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Abstract:

In this thesis an analytical approach was used to optimize the number of elements required to produce
accurate thermal maps utilizing RadTherm/RT. RadTherm/RT is a thermal model that uses all modes
of heat transfer to predict road temperatures. The goal is to maximize the length of highway modeled
and minimize the computation time. A methodology is implemented using a 4-part C/C++ algorithm to
select particular elements to delete. The section of code that specifically determines the elements to
delete is referred to as the view factor trim routine.

Initial steps are performed in order to obtain the information needed to determine the elements to
delete. First, two files are necessary to create a new project in RadTherm/RT. Montana State
University’s Geographic Information and Analysis Center produced the ASCII files for elevation, road
and vegetation maps using ARC/INFO GIS software. These files are loaded into RadTherm/RT to
create a new project (.tdf). The project is executed to produce the view factor file (.vfs). Geometric
view factors are used as the basis to eliminate elements. Radiation view factors are used in
ThermoAnlaytics’ software to determine the intensity of radiation of each element to every other
element in the model and to the environment. This allows the terrain model to include full effects of
solar shadowing, multiple reflections, and reradiation of geometric objects. The geometric view factors
of each element are calculated using ThermoAnalytics Ray Trace Algorithm and the results are stored
in the view factor file (.vfs).

Two text files are required as input into the view factor trim routine. The first file contains the view
factor information. This file is obtained by applying an algorithm written by ThermoAnalytics. The
routine converts the view factor file (.vfs), which is in HDF format, to a text file. A second file is
obtained by applying a routine that retrieves each element and its attributes, which includes the element
number, part number, UTM coordinates, and elevation.

The view factor trim routine uses the element attributes and view factor information text files to
determine which elements to delete from the model. The routine was developed to have the capability
of designating any part(s) as the elements of interest, which are the elements of primary interest for
temperature. Furthermore, the values used for the criteria to determine which elements to delete can be
modified. The first criterion is the distance from the elements of interest, where all elements that meet
this criterion are kept. The next criterion determines the minimum view factor value to keep an element
that directly exchanges radiation with an element of interest. Similarly, a minimum view factor
criterion is set for elements that emit to or receive energy from elements that have a direct radiation
exchange to the elements of interest. The result from the view factor trim routine is a text file that
contains the elements to delete.

The final part of the code uses the text file that contains the elements to delete and creates a new project
in RadTherm/RT. The primary difference in the new project is that it contains a new part composed of
the elements to delete. This allows a user to view the elements, before deleting them.
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CHAPTER 1

INTRODUCTION

The Western Transportation Institute (WTI) is collaborating with the Montana
Department of Transportation (MDT), Meridian Environmental Technology
Incorporated, The Montana Department of Federal Highways Administration, Montana
State University Civil Engineering, and ThermoAnalytics Incorporated (TAI) on a project
known as the Greater Yellowstone Regional Traveler and Weather Information System
(GYRTWIS). Part of this project is to develop and integrate a pavement temperature
thermal model to provide a more detailed temperature forecast for two mountain passes:
Lookout Pass on the Montana-Idaho border and Bozeman Pass [Ballard, 2001]. The goal
is to accurately provide current and forecast weather and road condition information to
highway operators and users. The prediction of pavement temperatures is currently being
provided to help decision makers improve winter road rﬁaintenance operations. It could
also be used in the future to provide forecasts of icy conditions for travelers.

The idea for modeling sections of highway is based on the adaptation of
computational models used by the U.S military for the prediction of vehicle infrared
images. Two programs were developed as tools to model the surface temperatures of
vehicles for use in infrared imagery. The origin of the one dimensional, first principles
heat transfer software for which the pavement model is derived is the Thermal Contrast
Model (TCM), initially developed for the U.S. Air Force and PRISM (Physically

Reasonable Infrared Signature Mode), which was produced at Michigan Technological




University’s Keweenaw Research Center in conjunction with the U.S. Army Tank-

Automotive Command (TACOM) [Adams, 1999]. Basically, the infrared signature of a

vehicle exposed to a set of meteorological conditions indicates the surface temperature of

. the vehicle. The three-dimensional modeled vehicles were composed of a collection of
flat plates termed “facets”. The terrain in the model was considered as background and

originally represented as an isothermal, flat plate. The facet concept used for vehicles

was extended and used to represent the terrain presently used in the thermal modeling

software [Adams and McDowell, 1991].

The current modeling tool used to predict these surface temperatures is a Radiation
based Thermal Model for Road Temperature (RadTherm/RT). RadTherm/RT is a
thermal modeling tool intended for comprehensive heat management design and analysis.
ThermoAnalytics developed the software in conjunction with Montana State University
to predict and graphically dfsplay road and surrounding terrain temperatures. The
software provides a tool to analyze and model terrain temperature utilizing 3-D radiation,
convection, and 1-D conduction. The input into the software includes a digital 3D-
faceted terrain representation, meteorological data, and time/location information.

Developments in Geographic Information Systems (GIS), and the availability of
Digital Elevation Maps (DEM) make it possible to produce files for elevation, road, and
vegetation maps. The vegetation in this context includes grass, forests, water, rock, soil,
etc. The elevation data was compiled from a Urﬁted States Geological Survey (USGS)
DEM’s at a 30-meter resolution. The weather file includes standard meteorological

parameters such as air temperature, wind velocity, precipitation, relative humidity, and




radiation data. From USGS DEM’s, the mesh of the model was created in 30-meter
square sections. Once the files were loaded into RadTherm/RT the sections were further
divided into triangular elements. The output from RadTherm/RT is the temperature map
for each node in the system.

The first step in constructing the thermal model is to fabricate maps for the region of
interest [Adams, 1999]. Interstate 90 through Bozeman Pass will be the area of focus for
this thesis. Geographic Information Systems (GIS) experts from Montana State
University’s Geographic Information and Analysis Center (GIAC) produced the ASCII
files for the elevation, road and vegetation maps using ARC/INFO GIS software. The
U.S. Geologic Survey provides the digital elevation maps as the source for the elevation
file. The terrain file is simply the GIS vegetation ID’s from the land cover class and is
converted to RadTherm/RT part nﬁmbers used to group land covers with similar
engineering properties, including emissivity, absorptivity, thermal conductivity, etc.

The elevation and terrain files are loaded into RadTherm/RT to create a new project.
However, there is a limitation on the size of a thermal map that can be processed. As the
boundaries of the thermal map increase, the number of elements also increases. Ata
certain point, the calculations for the thermal solution become to complex for computers
to solve. Therefore, to optimize the models, a methodology to optimize the number of
elements without changing the dimensions of the thermal map was considered beneficial.

One attempt to reduce the size of the thermal map was with the use of a topographic
map. The goal was to eliminate the maximum number of elements while keeping all

important terrain features that could cause temperature changes on the highway by shade,




radiation exchange, etc. The major concern for this approach is the lack of standards for
reducing the boundaries of the map. For example, if a pertinent terrain attribute, such as
a mountain peak, is deleted it could greatly influence the temperature output of the terrain
or road.

