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Executive Summary 
 

 We are modeling the heat transfer through walls to 

assess their energy efficiency, as an extension to a project 

from last year. Even with different team members, we were 

able to successfully extend our work. 

 One of our foremost goals was to enhance the 

interactivity of the input of the wall and the display. Any 

wall can be quickly designed, input, and tested, using the 

keyboard. The running program has an easy to read real-

time display of temperatures, time, and outside 

temperature. This also makes it possible to easily change the resolution and size of the area 

modeled. 

 Simulations of long periods of time have much faster run times. We implemented a 

completely new computational method that makes these long simulations possible. This was done 

with an alternating direction implicit method.  

 An experimental model was built to be used to validate our computer model. Even though 

this we were just beginning validation, and there was still some guesswork at this point, there 

were amazing results. The inside temperature from our computational model closely matches the 

temperatures from the experimental model. 

 We have done significant additional work from our previous project. All interactive input 

is new, and the graphics have had considerable changes and improvements. We created an 

ÅØÐÅÒÉÍÅÎÔÁÌ ÍÏÄÅÌȟ ×ÈÉÃÈ ×ÏÕÌÄÎȭÔ ÈÁÖÅ ÂÅÅÎ ÐÏÓÓÉÂÌÅ ÐÒÅÖÉÏÕÓÌÙȢ 7Å ÁÌÓÏ ÁÄÄÅÄ ÔÈÅ ÎÅ× 

method and began verification and validation of our model.  

 Quickly design and test any 

wall using interactive 

features 

 Much faster run times for 

long simulations using 

implicit method  

 Experimental model 

comparison for validation  
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Introduction 

Problem Statement  
 

 Energy conservation through building energy 

efficient homes has become an even more important 

issue in recent years.  Both environmental and 

economical concerns have contributed to this interest. 

Space heating and cooling are the principal use of 

residential energy (Figure 1).  Newer houses are being 

built to be more energy efficient as a result of this 

concern (Figure 2). Conserving heat already in a house 

by means of good wall design can cut down energy needs 

significantly , and, in turn, costs and fuel. There are countless wall designs available which have 

been created to be more energy efficient. When selecting a design it important to know how 

effective the design actually is, and how well it performs in individual climates. Our purpose is to 

create a versatile program that is capable of testing walls for efficiency in different environments. 

 This is a continuation of a project from last year. It was still somewhat incomplete at the 

end, and we were still interested in working with the problem more. Whereas last yearȭÓ ÐÒÏÊÅÃÔ 

was more focused on a specific wall design, this year was meant to be more flexible. We also took 

the opportunity to do some of the program improvements we had been interested in, such as 

better resolution and longer time steps.  

0

0.5

1

1.5

2

1990-2001 1980- 19891970 - 19791960 - 19691950 - 1959 1949 or 
Before

Q
u

a
d
ri

lli
o

n
 B

tu

Year of Construction

Space-Heating Energy Consumption in U.S. 
Households

LPG

Fuel Oil

Electricity

Natural gas

Figure 1 Break down of residential energy usage in 
2006 (Revelle & Galland, 2008)  

Figure 2 More recently constructed houses use less energy for space heating 
(Energy Information Administration, 2001)  
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Objective  
 

 Our objective was to extend our previous model to be used for a larger variety of walls and 

allow more extensive testing. Solving this problem computationally gives us the advantage of 

putting in changing conditions such as a thermal swing to simulate night and day. We added an 

ȬÉÎÔÅÒÁÃÔÉÖÅȭ ×ÁÌÌ ÄÅÓÉÇÎȟ ×ÈÉÃÈ ÔÁËÅÓ ÉÎÐÕÔ ÆÒÏÍ ÔÈÅ ËÅÙÂÏÁÒÄ ÔÏ ÉÎÉÔÉÁÌÉÚÅ ÔÈÅ ÃÅÌÌ materials; this 

is very functional because we can easily change the wall that is being tested. We completely 

rewrote the code method, changing to Alternating Direction Implicit (ADI) which lets longer 

tests, such as months, be computed in shorter run times. We planned to compare data from our 

program runs, such as explicit versus implicit. We also built an experimental model, which we 

wanted to match in our program and compare results. This is the validation section of our project. 

