ = 0.137 BTU/hr/ft/°F
Thawed £ = 0.137 8TU/hr/ft/°F
Frozen C = 0.1 8Ty f+?
Thawed C = 0.1 3Ty ft°

~=1.0

Y =1.0

£ = 0_1

C-13
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- Soil properties (all unshaded area in Figure 2-14)

Frozen % = 0.62 B8TU/hr/ft/°F
Thawed K = 0.62 BTU/hr/ft/°F
Frozen C = 28 B8TU ft’
Thaved C = 28 BTy ft’
= = 1.0
» =1.0
z =0.1
porosity = 0.4
net g.w. velocity = 0.25 ft/day horizontally;
vertical velocity zero in
all cases

To demonstrate the operation of GEODYN with and without «convective
effects, two simulations were carried with tre above parameters. In
each case the simulations were run dynamically for a total of 180 days
in 20 time steps which wvaried in length from 2 to 14 days. Both
simulations were carried out using pipe temperatyres of 31°F, with and

without an active convective field.

The results from the two simulations fs presented in graphical format
in Figures C8 to C-9. The results are presented as contour plots of tem-
perature after 180 days of simulation and were prepared with RMA's post-
processor, program GEOPLT. Please note that on each plot the temperature

at ffve node points has been plotted fn numerical format for reference
purposes.

Since noranalyzic solutions are available for this ¢2st problem, it
IS not possible to cormment on  the accuracy c¢f these sinulations.
Several other ccm—snts are considered approprizte, nraowever, and are
provided below:

« In the sinulations shown, GEODYN was =uite s=able and
convergent. This is consiZered a good sign, &nZ provides a
great deal of conficdence that the coupled zro:lzm of heat
and moisture transport with phase change czn Se undzrtaken

with existing algorihms,

- Comparisons tztween tha no convection and «ith ceonvection
problems for tho sarme pipe temperature all snmow tk2 expected
differences 2ven though the differences zre small. The
effects of cznvective field increase as the sipz te~serature
increases, as would b2 exnected.

* In order o show drarztic effects of convecsion, it would be

required to 1ncrease tre flow velocities by a sudstantial
amount (say an order of =~2gnitude). This can sz done if

C-15




) e

FIGURE c-8
31°F PIPE - NO CONVECTIVE FLOW

C-16




31.85
32.0

FIGURE C-9
31°F PIPE WITH CONVECTIVE FLOW

C-17




desired, although the results herein are sufficient ¢4
document the operation of the convective terms.

In the process of developing Problem Humber 3, it was found that geopyy
(and, presumably, other models) was sensitive to how accurately +-s
geometry of the pipe was specified. In other words, if the geometry <
the pipe was not specified to a reasonable degree of accuracy, =:ns
resulting freeze front contours for the no convection cases would not ==
circular. This problem was resolved in GEODYN by careful specificatica
of the pipe coordinates. In models which employ a nonisoparametriz
formulation this could be a substantial limitation near the pipe. This
should be kept in mind when simulating exacting thermal problems.

C-18
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CHAPTER 1
INTRODUCTION

The purpose of the GEOPLT program is to proauce contour plots of
the temperature- fields generated by the geothermal simulation program,
GEODYN. = GEOPLT is not a simulation program, but rather a postprocessor
in RMA's geothermal modeling system.

The current capabil ities of GEOPLT are the following:

* Input and interpret the geometric layout (network) wused by
the GEODYN program,

« Plot the outside boundary of the network.

- Plot user-defined contour values within the area of interest
(which may be smaller than the entire network).

* Produce multiple contour plots in a single computer run.

GEOPLT works by superimposing a finite difference grid over the
finite element grid, and then producing the contours on the finite
difference grid. This system has Both advantages and disadvantages, but
seems to be well suited to the needs of the geothermal program.