Another method to increase the efficiency of the thermal maps combine the efforts of
Montana State University and ThermoAnalytics, Inc. The DEM and vegetation file
produced by GIAC for Bozeman Pass is sent to ThennoAnalyticé, Inc. to be remeshed.
This process includes combining terrain elements to reduce the number of nodes in the
map. For instance, four 30-meter square elements are combined to create a single 60x60-
meter square element. There are two disadvantages of this process. First, by combining
elements, different thermal properties are lost and inaccuracies may be introduced.
Second, coarsening the map can be a time-consuming task.

For this project, an analytical approach to optimize the elements used for thermal
maps in RadTherrﬁ/RT was developed. Chapter 2 gives an overview of heat transfer
principles and develops the equations used in the software. View factors are introduced
and explained as the basis for eliminating elements for this methodology. A view factor
is the fraction of energy that leaves one surface and is absorbed at a second surface.
ThermoAnlytics’ software determines the radiation relationships between elements that
are visible to one another in the model and to the environment
[www.thermoanalytics.com]. This algorithm is explored in detail in Chapter 3.

A simple model is introduced in Chapter 3 to describe the energy exchange between

elements in different scenarios. The view factors are shown for different orientations and



http://www.thermoanalytics.com

resulting terﬁperatures are compa;ed. Conclusions from the example demonstrate that
energy exchange is highly dependent on angle of slope, distance, and the material
surface. |

The next section of Chapter 3 describes a detailed methodology used to reduce the
number of elements from a thermal map. A four-part C/C++ che was implemented to
complete this task. This process is designed to be universal for any region of interest.
The goal of this thesis is to signiﬁcantly reduce the number of elements to improve the
efficiency of the map without sacrificing accuracy. This would allow longer stretches of

highway to be run with minimal computation time.




CHAPTER 2

BACKGROUND

Heat Transfer

Thermal energy is related to the temperature of matter. The higher the temperature of
a material of given mass, the greater its thermal energy. Heat transfer is the exchange of
thermai* energy through a body or between bodies and occurs when there is a temperature
difference. When a temperature gradient exists between two bodies, thermal energy
transfers from the one with a higher temperature to the one with a lower temperature.

There are three modes of heat transfer: conduction, convection, and radiation, Any
energy exchange between bodies occurs through one of these modes or a combination of
them [Incropera and DeWitt, 1996]. The following secﬁon gives a brief introduction to

each mode.

Conduction

The definition of conduction is the transfer of energy from the more energetic to the
less energetic particles of a substance due to interactions between the particles. When
there exists a temperature gradient, energy transfer by conduction will occur in the
direction of decreasing temperature [Incropera and DeWitt, 1996]. The rate of heat flow
due to conduction increases with the thermal conductivity of the material, the cross-

sectional area available for it to pass through, and the temperature difference from one




side to the other. As material thickness increases, due to the increased path length, the

longer it takes the heat to “flow” from one side to another.

Convection

Convection is heat traﬁsfer by mass motion of a fluid such as air or water when the
heated fluid is caused to move away from the source of heat, carrying energy with it.
Natural convection above a hot surface occurs when hot air expands it becomes less
dense, and rises. On the other hand, forced convection is caused by something external
such as atmospheric winds or a fan. RadTherm/RT uses the flat plate assumption to
calculate the forced convective heat transfer. This is highly dependent on wind speed and

temperature difference between the air and surface.

Radiation: Processes and Properties

Radiation is the transfer of energy in the form of electromagnetic waves. This
radiation is emitted by objects in all directions without the need of a solid or fluid to
transfer the heat [Incropera and DeWitt, 1996]. It uses electromagnetic radiation
(photons), which travels at the speed of light and is emitted by any matter with
temperature above zero degrees Kelvin (-273 °C). The main types of radiation (from
short to long wavelengths) are; gamma rays, X-rays, ultraviolet (UV), visible light,
infrared (IR), microwaves, and radio waves. The eiectromagnetic spectrum classifies
radiation according to wavelengths. High-energy physicists and nuclear engineers are
primarily concerned with the short wavelength gamma rays, X rays, and UV radiation,

while electrical engineers focus on the longer wavelength microwaves and radio waves
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Shortwave Radiation. The primary source of energy forcing atmospheric motion and

many different processes in the atmosphere, at the Earth’s surface and in the oceans, is
the radiant energy from the sun [Pluss, 1997]. The radiation emitted by the sun is
approximately equa1 to the emission of a blackbody at 5750 K. More than 99% of the
energy received from the sun at the top of the earth’s atmosphere is in the wavelength
range 0.2 to 4.0 ym and known as shortwave radiation [Pluss, 1997]. Shortwave (or
Solar) radiation reaches the earth’s surface either by being transmitted directly through
the atmosphere, direct solar radiation, or by being scattered or reflected to the surface,
known as diffuse solar radiation. Diffuse solar radiation is scattered by air molecules,
aerosol particles, cloud pafticl‘es, or other particles.

About 50 percent of shortwave radiation is reflected back into space, while the
remaining shortwave radiation at the top of the atmosphere is absorbed by the earth’s
surface and re-radiated as thermal infrared, or longwave radiation [Pluss, 1997].

Longwave Radiation. Hot objects like the sun emit radiation in shorter wavelengths,

while colder bodies, such as the Earth or Earth’s atmosphere, emit radiation in longer
wavelengths ranging from 4.0 to 100.0 pm. Most longwave radiation reaching the earth
surface is emitted from the lowest layers of the atmosphere. The main emitter of
incoming longwave radiation is the greenhouse of the earth (e.g. water vapor, carbon
dioxide, and ozqne) [Pluss, 1997]. Longwave radiation is created from the temperature
difference between the atmosphere and the earth’s surface. On a clear day the
atmosphere is much cooler than the earth’s surface and energy is emitted from the surface

to the sky.
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Radiation Exchange Between Surfaces

All bodies above absolute zero Kelvin température radiate energy.- Substances emit
and absorb radiant energy at a rate depending on the absolute temperature and physical
properties of the substance. Not only do thc;,y radiate or emit energy, but they also receive
and absorb it from other sources [Beckwith, et al, 1993]. Two sets of criteria govern
radiative heat transfer between surfaces. The first depends on the material properties,
including emissivity, absorptivity, and reflectivity with each depending on temperature.

The second consists of the geometry and the transmission of radiation as a function of
direction from the surface and the wavelength of the emitted radiation. This is calculated
by the use of view factors. The study of radiation heat transfer in engineering is
concerned with the heat loss by emission and heat gain by absorption.