 

Wall Designs  
 

 There are many different wall designs 

proposed for energy efficiency. Our goal was 

to create a versatile program that was capable 

of testing a large range of walls, but we 

selected a few specific ones to try. Although 

solar gain is significant, especially in New 

Mexico, it requires radiation and the ability of 

glass to trap heat. This is more complex than 

we intended to make our program this year, 

so we did not choose any designs that were 

dependent on solar gain. We did want to try 

designs which take advantage of thermal 

swing, which we model on the outside 

boundary. This is also a good way to take 

advantage of the computer model, because it 

is hard to incorporate changing conditions in 

hand calculations.  
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  Our standard wall uses stucco, the foam sheathing, plywood, wooden studs, fiberglass 

insulation, and sheetrock (Figure 3). Stucco is common in building here in New Mexico. It 

consists of aggregate (sand, gravel, crushed stone or concrete), a binding material that works as a 

glue, and water. It is applied to the next layer, foam sheathing. The innermost layer sheetrock, 

which is a plaster, sometimes mixed with a fiber, and enclosed by heavy paper. Between the foam 

and sheetrock are wooden studs with fiberglass insulation. The studs are the framework and 

provide the structure of a building. The rest of the wall is built off the structure. However, there is 

a lot of heat loss through the studs because heat flows through the wood much more quickly than 

the insulation. The fiberglass insulation is meant to prevent the majority of the heat flow, and 

×ÏÒËÓ ÂÅÓÔ ×ÈÅÎ ÉÔȭÓ ÎÏÔ ÃÏÍÐÒÅÓÓed.  

 There are many ways to make a wall more energy efficient. One approach is to add more 

mass so the energy travels through the wall more slowly. The wall can become unreasonably large 

though, and one application of our program would be to experiment with effectively adding mass 

without adding too much extra space. The use of water is also very common, because it has a large 

heat capacity. Energy is stored up in the water and emitted later.  These are just a few possible 

design techniques that our program could be used to investigate. Since our goal was to make a 

ÐÒÏÇÒÁÍ ÃÁÐÁÂÌÅ ÏÆ ÔÅÓÔÉÎÇ ÔÈÅÓÅ ËÉÎÄÓ ÏÆ ×ÁÌÌÓȟ ×Å ÄÉÄÎȭÔ ÓÐÅÎÄ ÖÅÒÙ ÍÕÃÈ ÔÉÍÅ ÁÃÔÕÁÌÌÙ ×ÏÒËÉÎÇ 

with these designs. 
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Figure 4 Over -insulated foam walls  

Experimental Model 
Building   
 

 We built an experimental model to be used for validation of our code. Our model 

consisted of a standard wall (Figure 4) and over-insulated foam walls for all of the other sides of 

the box (Figure 5). This minimized the influence from the other sides of the box, making it 

possible to test just the standard wall. We chose to use a concrete wall board in the place of 

stucco because it was easier to handle 

and they have similar heat transfer 

properties (Cooling and Heating: Load 

Calculation Manual, 1979).  To build 

the wall, we started with a stud frame 

and screwed on the plywood and 

concrete board. Then we filled in the 

insulation and screwed the sheetrock 

into place. The foam walls were difficult 

to build because we did not want to use 

wood for a structure since it would not 

resist heat flow very well. We used a 

rigid foam for studs, with  a thicker piece of soft foam on the 

outside, thinner on the inside, and insulation between. We positioned the pieces and pushed in 

nails so everything would be aligned for us to glue them together. We built each side separately, 

and later put them together. Since the box is front heavy, we put weights in the back to stabilize 

it. We put the box in the shadiest spot that we could find. We did this because we wanted to 

reduce solar radiation as much as possible. After setting the box up, we 

wrapped all the sides except the front in i nsulation and plastic. This was 

done to further reduce the heat lost from the sides. 

Testing  
 

 After researching different thermometers, we found a USB 

data logger that can be plugged directly into the computer  (Figure 6).  

Figure 6 Data logger 
used in experimental 
model  

Figure 5 Experimental test wall  
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The time between samples, number of samples, etcetera can be set. We had created a rack to hold 

a light bulb and data logger inside of the box. The light bulb was put into the box to simulate the 

constant flow of energy in the model. We decided on using a 25 watt light bulb after learning 

from a dry run that a 40 watt bulb was bringing the box up over 100°F even with a very cold 

outside temperature. In between the light bulb and the data logger a piece of foil was placed to 

minimize radiation. The other data logger was taped onto a nearby window to take the outside 

temperature. In the first test the outside data logger was open to the elements; in the second test 

the data logger was wrapped in a plastic bag to reduce the influence of weather, such as wind, on 

the results. We were testing during late January and the very beginning1, so the temperatures were 

fairly cold, but the weather more mild  (no storms). Figure 7 shows the setup for our test, with the 

rack, the inside of the box, and the sides completely wrapped up and covered. 

