
ELECTRICAL MODELING OF HEAT
TRANSFER IN CONCRETE SLAB FLOORS.

Item Type text; Thesis-Reproduction (electronic)

Authors Blank, Rick Lee.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:40:48

Link to Item http://hdl.handle.net/10150/274973

http://hdl.handle.net/10150/274973


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Micrctfilms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 48106 





1322350 

BLANK, RICK LEE 

ELECTRICAL MODELING OF HEAT TRANSFER IN CONCRETE SLAB FLOORS 

THE UNIVERSITY OF ARIZONA M.S. 1983 

University 
Microfilms 

International 300 N. Zeeb Road, Ann Arbor, MI 48106 





ELECTRICAL MODELING OF HEAT 

TRANSFER IN CONCRETE SLAB FLOORS 

by 

Rick Lee Blank 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF ELECTRICAL ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 8 3 



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of re
quirements for an advanced degree at the University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his judg
ment the proposed use of the material is in the interests of scholar
ship. In all other instances, however, permission must be obtained from 
the author. 

SIGNED: 

APPROVED BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

.— . • L  .' -7 ' fc \ p i  r  v 
' 7 ' "Johnf A. Reagan/" 
Professor of Electrical Engineering 



ACKNOWLEDGMENTS 

The author wishes to express his deepest appreciation to Dr. 

John Peck for his guidance and inspiration throughout the term of this 

research. 

He wishes also to thank Dr. John Reagan and George Mignon for 

their technical assistance. 

i i i 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS v 

LIST OF TABLES vi 

CHAPTER 

1. INTRODUCTION 1 

2. AN ELECTRICAL ANALOG 3 

Steady State Problems 3 
Transient Problems 4 

3. THERMAL PROPERTIES OF SOILS 7 

Soil Diffusivity Estimates 7 
Steady State Deep Earth Temperatures 10 

4. ONE DIMENSIONAL MODELING 12 

5. TWO DIMENSIONAL MODELING 18 

Exterior Surface Node Heat Balance 21 
Insolation 21 
Convective Heat Transfer 23 
Radiative Heat Transfer 23 
Interior Surface Node Heat Balance 25 

Earth Node Heat Balance 25 
Time Step of the Finite Difference Solution 25 
Node Spacing.. 26 
Results 26 

6. CONCLUSIONS 37 

Suggested Further Studies 37 

APPENDIX: SOLAR SHADING PROGRAM 39 

LIST OF REFERENCES 45 

iv 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Steady-state thermal electrical analog 3 

2. Transient thermal electrical analog 5 

3. Lag time between surface and a reference depth 8 

4. One dimensional earth probe model 13 

5. Earth probe surface temperature 15 

6. Earth probe temperature vs. SPICE model at 1 ft 16 

7. Earth probe temperature vs. SPICE model at 2 ft 16 

8. Earth probe temperature vs. SPICE model at 4 ft 17 

9. Earth probe temperature vs. SPICE model at 7.5 ft 17 

10. Two dimensional earth and slab model 20 

11. Surface node modeling 21 

12. Slab edge and bottom losses 27 

13. Slab with attached earth berm 28 

v 



LIST OF TABLES 

Table Page 

1. Soil Thermal Properties 10 

2. Slab Edge and Lower Slab Loss - Carpeted Floor 30 

3. Slab Edge Loss Only - Carpeted Floor 31 

4. Slab Edge and Lower Slab Loss - Exposed Floor . 32 

5. Slab Edge and Lower Slab Loss - Insulated Edge 33 

6. Slab Edge and Lower Slab Loss - Bermed Edge 34 

7. Annual Benefit of a Bermed Slab Edge vs. 
an Exposed Slab Edge - Carpeted Floor 35 

8. ASHRAE Method vs SPICE Model in Determining Total 
Heat Gain/Loss of an Example House 36 

vi 



ABSTRACT 

The thermal interactions between a concrete slab floor and the 

earth were analyzed using the electrical network analysis program, 

SPICE, to solve the two-dimensional heat transfer model of the analysis. 

Total floor heat losses (gains) were calculated monthly, for the 

desert climate of Tucson, Arizona, and compared to a method given in 

ASHRAE Fundamentals Handbook 1981. Also compared are the following 

cases: with and without carpeted floors, insulated slab edges, 

bermed slab edges, and major wall azimuth variations. 

vii 



CHAPTER 1 

INTRODUCTION 

Predicting heating and cooling loads is important when assessing 

the energy performance of a building. Generally, heat flow through low 

mass walls and the roof of a structure are easily calculated using 

simple one-dimensional, steady-state equations. 