Surface Absorption, Reflection, and Transmission. Incoming shortwave (or solar)

radiation that strikes the earth’s surface is partially reflected anci partially absorbed, in

proportion to the surface reflectivity. Figure 2 describes the absorbed, reflected, and

transmitted radiation with a semitransparent medium. These incoming portions are
divided into fractions of absorptivity (o), reflectivity (p), and transmissivity (t), where

a+p+r=1. €))

‘Absorptivity is defined as the fraction of incident radiation (of irradiation) absorbed

by an object in relation to a blackbody (range 0-1). Irradiance is the amount of

electromagnetic energy incident on a surface per unit time per unit area. This quantity is

often referred to as “flux” [Ozisik, 1977].
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written as,

a+p=1. @

Surface Emission. The rate at which energy is released per unit area by a surface is
known as the emissive power E [Incropera and DeWitt, 1996j‘. At a prescribed
temperature and wavelength, no surface emits more than a blackbody. The total emissive
power of a blackbody and the upper limit of emissive power is specified by the Stefan-
Boltzmann law,

E, =0T, - ®
where o is the Stefan-Boltzmann constant (o =5.67x107 W/‘(mzK‘*)) and T, is the

absolute temperature (K) of the surface. The heat flux emitted by a real surface is less
than that of a blackbody and dependent (;n the surfaces’ emissivity value,
E =¢&oT,. 4

Emissivity is a characteristic of a surface that determines its ability to emit heat by
radiation [Ozis;ik, 1977]. It is a ratio of the amount of energy an object absorbs and
reradiates versus amount of energy a perfect emitter or black body would radiate under
the same conditions (range 0-1).

View Factor. The Stefan-Boltzman Equation (3) provides a method of determining
the total energy leaving a surface, but gives no indication of the direction in which it
travels. Since the goal is to calculate how heat is distributed among VéIiOUS objects, a
- second phenomenon is introduced that governs radiative heat transfer between surfaces.

The geometric effects are introduced and these are described by the view factor (also
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The differential solid angle dw,_, subtended by dA4 . relative to a point on d4; depends on
the distance between the centers of the differential areas » and the area d4, that d4,
projects normal to the connecting ray between d4, and d4 .

dA, dA. cosd,
da, ;= 2 = jrz : : (11)

The emitted spectral intensity is defined as

dg

I,(4,0,9) = ,
+(4.0.9) d4, cos8 da» d

12)
and

dq
dq, =—-, (13
4, ) . (13)
where dq is the rate at which radiation is emitted. Using the definition in Equation (13),

Equation (12) is solved for dg,, which is the rate at which radiation of wavelength A

leaves dd, and passes through d4,,

dq, =1,(1,0,¢)dA, cos8dw (14)
This equation can be simplified if the emitting surface is a gray surface. A surface is gray
if its emissivity and absorptivity are independent of wavelength, for the wavelengths at
which irradiation and emission take place. Applying the assumption of a gray surface,

Equation (14) can be written as the radiation from surface i and intercepted by ;:

dq,_; =1,(6,,¢,)(d4; cost,)dw,_,, (15)




23

" # I Lro)y#'l 7+ %#), (( + *%! ;<1

*pl < L&

g It HITH#&T Y#"# "Y#"#)WH& +7 " %#), ;001

H#H o+ H#+ $<1!" &%! ) #+ #"1#,7'$ #'%," ,% )
19< #'%, " )0#!"# ) 7 +"l

#21#& " ' & 1#0 *%!

WH, # ')% &I #

&+ H# )
"8 ("# +96# 30
. &

+06# 30 )% #)

#) ! "$

<

N% &I #

"H)#HLI" #'

109< '"+7 # |

Y o)
*0/fy @
4"
J#0

+%# 30

)# )%

(s

)% #) ,H0 # )% #) 1#

%#), "l &! #' |

%) , 1

#'1

#) ! L TH# "
N% )b )
+"1
*% HD 1 +% !
N<1 ("0 '#)
rr 1 'm#

O<

) 1



prmrr gl )%cr ", I"HE 11 o
$ oo M @#ELL#O T HE L

" %& )I" & T (SH# I #) (H )M #H

+06# 20 Y%#), #' 10

St L &(#I1%H T %! # &! #+

#' 1 )wCrL$" " , 'I" & 7 $#1

P)%C L %), 1% % %) & T (S# ##

" # %#), 0

% 119! + *% ! ;M< | %! ;9<

$2

LO

"$

") HE )" H&

0 " ##'!

M<
J%  %#), # 1
Y1W& %#), ;<
+0%0t
6 ')
I &
G



22

The total rate at which radiation leaves surface i and is intercepted by ;j is obtained by

integrating over the two surfaces. Note that the radiosity ./, is uniform over the surface

4,

1

J-J. cos o, cos6’ b A dd. ' 19)

4 J

9i-; =

4,4
Using the definition .of a view factor as the fraction of the radiation that leaves 4, and is

intercepted by 4,

F — Qi—)j

. . (20
i-J AiJi ( )

Substituting Equation (19) into Equation (20) gives us the view factor equation,

cosd; cos b, '
:—j}———ﬁma 1)

lAA

In a similar manner the view factor from 4, to 4; is found to be

F =— [ [———Ld4,d4,. (22)

1 J- cos, cos:9
J=t A ;

J i, 7 r’

An important relation is the reciprocity for view factors between finite areas. The double
integrals in Equation (21) and Equation (22) are identical and therefore gives us the
reciprocity relation

AF, = AF,. (23)

g
A second important relation relates to surfaces in an enclosure. From conservation of
energy requirements, all radiation leaving any surface in the enclosure must be -

intercepted by a surface making up the enclosure. When this is applied to N surfaces in
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an enclosure, the fraction of energy leaving one surface and reaching surfaces of the

enclosure must total to unity [Incropera and DeWitt, 1996],

N
‘F:'—[+E—2+E—3+"'+F}—i+"'+E—N=Z‘F;'—j:1' (24)
=1

The term F,_; is included in the summation because when a surface is concave, it will

intercept a part of its own emitted energy. On the other hand, for a plane or convex

surface, F,_; is zero.

RadTherm/RT Heat Transfer

RadTherm/RT is a thermal modeling program developed to predict lsurface terrain
and road temperatures. Inputs into the software include a digital elevation map, a
vegetation map, meteorological data, and time/location information [ThermoAnalytics,
1999]. The vegetation map includes different types of vegetation, rock, soil, and road
information. A RadTherm/RT project includes a region of interest that is composed of a
number of parts. Every part will have one or more eléments associated with it and a
thermal node is assigned to each element. Parts are collections of elernents that have the
same material properties. For example, short grass is considered a separate part from the
interstate. The thermal results are solved for the individual elements, but all properties
including part type, materials, thickness, convection coefﬁcienf, etc., are assigned at the
part level. The properties applied to a part, are applied to all of the elements assigned to

the part [ThermoAnalytics, 2000].
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The mechanical work rate (i.e. power) is denoted as W, ¢ is the net heat transfer rate

across the system boundary (W), ¢ is time, and AFE is the change in the sum of potential,

kinetic, and internal energy as

O pp=2
o o

(APE+AKE +AU), : (26)
where PE is the potential energy, KE is the kinetic energy, U is the internal energy,
and 7 1s time. Mechanical work effects such as friction are neglected and therefore, W =
0. Since the model forms a stationary closed system, the changes in kinetic and potential
energies are negligible, so APE = AKE =0 [Cengel and Boles, 1994]. Therefore, the
change in stored energy, AE, is only a function of total internal energy, U (kJ), and can

be further simplified and expressed in terms of the specific internal energy, v (kJ/kg):

5 5 5 5
9 NE =9 AU =2 (mau) = pad Z A, 27
o ot or (i) = pAd 2 du @n

where mis the mass, o is density., A 1s area, and d is the thickness of the material.
Since only temperature is considered (i.e. not deformation, etc.), internal energy can be
written as the specific heat, C, (J/kg-K), times the temperature, T (K), yielding
pAd%Au =.pAde %—f : (28)
Applying the simplifications above, the first-law in Equation (25) yields
oT

,D'CP'E"d'A=q : (29)

Equation (29) will be expanded to get the energy balance equations for the interior layers

as well as the surface layer. An additional development of the view factor equation will
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also be discussed in the following section because it is an important concept when

dealing with radiation exchange between surfaces.