CHAPTER 2
PROGRAM ORGANIZATION AND DESCRIPTION

GEQPLT cansists of one main routine and several ca lable
subroutines as shown in Figure 2-1. Contour plots are Broduged by calls
to standard Calcomp ﬁlottlng routines in the various subroutines.” Brief
descriptions of each of the program routines are provided be ow in
alphabetical order after a description of the main routine. The only
exception to_ this 1is for the routine called CONTOR. This rout ne 1S
actually a library of routines which produces a contour plot from a
rectangular grid of values. While RMA has successfully adapted them for
contourin Rurppses, they were not written by RMA and have not been
documented herein.

MAIN ROUTINE

_ GEOPLT's execution begins by reading and echo printing (on logical
unit 6) the user-specified run control information. These data include
the number of plots to compute, the records to use from the GEODYN save
file, and the resolution desired in the rectangular grid overlay,

_ Next, the program inputs the first file record from GEODYN plot
file, which contains the geometric information, and checks to see if a
subsection of the network is to be contoured. Following this, GEOPLT
scales the plot to the user |n€ut dimensions and then calls subroutine
LOCATE to determine the finite element which contains each rectangular
grid point.  After returning from LOCATE, the Rrogram enters  the
plotting loop. Within this loop the program reads the GEODYN file and
checks to see if a plot is desired. 1f no plot is desired, the program
continues to loop. 1f a plot is desired, a call is made to subroutine
POINTS to place the temperature values on the rectangular grid and then
to subroutine BNOIT to draw the network outline. Next, a call 1is made
to VIEWER to complete the contour plot and then to NOTES to annotate the
plot. This process is continued until all plot requests have been
filled and/or the end-of-file condition is encountered on the GEOOYN
input file. In either case the plot file 1is closed and program
execution is terminated.

Subroutine BNDIT

If the user so requests, subroutine BNOIT will plot the outside
boundary of the network. This option is used mainly to provide a
framework for the plot and to check to see that no internal regions have
been omitted from the network. A specified list of node numbers may
also be read and plotted.
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Subroutine BNOIT is called from the main program and makes g (a1
ta subroutine FIT.

Subroutine CONTOR

‘Subroutine CONTOR is actually a library of routines which produces
a fairly seonisticated contour oplot  from a given rectangular grid of
values. The rectangular grid is supplied to CONTOR in the CovmmoN™ block
OPTION In the array TF. CONTOR reads the user-defined contour values
an?lplots the contour lines a segment at a time via standard CALCOMP
calls.

_ CONTOR was not written by RVA and is not fully documented herein.
A list of the routines which comprise the plotting library is provided
below for reference purposes:

CENTER GUIDE
CONTOR -PIECES
FINI START
FOLLOW TRACER
GERBAR NUMBR

Subroutine (function) DNX

Subroutine DNX will calculate the value of a particular shape
function x-direction derivative at a given location (in  local
coordinates) for either triangular or quadrilateral finite -elements.
oNx 1s called from subroutine POINTS and makes no further calls.

Subroutine (function) DNY

Subroutine DNy will calculate the value of a particular shape
function y-direction derivative at a given location_ (in_ local
coordinates) for either triangular or quadrilateral finite elements.
DNY is called from subroutine POINTS and makes no further calls.

Subroutine FIT

When a plot of the network outline is requested, the calling
routine generates a list of the nodes which define an efement side ana
the x and y coordinates of these three nodes are passed to FIT. This
enables FIT to pass a finite element shape function through the points
and to plot, In a piecewise linear fashion, the exact shape of bnotn
curved and straight element sides.




Skbroutine LOCATE

GEOPLT works by placing a rectangular grid over the user-defined
fimite element grid. In order to complete this process it 1S necessary
to locate the particular finite element in which any given grid point
resides. It 1is the function of subroutine LOCATE to make this
determination—

Computationally, LOCATE begins by entering a loop on all systenm
elements. It then calculates the X and % bounds for the elements and
enters a loop on the grid points which may be enclosed by the element.
Within this loop, LOCATE solves for the intersection of element side and
rectangular grid lines to establish the "in" or "out" condition. If the
grid point 1s “"out,"” a skip is made to the end of the loop. 1f a point
i's “in," the condition is recorded In the array IGRID, and computation
continues.