Unfortunately, heat transfer through concrete slab floors is not 

so easily handled. Due to the thermal capacitance of the concrete and 

the earth, steady-state conditions cannot be assumed, since heat flow 

through the slab surface depends on weather conditions experienced 

months earlier. Also, the minimum problem is two-dimensional, since 

heat losses through the slab travel down, out and up through the earth, 

or down and out the slab edge. 

In many analyses, heat losses through the lower slab surface are 

considered to be negligible and only edge losses are determined. One 

important objective of this research is to check the validity of such an 

assumption. This will be accomplished by develop-ing a two-dimensional 

model of the interaction between the slab, earth, and ambient air of a 

desert soil and the climate of Tucson. Solar gain, radiative losses, 

convective losses, and the wall azimuth, all play a key role in the 

system; so they also must be included. 

1 
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It has been well documented (Kreith 1973, pp. 139-48) that an 

electrical analog for heat transfer can be developed, whereby tempera

tures and heat flows are represented as voltages and electrical 

currents, respectively. Analytical techniques, using the electrical 

network program, SPICE, have been successfully used to analyze models of 

transient heat transfer in the earth (Bircher 1981, pp. 332-36) in the 

past. Therefore, SPICE was also chosen as the solution method for the 

concrete floor model. 

Any degree of detail and size can be modeled using SPICE, pro

vided enough dynamic memory is allocated for the task. Even three-

dimensional analysis is possible, but in order to keep the model manage

able, a restriction of two-dimensions is made. Approximately 250 nodes 

and 800 passive elements are required in this analysis. 

Several cases are analyzed, each with a slight modification - a 

modification which could have an impact on heat loss results. For ex

ample, cases incorporating carpeted versus non-carpeted floors, insu

lated versus non-insulated slab edges and an earth berm case are 

analyzed to determine their relative effects. 

All of these results are finally compared to the simplistic 

ASHRAE (1981, pp. 23.6-.7) method for calculating floor losses using 

only interior and exterior temperatures. 



CHAPTER 2 

AN ELECTRICAL ANALOG 

Steady state and transient heat transfer problems can be modeled 

using electrical networks as described by Kreith (1973). These networks 

can be solved using the computer program SPICE, which uses a finite 

difference solution technique. In this chapter a very brief and basic 

discussion of electrical analogs is presented for those unfamiliar with 

the subject. 

Steady State Problems 

Steady state, one-dimensional thermal problems are solved using 

a formula analogous to Ohm's Law for electrical circuits (see Figure 1). 

NODE NODE 

AA/V 
A X 

Figure 1. Steady-State Thermal Electrical Analog 
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Ohms Law - Electrical Thermal 

Where: 

I = 

V Voltage 

Resistance 

I Current 

Q =  ^  

and T Temperature (°F) 

h °F 
Thermal Resistance 

Q Heat Flow rate (Btuh) 

To calculate the thermal resistance Formula 1 is used. 

R, AX 
th kA 

Ax = Distance between nodes (ft) 

(1) 

Btu k = Thermal conductivity of medium ^ pp) 
o 

A - Cross-sectional area (ft ) 

Transient Problems 

Problems in which either periodic or transient driving forces 

are applied have a response similar to RC electrical filter circuits. 

Thermal capacitance elements are added to the model and are incorporated 

into the one-dimensional case as shown in Figure 2. 
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NODE 
1 

—•—— 

NODE 
2 

J^WV 
I 
I 
I 
I 
tJ> AX1-2 
' 2 

-A/Mr 

I 

I 
I 

AX2-3 , 

I 

NODE 
3 
AW— 

AX 

Figure 2. Transient Thermal Electrical Analog 

C = C p Ax A 
P 

( 2 )  

where: 
Btu 

C = Thermal capacitance (-^p— ) 

Btu 
C = Specific heat of medium (jbfjpyp) 

Density of medium ( ^ ) 
ftd 

A = Cross-sectional area (rf) 

AX 
AX = 1-2 

AX 
2-3 (ft) (3) 



Distance between node 1 and 2 

6 

3 = Distance between node 2 and 3 

For information on boundary nodes, two or more dimensions, and 

irregular grid spacings, the reader is directed to a very good text 

(Croft and Li 1 ley, 1977) explaining these subjects in detail. The 

Outline of Heat Transfer (Schaum's 1977) contains a good general review 

of this topic. 