Interior Laver Energy Balance

The only heat transfer in the interior ground layers is conduction. Equation (29)

becomes
or
CAPk, ' Ak . a— = QConductlon . (3 O)
/A
CAR, = (pC,(w))d;, 3D

for the interior layer energy balance, where CAP, is the heat capacitance term, p is

density (kg/m®), the volumetric concentration of soil moisture is defined as w , A, 1s the

th

area of the k" element (m?), d, is the thickness of each interior layer (m), and ¢,,,4,c0 1S
the conduction heat .rate (W). The notation for fhe subscript %, is used to distinguish
between the. surface node and its associated layers. The k in subscript %, .denotes the
surface element number and the'subscript i in k;, indicates the interior node number in
the #” element. Throughout this thesis, the term T, without the subscript i is used to

represent T, , which is the temperature of the surface node in element £ . The conduction

term in Equation (30) is further expanded to yield the transient energy equation for each

interior thermal node of the k™ element. The energy balance in this case becomes

oT, ‘
CAR, Ay =0 ~0) 4 G + B =T A G

for i=N

Layers > T Niayerst1 = "[::oreT emp
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C, =—-= (33)

1s simple one-dimensional conduction relationship between the nodes above and below

the current layer. In Equation (32), C,, is the interior layer conduction where the

represents the

ayers

thermal conductivity term £ is a function of the soil moisture, w. N,
number of layers for the particular terrain type. When i=1 the T,, term is the surface

temperature of the k™ element. For the case of a soil element, N, is thirteen. The

ayers

model includes an additional node, N + 1, as seen in Figure 13 which is used to

Y Layers
define a known core temperature, also known as the diurnal depth temperature. This

diurnal depth is the depth at which the ground does not change over a 24-hour (diurnal)

period [ThermoAnalytics, 1999].

Surface Energy Balance

The energy balance for the tqrrain surface layer consists of ‘six« ;cerms: net sky
radiation exchange, air convection, precipitation convection, solar load, and interior
ground laye.r conduction. These terms are set equal to the internal energy storage term,
which is the time rate of change of temperature times the heat capacitance [Terrain
Manual].

Expanding the terms in Equation (29) for surfacg node & yields:

‘ oT ‘ .
CAPkl Ak a_tk = I:qconvectiank + qconductionk + 9 radiation + qnetSolark + qRaink :I (34)
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In Equation (34), CAF,is the surface layer capacitance, 7, is the surface node

temperature, 4, is the area of element & (m?), and ¢ represents the heat rate (W).

Energy Storage. The thermal capacitance is a function of the current moisture level

and soil type, i.e.,

CAP, =(pC,(w))d,, | (35)
where w; =w,. In Equation (35) the volumetric concentration of soil moisture is defined
as w. The term w, is the volume fraction of surface soil moisture, d, is the surface

layer thickness, and p is the density.

Air Convection. The convection between the air and ground is represented as

Deomecion, = Lo = 1)+ Ay Co (36)
where 7 is the air temperature, 4, is the area of element &, and 7, is the temperature
of the surface. The variable C, represents the air to ground convection conductor and
defined as

Cu =P.C,CriVas (37

where p, is the density of the air, C, , is the specific heat of the air, Cy, is the bare soil

heat transfer coefficient, and v, -is the average wind velocity.

Precipitation Convection. The rain is handled separately with a simple advection
formula given in Equation (38),

qRaink = (TRain - ];c) ) Ak ’ CRain ‘ (3 8)

Crain 18 the rain convection conductor and is defined as
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C

Rain

=p-v-C,=1L1611-v. : (39)

The average rain velocity (mm/hr) is expressed as v, p is the density of water, and C, is

f

the specific heat of water.

Ground Laver Conduction. Soil conductance is a function of the current moisture

level and soil type. The conduction in the terrain nodes is only one dimensional through

the layers and the elements do not transfer heat from neighboring transverse nodes.

qcoizductionk = ("Z; - Z;c) : Ak ) C’kkl ' (40)
k(w,)
Ckk, = J 1 (41)
1

In Equation (40), C,, is the ground layer conduction and the thermal conductivity term,
k, is a function of the soil moisture, w. The variable w, is the volume fraction of
surface soil moisture, and cfl is the surface layer thickness.

Solar Load. g, 1 the amount of incident solar energy absorbed by each node in

Watts. This is a known quantity in the governing equation because it is not temperature
dependent. The magnitude of incident solar energy is the combination of the following
terms [ ThermoAnalytics, 2000j

(42)

qnetSoIar,c = qdirectSoIark + qreﬂected _in_solan, - qreﬂecled _out _solar, >

Where o, 1S the amount of incident solar energy absorbed from the measured

direct solar irradiance (W), ,teses in soier, 15 the sum of the reflected energy from other
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surfaces (W), and ¢,yp000 ou_soier, 1S the amount of energy not absorbed by the terrain

elements, which is deflected to other enclosure elements (W).
The amount of incident solar energy absorbed from the measured direct solar

. . N
1rrad1ance’ Qdirecl _meaqusred (W/ m ) » 18

qdirectSolark = Qdirect_measured ) ak ) Aviewk ’ (43)

where ¢, is the absorptivity of the element & and 4, isthe view area. The view area

“view,

is the amount of the sun an element sees at a particular time and is defined as

(44)

Aw‘ewk = Aapparen/k ’ F;isiblek s

where F defines the unshadowed

visibley,

1s the visibility factor. The apparent area, 4

apparent;, 2
area of the element projected in the direction of the sun. This projection also depends on

the angle of incidence
Aapparentk = (Ak) ' COS(IB), (45)
where 4, is the area of element k and [ is the angle of incidence. The visibility factor

is the fraction of the element that is not shadowed (by other elements) when looking at it
from the position of the sun. Clearly an element receives more energy when the
incoming rays from the sun are not obstructed by another element. The VisiBility factor is
calculated by ThermoAnalytics Ray Tracing algorithm at every time step. Rays are cast
from different locations on the element towards th_e sun. The visibility factor determines
the portion of an element that receives direct solar radiation. The Ray Trace algorithm

will be discussed in greater detail in the next chapter. The angle of incidence, £, as
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The amount of energy not absorbed by an element and reflected to other elements is

represented bY ¢,.reea our_sotar, - ASSUMIng that the terrain surfaces are gray and diffuse
emitters, the amount of reflected radiation would be

Qdirect_measured' ’ Aview + D retected _in_solar, } ( 47)

Qreﬂected out _solar, =
_(QdirectSaIark + qreﬂected _in_solan, .' ak)
The solution of g,,,,,, 15 an iterative one. First, the sky assumed black and any solar
k

radiation that is reflected back towards the sky does not get further reflected. An initial

guess is made 10T G,1000 o _solar, 10T €aCh n0de k. Then, q,.1. 00 i o, 1S Calculated for
each node k& (which depends on the guesses for ¢,y o so, 0T the other elgments),
and a better estimate fOT G,ypei ou soimy, 15 Calculated (Le., it is just the reflected
reftccied_in_sotar, - L0€N this process is repeated iteratively until the values for
Qrofrected_in_solar, =~ Dreftected_out_solar, CONVEIge to  within some tolerance [Persongl
communication A. Curran].