 

Results  
 

 We downloaded the data onto the computer from the data loggers after each test, and 

plotted the inside and outside temperatures together (Figure 8 and Figure 9).The very beginning 

of the plots should be discounted because they show the starting conditions, which are atypical. 

These are things such as placing the data logger or taking it out , and the light bulb warming up . 

The effect of putting the outside data logger in a bag is very clear in the difference between the 

two plots. The wind influenced the temperature readings and caused spikes in the plot, while 

second test has a much smoother line. The thermal swing is evident for the outside graph in both 

tests and is still visible on the inside. The inside remained well above the outside temperature, 

occasionally getting too warm, at 80°F or more.  

                                                      
1
 Specifically, our first test ran from January 24 3:45 pm to January 27 7:53 pm and our second test from 
February 1 2:23 pm to February 4 9:02 am. 

Figure 7 Set up for experimental testing  
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Mathematical Model 
Heat Transfer  
  

 The flow of heat can be represented with three main equations (Kreith, Priciples of Heat 

Transfer, 1973), which make up the primary part of our mathematical model. Heat energy is 

transferred through conduction, convection, and radiation. Conduction is the movement of heat 

within  a substance or between substances with  a direct physical link. Energy is shifted from 

molecule to molecule. Because it does not require the molecules to move it occurs in all types of 

matter, including solids, and is found everywhere in our model. Convection is not strictly a type 

of heat transfer, but rather conduction combined with the movement of the molecules. Heat 

moves from a warm surface to and adjacent fluid or gas, which then rises. They lose heat to the 

colder molecules around them and sink back down, where they may be heated again, creating a 

circular flow. Convection occurs at the wall surfaces where it meets air. Radiation transfers heat 

without passing through all the molecules in a material. It travels in waves away from a warm 

body and is absorbed by objects it comes into contact with. The properties of each material were 

looked up in tables (Cooling and Heating: Load Calculation Manual, 1979) (Ashrae Handbook 

1977 Fundamentals, 1977). 

The rate of heat flow by conduction is equal to the product of the following values: 

 , the conductivity of the material  

 , the area through which heat is flowing, measured perpendicular to the direction of flow  

 , the temperature gradient, or difference in temperature with respect to the distance 

 and direction of heat flow 

Since heat will always flow from an area of higher temperature to an area of lower temperature, 

the heat flow should be positive when the temperature gradient is negative, and a negative sign is 

included accordingly. This is written as an equation as shown below. 

 

In general, convection may be approximated by: 
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where    = the convective heat transfer coefficient 

  = the area through which heat is flowing, measured perpendicularly  

  = the difference between the surface and air temperatures 

Convection is to just increase the rate of conduction, because that is its essential effect. 

The net rate of radiant heat transfer from one blackbody, or ideal radiator, into another is given 

by: 

 

where    (sigma) = the Stefan-Boltzmann constant which is equal to 0.1714 x 10-8 BTU/hr ft 2 R4 

  = the surface area 

  = the difference of the temperature of the emitting body to the fourth power 

 and the temperature of the receiving body to the fourth power 

In radiation, a blackbody is emits and absorbs the maximum amount of radiation at all 

wavelengths at any temperature. Real materials do not behave this way, and emit energy at a 

lower rate which is dependent on the properties of the surface. Radiation occurs both from the 

sun to the wall and from the wall into the night sky.  

 The equation of state shows the relationship between the temperature of a material and 

the energy that it contains. We use a fairly simple form of the equation, which is as follows: 

 

where    = energy 

  = constant volume specific heat, or the energy required to raise a unit of mass one 

degree 

  = the temperature of the material 

 Our problem involves only one conservation law, that of energy. There are no changes in 

density, mass, or momentum, so their conservation does not apply. Energy, however, is moved 

ÁÎÄ ÃÈÁÎÇÅÄ ÉÎ ÔÈÅ ÐÒÏÃÅÓÓ ÏÆ ÈÅÁÔ ÔÒÁÎÓÆÅÒȢ Ȱ4ÈÅ ÌÁ× ÏÆ ÃÏÎÓÅÒvation of energy states that energy 

can be neither created nor destroyed (Faires, 1970)Ȣȱ Since this heat transfer is not being applied 
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to a nuclear process, we may ignore the exception of the conversion of energy into mass or mass 

to energy. This law supports the equations: 

 

 

where   and   are the energy entering and leaving the system respectively 

  is change in the energy stored in the system 

  and  are the initial and final stored energy. 