CHAPTER 3 

THERMAL PROPERTIES OF SOILS 

Setting up models of heat transfer in the earth requires an 

estimate of the thermal properties of the soil (i.e., thermal diffu-

sivity, conductance, specific heat, and soil density). There are pit

falls in estimating these values directly from tables, as some papers 

suggest (Labs 1979), without access to actual empirical data. The 

homogeneity of soils at a site can also affect the results signifi

cantly. The following section describes one method for determining soil 

properties using actual earth temperatures at selected depths. 

Soil Diffusivity Estimates 

The University of Arizona's Environmental Research Laboratory 

(ERL) has an earth temperature probe network with which data has been 

collected for over one full year. Temperature sensors are located at 

the surface and at depths of one, two, four, and lh feet. Using an 

equation from Labs (1979, p. 47) thermal properties may be derived from 

the surface temperature and the temperature at 7% feet. Average monthly 

temperatures are calculated and then plotted graphically as shown in 

Figure 3. 

1. The author originally took diffusivity values from tables, 
but later found that they deviated from actual values by up to a factor 
of ten. 

7 
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S 
3 
s 

Reference, 
«*, Depth (7.5ft) 

LT 

Surface 

Time 

Figure 3. Lag time between surface and a reference depth 

x 1 365 ^ 

a = Diffusivity of the soil (ft^/day) 

LT = Lag time (days) between two reference points 

(maxima in this case) 

X Distance between the two sensors (ft) 



Homogeneous soil is assumed when using Equation (4). The thermal 

diffusivity is defined by: 

9 

a relationship which comes from the Fourier equation (no internal energy 

conversion). 

From Figure 3 a lag time of approximately 45 days is noted with a depth 

difference of 7.5 feet. Therefore, using Equation 4, an approximate 

diffusivity of .807 ft /day is predicted for the soil located at ERL. 

Once the diffusivity is calculated, other thermal properties are 

easily calculated using values from Table 1 (Labs 1979, p. 47) which 

lists several soil types. Interestingly, the thermal characteristics of 

a soil with a diffusivity of .807 is similar to that of dense concrete. 

Assuming a soil density of 150 lb/ft and a specific heat of approxi

mately 0.2 Btu/lb°F, the termal conductance of the soil is calculated as 

follows: 

k = a * p * Cp 

k a (.807 ft2) ( 1 day ) (150 lb ) (0.2 Btu) 
"day 24~Ti" ft3 WT 

k = 1.01 Btu 
h ft °F 
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The thermal properties indicated in this section are only 

estimates. They will be verified and refined by an independent solution 

method presented in Chapter 4. 

Table 1. Thermal Properties of Rock, Soils and Concrete 

Material 
Description 

P 
Density 
(lb/ft3) 

Spec?fic 
Heat 

(Btu/lb-F) 

k 
Thermal 

Conductivity 
(Btu/h-ft-F) 

a 
Thermal 

Diffusivity 
(ft2/day) 

Wet soil 117 0.30 1.4 0.96 

Average rock 175 0.20 1.4 0.96 

Dense concrete 150 0.20 1.0 0.79 

Heavy soil, damp 131 0.23 0.75 0.60 

Heavy soil, dry 125 0.20 0.50 0.48 

Light soil, damp 100 0.25 0.50 0.48 

Light soil, dry 90 0.20 0.20 0.26 

Steady State Deep Earth Temperature 

In Chapter 4 earth modeling will require knowledge of the depth 

where temperatures are effectively steady state. Again from Labs (1979, 

p. 48), Equation 5 is given which, after simplification and rearrange

ment, may be put in the useful form. 



Decrement factor 

= Temperature swing (annual) at depth d 

A = Temperature swing (annual) at the surface 
0 (± 20°F Tucson) 

d = Reference depth 

Ad 

When -r- is set to 0.05, 95% of the temperature fluctuations 
o 

present at the surface are damped at depth d. This represents a tem

perature swing of ± 1°F, and within acceptable limits may be considered 

steady state. 

Solving Equation (5) for d yields 

d = - In (0.05) (6) 

( —5[ )h 

365 (a) 

and for a = .8 ; d = 29 ft. 

Therefore, the earth temperature at a depth of 29 feet can be considered 

constant for a soil diffusivity of 0.8 ft /day and Tucson's climate 

conditions. 



CHAPTER 4 

ONE DIMENSIONAL MODELING 

A one-dimensional model is developed to verify the estimate of 

the soil diffusivity calculated in Chapter 3. This task can be accom

plished by curve fitting the empirical data from the temperature probe, 

described in the previous section, to SPICE generated results. If model 

temperatures track the empirical temperatures at the various sensor 

depths, the validation can be considered complete. The diffusivity of 

the soil can then be calculated. 