Expanding Governing Equation. Expanding Equation (34) yields

g _ (I:z - ‘TI'c) ' Ak ) Cak + ("Z;cz - Tk) ' Alc ’ C'kkl + qradialion,c + qhetSolark |

CAP, - A
¢ ‘ at +(T}€ain —I}c) ) Ak : CR

(48)

ain

For convenience, Equation (32) for the interior surface layers is repeated as

o7,
CAR, -4y — =T, =T) 4 Cy, + (T, ~T,) A Ci, - (49)
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The only unknowns in Equation (48) are g, » the surface temperature 7, and the
interior layer temperature 7, . When Equation (49) is written for each of the interior

nodes of each element it gives N, , —1 equations and N, unknowns, 7, through

ayers ayers

Npapers wers QUAtIons and N +1 unknowns.

T, . Combining this with Equation (48) gives N,
The additional unknown is the ¢,,4,,, term. In order to solve this system of equations,

the enclosure theory is introduced to solve for g, 4, -

Net-radiation Method — Enclosure Theory. The radiation term g4, in Equation

(47) is solved using the Net-radiation Method Enclosure Theory. An enclosure is an area
that is completely surrounded by solid surfaces or open areas. Thus an enclosure
accounts for all directions surrouﬁding the terrain by deﬁr‘ling‘ a volume that includes the
terrain, background terrain, and sky dome. The radiation exchange between diffuse-gray
surfaces in an enclosure is determined by the net-radiation equation of the Enclosure
Theory. The net-radiation equation is in terms of node emissivity, surface area, the

Stephan-Boltzmann constant, the view factor from node £ to node ;, and the
temperatures of nodes k& and j [ThermoAnalytics, 2000].

The enclosure is composed of N discrete surfaces (or elements), which are taken as
both diffuse and gray. The term diffuse indicates that the directional emissivity and
directional absorptivity do not depend on direction. Therefore, sirﬁilar to a blackbody,
the emitted intensity will be uniform over all directions. Spectral emissivity and spectral
absorptivity of a gray surface are independent of wavelength but do depend on

temperature. Due to this assumption, at each surface temperature the emitted radiation
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will be the same fraction of blackbody radiation for all wavelengths [Siegel and Howell,
1981]. To summarize, a diffuse-gray surface absorbs a fixed fraction of incident
radiation from any direction and at any wavelength and emits radiation that is a fixed
fraction of blackbody radiation for all directions and wavelengths [Siegel and Howell,
1981]. Therefore, for a diffuse-gray surface in an enclos:ﬁ\re, the total (hemispherical)
emissivity of the surface is equal to its total (hemispherical) \absorptivity [Incropera and
DeWitt, 1996]. This relationship is known as Kirchoff’s law,

E=q. (50)

Another condition that must be met is each surface or element of the enclosure must
be at a uniform temperature. As a result, the emitted energy is taken to be uniform over
the surface of each element of the enclosure [Siegel and Howell, 1981].

Part of the energy incident on the surface is reflected. Because the smféce have been
defined as gray, the first assumption made for the reflected energy is that it is diffuse.
This assumption indicates that the reflected intensity at each position is uniform for all
directions. The second assumption is the reflected energy is uniform over each element
of the enclosure. Therefore, the reflected and emitted energy for each surface have the
same diffuse and equally distributed characteristics [Siegel and Howell, 1981].

Energy leaving a surface does not vary with angular direction if the surface is both a
diffuse emitter and diffuse reflector. View factors can be introduced for a non-black
surface if the diffuse-uniform condition applies to both the reflected and emitted energy.

The net-radiation method will be used to simplify the complex radiativé exchange

that occurs inside an enclosure. To derive the net-radiation enclosure equation consider
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O _out, =48;{'O_'-_'Z;c4+pk -Q_in,. (53)

Reflectivity may be written using Equation (2) and Equation (50) as follows
pe=0-a)=01-¢). e

Therefore, Equation (53) can be written as

O _out,=¢,-0-T}+(1-&)-Q_in, - ' (55)
where the trelations in Equation (54) are for opaque gray surfaces. Equations (52) and
(53) are the basic equations for enclosure én»alysis. The key to simplifying the algebraic
problem is to recognize that the irradiation in Equation (52) can be evél‘uatéd in terms of
the radiosity of neighboring surfaces in the enclosure. If the k™ surface can view itself

(i.e., it is concave), a part of its outgoing flux will contribute directly to its incident flux.

That s,
‘N .
A-Q_ing=YF_.-A,-Q_out;. (56)
j=l ,

Using the reciprocity property of view factors,

Aj-F}_k:Ak-F}C_J,. (57)
Equation (56) can then be written alternatively as
N . ,
A.-Q_in =4, F,_.-O_out,, S (58)
= '

and reduces to

N ’ .
Q_ink;ZEc_j‘-Q_outj‘. (59)
j=l .
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Equations (55) and (59) provide two expressions for Q _in,. Each of these equations is
substituted into Equation (52) separately to get two basic heat balance equations for g, in

terms of O _ out,. Solving Equation (55) for Q _in, yields

. . 4
Q_ink=Ak-(Q—om"—g" e J (60)
I-¢, I-¢,
Substituting Equation (55) into Equation (52) yields
&k 4 |
Gy =4y (0T} ~Q_out,). 1)
(1 - 8k)
Repeating the same process and substituting Equation (59) into Equation (52) gives
N
Qk:Ak'(Q_‘Outk_ZFk-j'Q_OWj)- (62)
j=l ,