This law holds true for all of the equations, and any violation indicates an error of some kind. 

Thermal Swing  
 

 We created a sinusoidal wave to be a 

general representation of the thermal swing of 

night and day. The outside boundary follows this 

wave and is a driving force in our program. We 

began with the equation for a general sine wave, 

which is shown as: 

 

A is the amplitude, or distance from the center line 

ʝ ɉÏÍÅÇÁɊ ÉÓ ÔÈÅ ÁÎÇÕÌÁÒ ÆÒÅÑÕÅÎÃÙȟ ÏÒ ÒÁÄÉÁÎÓ ÐÅÒ ÕÎÉÔ ÔÉÍÅ 

ʊ ɉÔÈÅÔÁɊ ÉÓ ÔÈÅ ÐÈÁÓÅȟ ÏÒ ÈÏÒÉÚÏÎÔÁÌ ÐÌÁÃÅÍÅÎÔ ÏÆ ÔÈÅ ×ÁÖÅ 

 With given minimum and maximum temperatures, the following formula can be used to create a 

sinusoidal wave. 

 

Where  and  are the minimum and maximum temperatures 

 and  represent the current time and the time of a peak 

 sets how often the peak occurs, 720 is the number of minutes between each peak 

Figure 10 Parts of a sine wave  
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Computational Model 
Alternating Direction Implicit  

 The alternating direction implicit method  

(Peaceman & Rachford, 1955) (ADI) has a major advantage 

over our previous explicit method: the ability to remain 

stable with any size time step. This, in turn, affects the 

number of iterations. Combined with less work per 

iteration, it results in much shorter run times for of longer  

test periods, such as weeks or months. An explicit method 

determines the heat transfer and finds the energy in the 

cell for the next time step using the slope of a line at the 

current time step. If the line has a steep slope, and the time step is too long, the value can become 

negative. The implicit method, however, solves this problem by using the slope from 

the next time step. This assures that the result will always be positive, and while the 

error may be larger, the program will not become unstable or crash. This is a 

particularly good method for our heat transfer problem because the changes are 

gradual and the additional error will be relatively small. 

The equation used to find the heat transfer through conduction is as follows: 

 

where  = the change in energy 

  = the change in time, or time step 

  = the area, height times depth (Figure 12) 

  = the conductivity 2 

                                                      
2
 Note that time is indicated in the superscript and space in the subscript throughout the equations in the 

computational method section. For example, n is the current time step, and n+1 the next time step. The 
indices are denoted bÙ É ÁÎÄ ÊȠ ÂÏÕÎÄÁÒÉÅÓ ÁÒÅ ȰÈÁÌÆ ÓÔÅÐÓȱȢ 

Figure 12 Cell 
dimensions and 
their variables  

time 
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m
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e
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T
n+1 

Figure 11 Implicit and 
explicit method line 
interpolations  
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 Since the ADI method uses multiple values from 

the next time step in its computation, and these values 

are unknown, a solver is used to solve for these values 

simultaneously. We are using a tridiagonal solver, which 

handles one row or column at a time, and uses the 

coefficients of , , , and . To find these 

coefficients we derive the equation into the form of: 

 

and find the value of each coefficient, which we then send to the solver: 

 

 

 

 

 The solver will return the solution, which is the temperature at i. In order to find the heat 

transfer through two dimensions, the solution of for each row is stored, and the flux from each 

column added. 

 Notice that  includes the term . This is a source term which adds energy directly to 

the cell. This can be used to represent radiation or a light bulb. 