As with most problems where initial values must be estimated, a 

certain amount of trial and error is expected before refinement is 

achieved. Several SPICE runs must be made with the thermal conductance 

and specific heat adjusted either up or down in order to converge on the 

correct temperature values. Fortunately, the thermal capacitance of dry 

soils is not a strong function of their material. The thermal capaci

tance can be accurately estimated, and the soil resistivity calculated, 

using methods similar to those employed by Balcomb (1980, pp. 136-40) 

for concrete. This greatly reduces the number of nodes needed for 

convergence. 

Figure 4 illustrates the one dimensional model used to simulate 

the earth probe. Node spacing was determined through trial and error. 

The effect of doubling the number of nodes changes the resultant 

12 



Depth (ft) 

°T 

0.5.. 

1.0.. 

1.5.. 

2.0.. 

2.5.. 

3.0.. 
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6.0.. 

7.0.. 

7.5.. 

8.0.. 

10.0.. 

12.0.. 

29.0. _ 

SURFACE 
TEMPERATURE 
(TSUR) 

R2 

R3 

R4 

R5 

Re 

R7 

RA 

Re 
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R11 

RL2 

R13 

R14 

DEEP EARTH 
TEMPERATURE 
(TDE) 

lt—1 C 4 V 

Hf 
Cs 

Cft 

Hf 
C7 

H(-
C8 

c» 
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-|<-
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Hf-
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1 
1, 

1 
1 

V 

1, 

Figure 4. One-dimensional earth probe model 
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temperatures by onl one-tenth of a degree Farenheit. Homogeneous soil 

is assumed. Monthly average empirical data is used for the surface 

temperature (T$ur). The deep earth temperature (T^ ) is at a depth of 29 

feet, as calculated earlier, and is set to the average annual ambient 

temperature for Tucson of 72°F (Osborn and Huddy 1982). Temperatures 

between these two points are printed as average monthly values, but are 

actually calculated by SPICE using a time step of approximately one 

week. 

Two years are allowed for all earth nodes to reach stability in 

running SPICE. A final third year is run,to print the monthly values. 

2 Results of the SPICE model and empirical data are shown graphically 

in Figures 5 through 9. These graphs represent a SPICE model with 

thermal properties of: 

CD = 0.200 Btu (assumed) 
P IFF 

k = 1.06 Btu (best fit) 
h ft 

2 
a = 0.850 ft (based on CD and k listed above) 

3ay p 

Figure 9, the temperature at 7.5 feet was used to calculate these ther

mal properties. Maximum deviation of the SPICE values from emperical 

data at this depth is ±2°F, within the tolerance of the thermocouples 

used. The sum of the squares (a ) was calculated to give the best fit. 

A thermal conductance of 1.06 is within ±2.5% of the true value. Note 

2. Weather data tapes 1982-83, Environmental Research Lab, 
University of Arizona. 
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that a maximum variance of 3°F occurs in January at a depth of two feet. 

It was later revealed that the top two feet of soil at ERL was fill 

dirt. The assumption of homogeneity is most likely invalid and perhaps 

can account for this error. 

Temp°F 

90 

80 

70 

60 

50 
* 
J J A S O N D J F M A M  M o n t h  

Figure 5. Earth probe surface temperature (emperical data) 
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EMPIRCAL 
SPICE 

80 

70 

60 

50 
+ t 
J  J  A S O N D J  F M A M  M o n t h  

Figure 6. Earth probe temperature vs. SPICE model at 1 ft 

EMPIRICAL 
SPICE 

Figure 7. Earth probe temperature vs. SPICE model at 2 ft. 
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Temp°F 

90 * -

80-

70" 

6 0 " '  

S O  

_ EMPIRICAL 
SPICE 

—k 1 i 1 i > i —t i i t r 
J J A S O N D J F M A M  M o n t h  

Figure 8. Earth probe temperature vs. SPICE model at 4 ft. 

Temp °F 

90 "I* EMPIRICAL 
SPICE 

80-

70 •• 

60-1 

50- • 
> I 1 1 f 1 1 1 1 1 1 f 
J J A S O N D J  F M A M  M o n t h  

Figure 9. Earth probe temperature vs. SPICE model at 7.5 ft. 