The heat transfer rate for each element (g, ) can then be defined as éither the energy
supplied to the surface & by nonradiative means (convection or conduction to 4, ), or as

the net radiative loss from surface & resulting from radiation in the enclosure [Siegel and
Howell, 1981]. Equations (61) and (62) represent the balance between the energy

supplied by modes other than radiation and the net radiative loss.
In Equations (61) and Equation (62) the unknowns are g, , T, , and Q_out,. These

equations can be written for each of the N surfaces in the enclosure. By combining

these two equations, Q ouf, can be eliminated giving N equations relating the
unknown g,'s and T,'s. To further explain this process, consider three surfaces in an

enclosure. Using Equations (61) and (62), the pair of equations give
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Lo 8 (6T -0 om) 63)
4 (-g) 1 T | ©
%zqa,k_ﬁi—l'Q_outl_E-z'Q_Outz_E—3'Q_0ut3’ (64)
1
L& (o-T,) -0 out)) N (65
4 (-g5) 7 T |
%:Q_outz —Fy G Fy,Q_outy~F, ;-Q_out,, (66)
?1_3=__83__.(5.r4—Q out,) (67)
4, (-¢&) PoEeTe
%=Q_0ut3—}7;_1~Q_0ut1—F3_2-Q_0ut2—F;_3-Q_Out3, (68)

3

Equations (63), (65), and (67) are solved for O out, in terms of 7, and ¢g,. The
resulting expressions for Q _out, are then substituted into equations (64), (66), and (68).
This substitution eliminates the @ out, terms and using summation notation, the

resulting equations can be expressed as

Y[ Sy 1-¢,] q;, &
H_p UL NYS -F Vo T 69
;{51' e J 4, ;( y e )

When writing Equation (69) for each surface, & takes on the values of 1,2,3...V, and Oy

is the Kronecker delta defined as

1 when k=], :
o, = 70
Y0 when k= . (70)

In order to solve for g, , Equation (69) can be expanded as




41

-q, 1-¢ ¢, 1-¢ g, [ 1 l1-¢ q I-¢
F- ~Lp 2T Tkl 0 g Ll-.2LF N
Al k-1 81 A2 k-2 82 Ak k—k k-N

=—F_ 'O_']T‘ —F., 'O-'Tz4‘_-~-+(1—}?/c-k)'o"];c4 —mF y 'O-'TI\‘;

Solving Equation (71) for g, yields:

M N
.0 F (T ~T))+
j=1

l—ng & 3 (72)
4; |

J

- & 4,
1-F, - (I-g)| &

Z((l—%)ﬂ_y

J=1

qx

J

th

The term g, is the net radiative loss from the £ surface and is equal t0 —g,,44,, 10

Equation (34). Replacing ¢, With —g, in Equation (48) and solving for g, gives
the following equation [Marttila, 19991]:

o7,
Qk = _CAPk' 'Ak 'a—l‘k'l‘(fzz7 _:Z;c)'Ak 'Cak +(T2 —T;c) 'Ak 'Ckk +QnelSolaI)¢ (73)

+(TRain _Z;c)'Ak 'CR

ain

Numerical Method of Solution

RadTherm solves the energy balance equation simultaneously for convection,
conduction, and radiation. The time-averaging Crank-Nicholson implicit finite difference
scheme is applied to the final governing Equations (32), (72), and (73) for the numerical
solution. ThermoAnalytics utilizes the time-averaging Crank-Nicholson method because
it is one of the most versatile numerical methods available and the method is
unconditionally stable and second order accurate in time and space [Marttila, 1999]. The

following section describes the development of the final govérning equations for transient
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analysis. The solution to the temperature distribution is then described. A majority of
the mathematics for this section have been eliminated due to its complexity. The

complete development of the numerical solution is shown in Marttila 1999.

Transient Formulation

The 7, terms in Equation (72) are linearized to make the radiation terrﬁ proportional
to a temperature difference rather than to the difference between two temperatures to the
fourth power [Incropera and DeWitt, 1996] as shown

T =T =G+ 1) (I} +T) (T, -T) (74)
The Crank-Nicholson implicit finite difference method is applied to Equation (72), the

net-radiation equation, to yield an equation for the heating rate (¢, ) for each surface,

e | T +T
Zaﬂ_xnufl;?)ah@)[“ﬂ—f J
&4, Jj=l 2
qk:l E_(1-&) x~( 1 ’ (75)
T A k- T O —-&. 19, -
+z[<1 ~6,)F, —’j—’
N & )4 ]

where T, and TJ represent values from the current time step. The non-primed terms refer

to values from the previous time step. Again, the Crank-Nicholson method is applied to

Equation (32) and solving for ]}c yields an equation for the interior surface nodes:

CAP, - A, . | .
2_——];"'(1; +T, _Tk-)'Ak'Ckk +(Tk +T,, —'.77,_)~Ak-Ckk

T, - Af i i-1 i-1 i -1 1+l i+ i 1 (76)

k : ' :

CAP, 4,
2 T + Ckki—l . Ak + Ckk,. . Ak
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Equation (76) is written for each interior node ]};2 through JZN associated with every
) Layers

surface element k. Once more, the Crank-Nicholson method is used on Equation (73)

and yields an equation for the surface node %,

[ car-4, . [(z+7\ (1. +1)
e B e

(T +T ' | |
q, =14+ [ b k’J—[n_FZ‘jil'Ak'Ckk re (77)

N

2 2

_.i_ T I;ain +7, Rain | _ T;c' +];c v‘ . Ak . CRain + qnetSolar,, + QnetSola:}
2 . 2 2 ‘

J .

To eliminate the term g, , Equation (75) and Equation (77) are combined

CAP 'A‘ ' ) t ' - ' '
2= (=T H(T+ T, -1 =T ) 4 Cu+ (T, + T, ~T =T, ) 4,-C
+ (T Iéain +17, Rain ~ I;cl - Tk ) Ak "CRain + Q;netSolar,‘ + QneISolark )
& . o] . (78
> ok, G+ INGAI)(G+T-T-T) | %)
_ &4, J=l ‘
T 1-F,_ (1-¢,) i 1-¢. q.\
T 2 -6 )F,,—L |-
‘ L - & )4, |

For the surface layers, soiving Equation (78) for T, yields




44

CAB 4,
At 1- Fkk(l £,)

+(T'+T ~I;c)-Ak o +(1}2 +T, —];)-Ak Cy +

(‘T Rain +1, Rain ~ TRain ) A CRauz + QnetSoIark + QnetSolar,c

2,4, l-¢; g,
—— 1-6,)F, !
£, d-5 Zl[( i g jA] 1 (9

2 CAL 4 &4, ZUF,”(T2+T2)(T +T)+
At 1_F;c k(l k) J=1 ‘

Co A4, +Cy-4,+Cp . - A,

Rain

[
2. Zo Fo (B +T@G+T)(T, +1,-1,)

which is the equation that is used in the numerical solution [Marttila, 1999].