  

Figure 13 Locations and indices of flux coefficients  
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Tridiagonal Solver  
 A tridiagonal solver (Tridiagonal Matrix Algorithm, 2008)  is used to solve tridiagonal 

systems of equations which may be written as3: 

 

or in matrix form, it is written as:  

 

 This three diagonals formed by the  ȭÓȟ ȭÓȟ ÁÎÄȭÓ ÁÒÅ ×ÈÁÔ ÇÉÖÅÓ the solver and equations 

ÔÈÅ ȰÔÒÉÄÉÁÇÏÎÁÌȱ ÐÁÒÔ ÏÆ ÔÈÅir name. 4ÈÅ ÄÉÁÇÏÎÁÌ ÐÁÔÔÅÒÎ ÉÓ Á ÒÅÓÕÌÔ ÏÆ Á ÃÅÌÌȭÓ ÔÅÍÐÅÒÁÔÕÒÅ being 

dependent on only itself, and the fluxes of its boundaries.  and  are not shown because they 

ÁÒÅ ÅÑÕÁÌ ÔÏ ÚÅÒÏ ÁÎÄ ÄÏ ÎÏÔ ÁÆÆÅÃÔ ÔÈÅ ÃÅÌÌȭÓ ÅÎÅÒÇÙȢ 

 The first two equations complete a forward sweep which eliminates the ȭÓ; the second 

two perform back substitution, leaving  as the solution 4. 

 

 

 

 

 

                                                      
3
 a1 and cn must equal zero. No energy enters through the boundaries of the mesh, so this is true. 

4
 The solution can be obtained in O(n) operations rather than the O(n

3
) used for Gaussian elimination 
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Figure 14 State variable and flux 
of cell with indices  

Explicit  Finite Difference  
 
 We used an explicit central finite difference method in 

our code last year. This method also uses cells, and determines 

the energy in the cell in the next time step by using the flux at 

the boundaries. The values used in the calculation are from the 

current time step, which is what makes it, as stated, an explicit 

method. The energy of a cell in the next time step is equal to its 

current energy plus the flux energy entering and leaving on the right, 

left, bottom, and top boundaries. The mathematical equation for this is as shown below: 

 

where  = the state variable, energy 

  = the time step 

  and  = the width and height of a cell 

  = the flux 

The term  is simplified, as result of cancelled units: 

 

Energy is added or subtracted from the state variable value, depending on this flux. In our 

implementation of this method, we were first order in time and second order in space, which 

means we find the flux once every time step, and in two directions.  

 

Boundary Conditions  

 
 The explicit and implicit methods also have different boundaries and boundary 

conditions. The explicit method uses ghost cells, a row of cells around the actual mesh. We give 

these special conditions. The top and bottom boundaries simply reflect the energy to ensure no 

energy is lost or gained through them. The inside boundary is maintained at 70°F, and the energy 

needed to maintain it is calculated. The outside boundary follows the sinusoidal wave for a given 
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maximum and minimum temperature. These side boundaries are also the driving force of the 

model; they provide a continual change in temperature to drive the heat transfer and prevent all 

the cells from reaching equilibrium. 

 The implicit method does not work the same way, and does not have any ghost cells. The 

cells farthest to the left are set to the outside temperature every iteration. The top, bottom, and 

right cells have no fluctuation on any boundary that is on the edge of the mesh. Heat is provided 

as a constant energy input through source cells, which are interactively set. 

 

Assumptions  
 

 When creating the computer model, we made several assumptions that may not 

accurately emulate the real world. These can cause the output from our program to differ from 

actuality. There are limitations to what our program is capable of if it not capable of taking into 

account certain conditions. Although we added the option of reading data from a file to control 

the outside temperature, the alternative of the sinusoidal wave is a limitation. We assume a 

regular wave that has a maximum at noon and a minimum at midnight, and our approximation is 

ÁÃÃÅÐÔÁÂÌÅȟ ÂÕÔ ÄÉÆÆÅÒÓ ÆÒÏÍ ÏÕÒ ÒÅÁÌ ÄÁÔÁ ÂÙ Á ÌÁÒÇÅ ÍÁÒÇÉÎȢ 7Å ÄÉÄÎȭÔ ÈÁÖÅ ÔÉÍÅ ÔÏ ÁÄÄ ÒÁÄÉÁÔÉÏÎ 

to our model, and this causes considerable solar gain and night radiation from the wall to be 

ignored. Also, two dimensions restrict the program from things that require the third dimension. 

Some examples are convection, which really moves in 3-D space, and walls, which have different 

layers. SiÍÉÌÁÒÌÙȟ ×Å ÄÏÎȭÔ ÔÁËÅ ÉÎÔÏ ÁÃÃÏÕÎÔ ÁÉÒ ÌÅÁËÓ ÁÎÄ ÉÍÐÅÒÆÅÃÔÉÏÎÓ ÉÎ ÔÈÅ ÂÕÉÌÄÉÎÇ ÁÎÄ 

materials. Along with our sinusoidal wave, we estimate our convection and do not include 

weather. Realistically, the temperature, weather, and wind vary from day to day and are irregular. 