Subroutine LOCATE is called from the main routine once in each
program execution and makes a further call to subroutine SORT.

Subroutine NOTES

After the basic contour plot and its outline have been completed,
subroutine NOTES 1s called to annotate the plot. Its function is to
output to "the plot the maximum_and minimum values found on the
rectangular grid, the user specified contours, the time for the plot
(from the GEODYN file) and the user provided coment. Subroutine NOTES
makes no further calls.

Subroutine POINTS

__ GEOPLT produces a plot by overlaying a rectangular grid on the
finite element grid and contouring from the rectangular grid. In this
process it 1s necessary to_find the element in which a rec an?ular grid
point resides (the function of subroutine LOCATE) and to calculate the
temperature at the grid point from the finite element shape functions.
It is the function of subroutine POINTS to evaluate the temperature at
each rectangular grid point from the finite element shape functions and
node point temperatures.

To complete this operation, POINTS loops on each grid point in the
rectangular network, It has a cross reference for the element in which
the ?rld point resides (array IGRID), and iterates to find the exact
local coordinate of the grid point. Once the coordinates are found, the
¥alue_of the function is Tound by matrix multiplication of the shape

unctions.

Subroutine POINTS calls functions DNXx and DNY to aid in the
location process and function XN to evaluate the temperature. It is
called once from the main program for each plot requested.




sdbroutine SORT

Subroutine SORT is a Shell type sorting routine that sorts a vector
inta ascending order in its own length. The sorting procedure 1is short,
efficient and somewhat abstract, and the reader is referred to standard
references for the theory of the Shell sort.

Subroutiné"SORT is called from subroutine LOCATE in the -element
definition process and from the CONTOR routines to order the input list
of contours. Subroutine SORT makes no further calls.

Subroutine VIEWER

After the values to be plotted have been placed in the working
array by subroutine POINTS, subroutine VIEWER is called to coey the
values into the appropriate array for contouring.  Subroutine VIEWER
also initializes certain values neeaed by the contouring routines, and
calls the contour routines. VIEWER acts as a contour interface and
makes no calculations of its own.

Subroutine VIEWER is called once for each plot, and makes a further
call to the contouring routines, CONTOR.

Subroutine (function) XN

Subroutine XN will calculate the value of a particular shape
function at a given location (in local coordinates) for either
triangular or quadrilateral finite elements. XN is called from
subroutine POINTS and makes no further calls.




CHAPTER 3
EXAMPLE PROBLEM

To provide an example of GEQPLT's operation, a test problem has
been run and the results are reproduced in the following paragraphs.
This test problem is an extension of the test problem which is also
presented in the GEOGRO and GEOOYN program documentation reports.

The objective of this example is to make two contour plots from the
output file generated by GEODYN. Five contour values will be plotted,
and the plot is to be done on a reduced section of the network to
increase resolution; file records 4 and 6 from the GEODYN file are to
be plotted.  An annotated reproduction of the card image input file to
GEOPLT for this problem is reproduced as Figure 3-1.

~ The output from GEOPLT for this example problem is reproduced in
Figures 3-2 to 3-5, with Figures 3-2 and 3-3 showing the output that
went to the line printer (logical unit 6) and 3-4 and 3-5 the two
contour plots.

In Figure 3-2, the Program produces an echo print of all the input
data, including the file and plot specifications, the rectangular grid
data, and the network subsection limits, if anﬁl. Following this, the
list of file records to be plotted from the GEOOYN file is read and
printed. The program then outputs the results of some internal checks,
and prints several messages which are useful in confirming that the
proper problem is being run.

~ Figure 3-3 shows the output that the program produces as the GEODYN

files are read and the plots are produced. In this case file record 4
and 6 were to be plotted, and a message is output for each sequential
GEOOYN file as it is read. Wm a plot file is reached the program
outputs a message and the maximum and minimum grid values calculated in
the rectangular overlay plus an echo of the contour specifications.
This process is S|mpl¥ repeated until all plot requests have been
satisfied or the end-of-file is reached on the input file.