Computation of Temperature Distribution

To determine the temperature distribution through each element, the discretized
governing Equations (79) and (76) are applied to each thermal node. This application

results in N equations and 2N unknowns for each 7}, and g, for all elements. For the

initial time step the matrix is solved for steady state. A guess for 7, is made which

leaves N equations and N unknowns. Gauss elimination with partial pivoting is used as
a preconditioner to solve the resulting system of equations. The advantage of using
Gauss elimination is the equations are solved simultaneously, which allows the node
temperatures to converge quickly from initial values to the temperatures that satisfy the
governing equations. After the direct solution (i.e. Gauss solution) is complete, the
solution proceeds with an iterative method, Successive Overrelaxation (SOR). The
governing Equations (75), (76), and (79) are evaluated for each node using the SOR

iteration. SOR is a technique that can be used to accelerate any iterative procedure by
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making corrections to particular values before the next iteration [Tannehill et al, 1997].
Once all node temperatures have converged, the iteration is complete. The solution then

advances to the next time step and repeats the above procedure [Marttila, 1999].
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CHAPTER 3

METHODOLOGY

One of the main factors that determine the radiation exchange between surfaces is the
view factor. A view factor is df;ﬁned as the fraction of radiation leaving a surface x,
which is then intercepted by surface y. The view factor depends on three main factors:
size of surface, shape of surface, and orien;cation of surface. ThermoAnalytics has
developed a ray-tracing algorithm that computes the view factors for each element and is
discussed in the following section.

In this chapter a simple model is introduced to explain the motivation for deleting
elements by the use of view factors. The effects of shading and a look at longwave and
shortwave radiation exchange between surfaces is investigated. By using simple models
these areas are explored and the use of view factors is discussed. The last part of the
chapter describes the analytical dpproach used to delete elements by the use of view

factors.

Ray-Tracing Algorithm

Radiation view factors are used in ThermoAnalytics’ software to model the radiation
heat rate from each element to every other element in the model and to the environment
[ThermoAnalytics, 2000]. This allows the terrain model to include the full effects of
solar shadowing, multiple reflections, and re-radiation of geometric features. Each

triangular surface element (or facet) of the terrain has a view factor to the background,
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~ sky, and other elements [www.thermoanalytics.com]. Note that each elements surface is
planar. ThermoAnalytics computes both radiation view factors and solar projected
(apparent) areas by the use of a'ray tracing algorithm which casts rays from each element.

The geometric view factors are calculated initially at the start of a RadTherm/RT run
using the ray trace technique. This is done first and only c;nce for a given terrain model.
These view factors are based only on the geometry of the terrain file and are calculated
prior to the thermal solution. A view factor file (.vfs) is created, which is then used for
the calculation of the thermal solution.

The; ray trace algorithm is theﬁ used during the thermal solution, at each time step, to
calculate the view area for each surface element (Equa'ltion(44)). Rays are cést from the
centroid of each element to the sun, which accounts for the amount of direct solar
radiation that reaches each su‘rface element. At the specified geographic location and
time, the positi.ons of the primary source of irradiation (the sun) is defined by two angles,
the solar azimuth and zenith angles, that are updated at each time step. The angle from
the vertical is the zenith angle, and the angle measured counter-clockwise in the
horizontal plane from the reference direction is the azimuth angle as shown in Figure 17.

To better explain the ray tracing technique consider two parallel plates (Figure 18a).
A unit hemisphere is created at the centroid of each element. Figure 18a illustrates a

single ray being cast and intercepted by another element.
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Table 1. View factor ray setting in RadTherm/RT.

Setting | Rays Cast from each Element
1 512 (fastest)
2 1152 (default)
3 2048
4 3200
5 4608 (most accurate)

View Factor Subdivisions

Another user-defined setting is the number of sfubdivi’sions per element. Each
element has -one to five subaivisions and rays are cast from " the centroid of each
subdivision. The amount of subdivisions inc.rease the number of rays cast from each
“element from one to five times the view factor ray setting. As the number of subdivisions.
incréase, the thermal run time and view factor calculations can increase significantly

[ThermoAnalytics, 1999].

Apparent Area Resolution

Apparent Area Resolution changes the number of rays that are cast from the centroid
of each element to the sun used for calculating apparent area. At the lowest setting only.a
single ray is cast from the centroid of each element to the sun and at the highest setting 64

rays are cast.
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Hand Calculation for View Factor

A simple model is used to compare the results of the view factor using the ray trace
algorithm and a hand calculation for the view factor. Figure 19a illustrates the simple
model that consists of two 30—fneter by 30-meter rectangles at an angle of ninety degrees

to each other.

1 = 30 meters

(a)
h = 30 meters v
! H=h/
W=w/l
l N
I w = 30 meters !
W -tan™ L+H~tan"l 1 H*+w? tan™ ! +
] w H : VH? +W?
F_ = 2 7 =0.20 ‘D)
PR WL Qe ED [ 0B T gra+E +wh | ()
4 +Wr+ H? |[(+WHW*+H?) 1+ H*)H* +W?)

Figure 19. (a) A simple model used for the hand calculation of the view factor. The
model consists of two finite rectangles of the same length, having one common
edge at an angle of 90° to ‘each other. (b) The equation used to calculate the
view factor from 7 to 2. (After Siegel and Howell, Figure 16 in the Appendix)

The equation in Figure 19b was used to calculate the view factor from 7 to 2. The result

using the equation is F,_, =0.20. The identical model in Figure 19a was created in
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RadTherm/RT consisting of two elements, 4; and 4,. The view factors calculated for
elements / and 2 using the ray trace algorithm are shown in Table 2. Element 3 is the

default terrain node and element 4 is the sky node.

Table 2. View factor ray setting in RadTherm/RT.

Emitter # Receiver # View Factor |
Emitter # Receiver # View Factor -

2 1 0.1913

! 2 01913 2 3 (Default terrain nod 0.3089
u ‘ .

1 4 (Sky node) ' 0.8087 (Defauilt terrain node)

2 4 (Sky node) 0.4998

View factor sum: 1.00
View factor sum: 1.00

The hand calculation for thé view factor was 0.20 and the value computed using the ray
trace algorithm was 0.1913. The ray trace algorithm provides similar results to the hand

calculation for the view factor.

The Process to Delete Elements

The motivation for this thesis came ffom the initial results of the previous section.
Basic models were created to determine the importance of the radiation exchange
between surfaces. The results prompted the idea that view factors could be used to
eliminate elements that have no influence on the temperature of an area of interest.
Recall there is a limitation on the size of the thermal maip for which RadTherm/RT can
compute the thermal solution. If a methodélogy is created to reduce the number of

elements in a thermal map for RadTherm/RT, larger regions of interest can be modeled in
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the software. Therefore, the task was to determine a computational approach for
reducing the number of elements in the map without losing accuracy or significantly
reducing the region of interest. Currently, Bozeman Pass is being used as a test bed for
traveler or maintenance weather information. This is the primary region of focus for this
thesis and the goal is to increase the length of the highway that can be modeled and/or
speed runtime of forecast models.

. The current map used for Bozeman Pass was first trimmed down and then remeshed
with increasing element size as distance from the interstate increased. Based only on
intuitidn using a topographic map, there is no precise approach for reducing the modeled
area. The user must estimate using important ridgelines and create boundaries based on
the assumption that the remaining terrain is significant for the thermal solution, and
terrain removed was not. A second source of inaccuracy is the process by which the map
is remeshed. The procedure for this is to keep the original dimension of the map and
combine elements that are further away from the elements of interest, i.e., the highway.
This is a misrepresentation of the elements because it involves combining elements of
different terrain typgs, such as water, trees, rock, soil, etc. In addition to these downfalls,
it can be a time-consuming and labor-intensive process to generate the coarsened map.