Assumption/Limitation  Description  

Sinusoidal wave  !ÄÅÑÕÁÔÅ ÁÐÐÒÏØÉÍÁÔÉÏÎȟ ÂÕÔ ÄÏÅÓÎȭÔ ÇÉÖÅ  ÖÅÒÙ ÁÃÃÕÒÁÔÅ ÍÏÄÅÌ ÏÆ 
thermal swing 

Radiation  2ÁÄÉÁÔÉÏÎ ×ÁÓÎȭÔ ÁÄÄÅÄ ÉÎȟ ÓÏ ÓÏÌÁÒ ÇÁÉÎ ÉÓ ÉÇÎÏÒÅÄ 

2-D Not as important to our model, but some properties of a wall or 
actions need three dimensions 

Uniform materials  7ÏÎȭÔ ÔÁËÅ ÉÎÔÏ ÁÃÃÏÕÎÔ ÉÍÐÅÒÆÅÃÔÉÏÎÓ ÓÕÃÈ ÁÓ ÁÉÒ ÌÅÁËÁÇÅȟ  ÆÁÕÌÔÙ 
building, etc. 

Convection estimated  Convection acts as an constant increase in conductivity of air, rather 
than irregular wind  

No weather  Weather has a huge influence on the outside conditions, and these 
affect the heat transfer 

Figure 15 Description of assumptions and limitations in the program  
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Code 
Program  
 
 We are using our code from last year, which was written off of the structure of the shallow 

water simulation code WAVE (Robey B. , 2007). The language we are using is C. We also 

borrowed code for our tridiagonal solver (Tridiagonal Matrix Algorithm, 2008) , and for the 

interactive keys (Robey, Holland, Jacobs, & Shlachter, 2008) and integrated it into the rest of our 

program. For the graphics, we used the MPE library (Multi -Processing Environment) (Web Pages 

for MPI and MPE, 2004). Since WAVE was parallelized, there are still MPI (Message Passing 

Interface) calls in the code, but they have not been updated or run. Our code consists of a ȰÍÁÉÎȱ 

file, a header, a display file with all of the display subroutines, and a file with the tridiagonal solver 

subroutine. In t otal, it is about 830 lines. 

 We were fortunate not to have to do too excessive debugging. We did, however, make 

extensive changes to our code and several bugs were caused by pieces of the code that were no 

longer valid. There were also some problems with the conduction after we wrote it with the 

implicit method.  

 

Computation  
 
 In our  code, the iteration loop calculates the heat transfer through all the cells for one 

time step. The structure of this loop is illustrated in Figure 16. In the first pass, we find the heat 

flow in the x and y directions.  Both use the tridiagonal solver subroutine, and calculate the 

ÃÏÅÆÆÉÃÉÅÎÔÓ ÕÓÉÎÇ ÔÈÅ ÓÁÍÅ ȬÏÌÄȭ ÁÒÒÁÙ ÏÆ ÔÅÍÐÅÒÁÔÕÒÅÓȢ When calculating the coefficients we take 

advantage of  being equal to  and set the   array using the  array. 4ÈÅ ȬÎÅ×ȭ ÔÅÍÐÅÒÁÔÕÒÅÓ 

are ÓÔÏÒÅÄ ÉÎ Á ÓÅÐÁÒÁÔÅ ÁÒÒÁÙȢ )Î ÔÈÅ ÓÅÃÏÎÄ ÐÁÓÓ ×Å ÕÐÄÁÔÅ ÔÈÅ ȬÏÌÄȭ ÔÅÍÐÅÒÁÔÕÒÅ ÁÒÒÁÙȢ !ÌÓÏ ÉÎ 

the second pass, the display is called only called every set number of iterations. 
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Figure 16 Flowchart of iteration loop  
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Interactive  
 

  We revised the program to take key input to 

initialize the matrix. The cells are all set to a default 

outside air, and cells under the cursor in the graphics 

window are changed to other materials by pressing a 

corresponding key. This allows cell size, number, and 

wall type to be easily changed, quickly and more easily 

than by changing the code itself. 