The contour plots produced in this run are shown in Figures 3-4 and
3-5. Each plot shows the requested contours in the upper right corner,
and the time from the GEODYN file (in hours) and the user coment in the
left corner. The plots are straightforward except for some minor
anomalies In some of the contours. This is a manifestation of the grid
overlay procedure and sometimes happens when thermal ?radients are very
small.” Note that the outline of the pipe has been plotted in Figure

7




3& The pipe outline demonstrates the line trace option described in
pter 4 (Card Type E)




TEST RUN FOR OEOPLY DOCUMENTATION
&4, 2. 1, 39, 39, 1. 64,
4, &
: o
. CEODYN FILE 4
3. -1, -0 03, 0.0, o 05

1?7
7, 16, 26, 35, 435, 47, 30. J2.
{GEGDYN FILE &

OV NTUBWN -

3. e B -0 03, 0. 0. O O,

1. 64, 0. 190, [+
o 03

33, 37. &0 62, &3, =4,

O 03

FIGURE 3-1

27,

CARD IMAGE INPUT FILE FOR

GEOQLT EXAMPLE PROBLEM

17,

PMMoDomMonw>

Job Title

Job Controls

File Record Numbers

Plot Outline Control

Plot Title

Contour Specification
Plot Outline Control
Specified Line Definition
Plot Title

Contour Specification



PRJCRAM CEOCRD
A GEATHERMAL CONTGURING PRQOGRAM
DEVELOPED BY
RESOURCE MaNAGEMENTS ASSOCIATES
LAFAYETTE, CALIF =-- NQVEMBER 1982

TEST RUN FOR GEQPLT DOCUMENTATION. . INPUT FILE FRQM CEOPYN DOCUMEMTATION

INPUT CEOPYN FILE(LUG? 64
NUMBER OF PLOTS(LUV) 2
PLOT OUTLINE OPTION(IBPP) 1
x GRID LINES(NX) b3
Y GRID LINESINY) L]
X CORD SCALE(XSCALE) 1.6
Y CORD SCALE(YSCALE) 1.6
MIN X NODE NUM(NXP™MIN} o
MAX X NODE NUM(NXPMAX) 190
MIN Y NODE NUM(NYPMIN) (o]
MAX Y NODE NUM(NYPMAX) 323

THE FOLLOUINC 2 FILES WILL BE PLOTTED

3 &

XMIN = 0. 00

XMAX = s (8

YMIN = 0. 00

YMAX = 4 61

NE.NP 100 329

FIGURE 3-2
GEOPLT ECHO PRINT OF INPUT DATA
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PROCRAM CEOCRD
A GEQTHERMAL CONTOURING PROCRAM
DEVELOPED BY
RESOURCE MANAGEMENTS ASSOCIATES
LAFAYETTE, CALIF -~ NOVEMBER 1982

TEST RUN FOR GEOPLT DOCUMENTATION. INPUT FTLE FROM CEODYN DOCUMENTATION

FILE., TIME, NODES = 1 182. 4 417
FILE, TIME, NODES a 2 364 8 417
FILE. TIME, NODES = 3 729 6 417
FILE, TIME, NODES = 4 1094 4 417
GRID VALUES FOR PLOT I FROB FILE 4
MAX VALUE = Q. 033

MIN VALUE = ~8. 310

CEODYN FILE 4

CONTOUR INPUT SPECS

-] ~1. 000 -0 050 0. 000 0 030 0. 030
FILE, TIME, NODES = ] 1439 2 417
FILE, TIME, NODES = -} 1814 O 417

BOUNDARY NODE POINTS
16 26 39 43 47 SO s2 53 s7 &0 62 &3 36 27 17

GRID VALUES FOR PLOT 2 FROM FILE s
MAX VALUE = O 054

MIN VALUE = -8 314

CEOPYN FILE 6

CONTOUR IMNPUT SPECS
5 -t 000 -0 050 0 000 3 030 0 050

FIGURE 3-3

GEOPLT outpPuT FROM FILE READING
AND PLOT GENERATION
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CHAPTER 4
PROGRAM INPUT INSTRUCTIONS

The input data for GEOPLT are read from the card reader (logical
unit 5) and output to the line printer (logical unit 6) and the plotter.
The program can be run by using a combination of card image inputs and
the output file from program GEODYN. A schematic description of the
file units which are required by GEOPLT is shown in Figure 4-1.