An alternative approach that is more efficient and more accurate is presented here. In
order to complete this task, the number of surface elements in the map will be reduced by
eliminating elements using the view factor information relating each element to all other

elements. The main objective is to ensure that the removed elements do not include
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terrain that is pertinent to the temperature of the highway. In the following section, the

procedure used to delete the elements is discussed.

. Initial Setup

In order to create a thermal model in RadTherm/RT for a particular region of interest,
two files are required. The first file contains Digital Elevation Map (DEM) data, and the
other provides land cover data used to identify vegetation and road positions in the
model. The information is provided in ASCII format and used to create the maps for
RadTherm/RT. Montana State University’s Geographic Information and Analysis Center
(GIAC) produced the ASCII files for elevation, road and vegetation maps using

ARC/INFO geographic information system (GIS) software [Adams and Curran, 1999].

Step.1a - Digital Elevation Map Files (.asc)

Elevation data was compiled from a United States Geological Survey (USGS) 30-
meter DEM. Digital Elevation Model (DEM) is the terminology adopted by the USGS to
describe data sets in a digital raster form. The standard DEM consists of a regular array
of elevations cast on a designated coordinat;a projection system. The orientation of data
is by columns and rows. Each column contains a series of elevations ordered from north
to south with the order of the columns from west to east. These data were collected as
part of the National Mapping Program. The entire set of data was then projected on the
Universal Transverse Mercator (UTM) coordinate system. The grids are then exported as

ASCII files. An example data file is shown in Figure 20.
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Table 3. Land cover classification system used by Montana Gap Analysis Project.

Land Cover
Class Code
2010 Agricultural Lands - Dry
2020 Agricultural Lands - Irrigated
3110 Altered Herbaceous
3130 Very Low Cover Grasslands
" 3150 Low/Moderate Cover Grasslands
3170 Moderade/High Cover Grasslands -
3180 Montana Parklands and Subalpine Meadows
3210 Mixed Mesic Shrubs
3300 Mixed Xeric Shrubs
3310 Salt-Desert Shrub/Dry Salt Flats
3350 Sagebrush '
3510 Mesic Shrub-Grassland Associations
3520 Xeric Shrub-Grassland Associations
4000 Low Density Xeric Forest
4140 Mixed Broadleaf Forest
4203 Lodgepole Pine
4205 Limber Pine
4206 Ponderosa Pine
4212 Douglas-fir
4214 Rocky Mountain Juniper
4223 Douglas-fir/Lodgepole Pine
4260 Mixed Whitebark Pine Forest
4270 Mixed Subalpine Forest
4290 Mixed Xeric Forest
4300 Mixed Broadleaf and Conifer Forest
6110  Conifer Riparian
6120 Broadleaf Riparian
6130 Mixed Broadleaf and Conifer Riparian
6200 Graminoid and Forb Riparian
6300 Shrub Riparian
6400 Mixed Riparian
7300 Rock

Land Cover Class

Montana State University’s Geographic Information and Analysis Center (GIAC)
produced an ASCII file for vegetation using ARC/INFO software, which is a GIS
software program. The data set is an ARC/INFO 90 meter land cover grid (raster file)

covering the state of Montana. A raster file contains information that is directly mapped
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Step 2 - Trimming the Original Map

The main objective is to delete unnecessary elements from a map using the view
factor information of each highway element. This information is found in the view factor
file (.vfs) initially generated at the start of a run in RadTherm/RT. Once a RadTherm/RT
project is created, the model is executed and the first item produced is the view factor
file. The software continues to run and the final result is the thermal solution to the
terrain map. If a RadTherm/RT project is too large, a limited amount of disk space or
computer memory may cause the project to fail. There are two possible outcomes if the
RadTherm/RT project contains too many elements. First, the computer can crash and
neither the view factor file nor the thermal solution will be completed. Second, the view
factor file can complete successfully and then the computer stalls and terminates on the
thermal solution. Therefore, RadTherm/RT may produce the view factor file even when
the thermal solution cannot be solved. As a result, the largest number of surface elements
that can produce the view factor file must be determined. The view factor file is
explained in more detail later in this chapter.

A map of Bozeman Pass with dimensions of 16.09 by 27.36 kilometers was used as a
starting point to create the view factor file. This map contained 831,174 surface elements
and was too large to process even the view factor file. By using‘a PERL script the map
can be cropped by specifying the north, east, south and west UTM coordinates
[McKit‘trick, personal communications]. The command line to execute the script is

shown in Figure 22. Note that the script uses both the vegetation and elevation files.
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$ gis_manip -S[UTM coord] -N[UTM coord] -E[UTM coord] -W[UTM coord] [filename]

Note: filename is without _dem.asc or _veg.asc extension

Figure 22. Command line to execute the gis manip PERL script.

Aé an example, the first iteration reduces the fnap to a size of 8.05 by 27;36”
kilometers and contains 544,810 surface elements. After over three hours of computation
time, the view factor file was only 7% complete. Based on experience, at this point the
run was killed, realizing that it would never reach gompletion. For the neﬁt iteration, the
map was cut down to 387,340 surface elements. The view factor file after seven hours of
run time was only 27% complete and once again the view factor file could not be
generated. The final iteration left a map with 327,610 surface elements. A project of this
size produced a completed view factor file after almost sixteen hours but crashed on the
thermal solution. This was used as the target number of eléments to begin the process of

deleting surface elements. Table 4 summarizes the findings of this iterative process.

Table 4. Summary of the iterations for trimming a map of Bozeman Pass to a size that
produces the view factor file (.vfs).

# Elements | View Factor File

Original Map | 831,174 7 Failed
Iteration #1 | 544,810 Failed
lteration #2 | 387,340 | Failed

Final lterations| 327,610 | Complete
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There are several items that must be set in RadTherm/RT once a project has been
created with less than 330,000 surface elements. First, an appropriate weather file is
selected, and then the same start and end times are set on the GUL. This ensures the
thermal solution is not calculated, but the View‘ factor file is still generated. Each part in
the project is set to type terrain but no other information has to be specified. Figure 23
shows the steps described above.

Finally, the RadTherm/RT project is executed and the view factor file is created. This
information is only geometry dependent and therefore does not change at every time :step.
The file is created once and can be used in successive runs as long as the geometry of the

map does not change. Figure 24 highlights the steps of the process to this point.

Step 3 - RadTherm/RT Project Files (tdf)

Once a project is created in RadTherm, the file is saved as a .tdf file. The .tdf file is
the native RadTherm file format, which stores both the geometry for the thermal model
and the thermal analysis results. The RadTherm file is a binary file format that is
platform independent, so that files written 01;1 one machine can be easily read on another
machine that uses a different operating system.

In this case, a RadTherm project is created using the ASCII formatted vegetation and
elevation file, filename dem.asc and filename veg.asc, respectively. First, the “File-
open” command on the Graphical User Interface (GUI) prompts the user for the DEM

and vegetation file.
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