 There are other inputs besides those used to set 

ÃÅÌÌ ÍÁÔÅÒÉÁÌÓȢ 4ÈÅ ȬØȭ ËÅÙ ÅØÅÃÕÔÅÓ ÔÈÅ ÒÅÓÔ ÏÆ ÔÈÅ 

program when it is pressed, and starts the heat transfer 

ÓÉÍÕÌÁÔÉÏÎ ÔÈÒÏÕÇÈ ÔÈÅ ×ÁÌÌȢ 4ÈÅ ȬÌȭ ËÅÙ ÉÓ ÕÓÅÄ ÔÏ ÓÅÔ a source cell, where a yellow X will be 

ÄÒÁ×ÎȢ /ÎÃÅ Á ÃÅÌÌ ÉÓ ÁÓÓÉÇÎÅÄ ÁÓ Á ÓÏÕÒÃÅ ÃÅÌÌȟ ÉÔ ÃÁÎÎÏÔ ÂÅ ÃÈÁÎÇÅÄ ÂÁÃË ÔÏ ÎÏÒÍÁÌȢ 4ÈÅ ȬÈȭ ËÅÙ 

records the indices of the cell. When the program is run, the temperature of that cell will be 

written to a history f ile. Pressing it again will reset the indices. 4ÈÅ ȬÒȭ ËÅÙ ÒÅÃÏÒÄÓ ÔÈÅ ×ÁÌÌ 

materials in a save file, and ȬÄȭ ÄÒÁ×Ó ÔÈÅ ÍÏÓÔ ÒÅÃÅÎÔÌÙ ÓÁÖÅÄ ×ÁÌÌ ÁÎÄ ÓÅÔÓ ÁÌÌ ÔÈÅ ÍÁÔÅÒÉÁÌÓȢ  

Graphics  
 
 We spent a fair amount of time on the graphics. We wanted the display to be fairly easy to 

understand, and a visualization of the results. We also added an instruction window to 

guide a user through the steps of drawing a wall, and also to make the commands for each 

key more accessible (Figure 17). 

 The majority of the window shows the mesh of cells, colored to represent their 

current temperature. On the right side of the screen we print a scale of the colors and the 

temperature they correspond to (Figure 18). Below the scale is an updated 

printout of the present time in the simulation and the outside 

temperature on either a sun or moon (Figure 19). We thought that 

this was a good way signify to people what is happening. For example, 

it should be fairly clear that if there is blue in the window, and 

there is a moon, that it is a cold night. 

Figure 19 Sun/moon clock 
and outside temperature 
from display  

Figure 18 Temperature 
scale from display window  

Figure 17 Instruction window from 
program display  
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Results 
 Verification  
 

 Ȱȭ6ÅÒÉÆÉÃÁÔÉÏÎȭ ΄ ÓÏÌÖÉÎÇ ÔÈÅ ÅÑÕÁÔÉÏÎÓ ÒÉÇÈÔ (Roache, 1988)Ȣȱ Verification is proving the 

program solves the equations correctly, and with minimal mathematical error.  As part of 

verification, we solved a problem by hand to show that the conduction works properly, and 

compared the outputs of different time steps and cell sizes. 

  We invented a small test problem to do by hand and used print statements to follow the 

values through each section of code. The input is a 1-by-3 mesh of wood and insulation at 60°F, 

65°F, and 70°F (Figure 20). To begin, we found the values of 

each of the coefficients using the properties of the materials 

(Figure 21). They are listed below in the order they were 

calculated: 

 

 =  
 =  
 =  
 =  
 =  
 =  
 =  
 =  
 =  
 =  
 =  
 =  

 

 After this single time step, the temperatures are: , 65, and 69.994486 

respectively5. Our hand calculated values matched with those output from the program, with the 

exception of small discrepancies caused by round off errors. We set the same problem vertically to 

check the program in the y direction and found the same results. 

 

                                                      
5
 Note that these have the same sum as the original temperatures, and therefore can be shown to follow the 

Law of Conservation of Energy. 

 Wood  Insulation  

Conductivity  0.8 0.009636 
Density    32 0.85 
Specific Heat  0.33 0.2 

Figure 21 Table of wood and insulation properties   =  
 =  
 =  
 =  
 =  
 =  
 =  
 =  

Wood 

60°F 

 

Insul. 

65°F 

 

Wood 

70°F 

 
Figure 20 Test problem used 
in verific ation of the code  