DATA INPUT FORMATS

The following paragraphs sumnarize the exact card formats expected
by GEOPLT.  The user should follow this sequence exactly, and input the
data in the same order as it is described. In all cases the program
will expect to input this information on FORTRAN logical unit 5 unless
otherwise noted. Finally, the reader is urged to review the input and
output from the example problem if questions arise.

Please' note that all inputs to GEOPLT are in free field format.
This means that all data on a specified card image must be supplied,
with individual values separated by blanks or commas, A slash (/) at
the end of a line indicates the end of record and may be used to
advantage in some cases. If less than the pr_oi)er number of items ar-
input on a given card image, the program will look at the next card tc
complete its list. This is a common error in free field input, and must
be checked carefully by the user.

14
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CARD INPUT VAR IABLE
TYPE  SEQUENCE NAME

DESCRIPTION

A. Job Title
1 TITLE

B. Job Contro s

1 LUG

2 Luv

3 IBPP

4 NX

5 NY

6 XCALE
7 YSCALE
8 NXAVIN
9 NPXMAX
10 NPYMIN
11 NYPMAX

C. F le Record lumbers

1-100 LIST

Ay alphanumeric information to be used for
run identification. This appears on the
printed output only.

The FORTRAN logical unit number containing
the output file from program GEODYN.

The number of plots to be made from the GEGDYN
output file.

Enter 1 if the outer boundary of the network
is to be plotted; otherwise enter zero.

Enter the number of X grid lines to be used
in the contour generation (< 65); if zero,
NX is set to 35.

Enter the number of Y grid lines to be used
in the contour generation (< 65); if zero,
NY is set to 35.

A scale factor which multiplies the X coor-
dinate inputs before plotting.

A scale factor which multiplies the Y coor-
dinate inputs before plotting.

Node number of minimum X location in a par-
tial network plot. If zero, taken as network
minimum.

Node number of maximum X location in a par-
tial network plot. If zero, taken as network
maximum.

Node number of minimum Y location in a par-
tial network plot. If zero, taken as network
minimum.

Node number of a maximum Y location in a
partial plot. |If zero, taken as network
maximum.

A list of the file record numbers (i.e.,

time step number) to be plotted from the GESCYN
file. The number of elements in this ’list is
LUV (Card 8.2), and they need not be in sequen-
tiel order. Up to 100 values may be input.




CARD  INPUT VARIABLE
TYDE  QENNFNCE NAME DESCRIPTION
D. Plot Outline Control - omit if IBPP (Card B.3) is zero.

1 NPTS

If IBPP is greater than zero, there are two
options. [T NPTS=0, only the network boun-
day will be plotted. [If NPTS#0, NPTS values
will be read and plotted for Card Type E.

If NPTS>0, the outline will also be plotted;
i f NPTS<O only the input points will be
plotted.

Specified Line Definition - omit if NPTS (Card D.I) or IBPP (Card 5.3)

E.
is zero
1-400 NPB
F. Plot Title
1 LITL
6. Contour Specification
1 NUMV
2-21
NOTE:

A list of up to 400 node numbers (following
element sides) which describe a line to be
placed on the contour plot. This card is
reag only if NPTS#0. NPTS values will be
read.

Ay 80 column comment which is to appear on
the plotted output.

The number of contours to be attempted for
this file. Up to 20 values may be specified.

The contour values to be plotted.

Card Types D through G are required for each contour plot. A total

of LUV (Card 8.2) sets are required.
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