CHAPTER 5 

TWO DIMENSIONAL MODELING 

Modeling building earth contact and edge losses, for the ERL 

soil and Tucson climates, requires a two-dimensional thermal network 

with approximately 250 nodes and 800 passive elements. This allows heat 

transfer to and from the earth to be distinguished from heat losses 

from the slab edge. The entire system takes into account the 

interaction between the slab, earth, ambient air, solar gain, and 

shading effects. Of the 250 nodes modeled (see Figure 10), there are 

three fundamental node types: 

1) Exterior surface nodes - nodes on a convective boundary 

2) Interior surface nodes - also nodes on a convective boundary 

3) Earth (and slab) nodes - conduction only. 

Each node type is discussed in detail later in this chapter. 

Boundaries shown in Figure 10 are located ten feet into the 

building interior, out six feet from the building, and 29 feet into the 

earth. It was determined that floor losses beyond ten feet were negli

gible and the earth temperature profile out six feet from the building 

were equivalent to open field temperatures (i.e., the earth temperatures 

at.a distance greater than six feet are not influenced by the slab). As 

determined from previous calculations, the depth of an effective con

stant deep earth temperature is 29 feet accounting for this boundary. 

18 
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The assumptions in the analytical model, which are conservative, 

are: 

1) No vegetation or other ground cover on the soil; 

2) No overhang on the roof; 

3) Low mass but well insulated walls to decouple them from 

the slab floor; 

4) Homogeneous soil; 

5) Soil moisture effects are not accounted for; 

6) The interior temperature was set to a constant 72°F; 

7) The soil diffusivity is the value determined for the 

ERL site (a = .85); 

8) Earth temperature at a depth of 29 feet is constant; and 

9) Soil properties under the slab are the same as those 

adjacent to the home. 



0 INTERIOR SURFACE 
X EXTERIOR SURFACE 
• EARTH NODE 

4  i - . :  • -  t j f r ,  v-f.-.f-" t  •  *'• • •.v, • »•?; ;?> ;•> S-/':  • , €"'••••.: -=» • * .  * •  • 
 ̂  ̂" ••• . •  ̂ • A.  ̂ - ' . • •• < j. _ 

1' . 

2' . 

3' „ 

4' . 

5' . 

TIN (72°F) 

CONCRETE SLAB 
\ 

TOUT 

EXTERIOR WALL 

EARTH SURFACE 

;> » . r-̂ -K—*—ft—*-

I 

' ' I  

. . I  

I 

" 1  

* • • • 

• • # « 

• » • 

• e * I 

I • • • 

• • t * • « • 

Figure 10. Two-dimensional earth and slab model 
ro 
o 
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Exterior Surface Node Heat Balance 

Surface nodes have several modes of heat transfer. Insolation 

(including shading effects), sky radiation, convection, and conduction 

were considered in the thermal balance equation for the surface nodes 

(see Figure 11). These values were either taken from tables or cal

culated as shown later in this section. Verification followed these 

calculations by running a SPICE model and comparing the SPICE generated 

surface temperature with the emperical data shown in Figure 5. All data 

points were found to be within ±%°F. 

Insolation 

Insolation entering a surface node is dependent on two factors: 

the absorbitivity of the surface, and the total shading time of the 

Turn 

RCONV 

RCOMD RCOND 

RCOND 

TSKY 

EARTH 
SURFACE 

Figure 11. Surface node modeling 
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node. A surface node is defined as a node at a depth below the surface 

that approaches zero. 

The solar absorbtance of ERL soil was first estimated from 

tables and then verified by field tests. An absorbtance of 75 percent 

was determined from the text. 

Shading of a surface node is dependent upon several variables 

which are given as follows: 

1) solar azimuth; 

2) solar altitude; 

3) distance of the node from the structure; 

4) wall azimuth (i.e., south, east, etc.); 

5) surface orientation (i.e., vertical, horizontal); and 

6) building wall height. 

The shading factors for each surface node were calculated in a separate 

program. Computations were made for an average day for each month; the 

shading of each node was determined hourly. If the node was shaded, a 

diffuse solar value was tabulated for the hour. Otherwise, an hourly 

total horizontal (or vertical) value was used. A daily total insolation 

value, representative of a particular month, was obtained by summing all 

hourly values between sunrise and sunset. 

Values for every node out to six feet from the structure were 

calculated for wall azimuths of north, south, and east. East and west 

nodes were considered identical, due to symmetry. Total horizontal and 

vertical insolation values were taken from Osborn and Huddy (1982, p. 15). 



23 

Additional information about the shading program may be found in the 

Appendix. 

Convective Heat Transfer 

Convective heat transfer coefficients were derived from an 

equation in Hutchinson (1962, pp. 108-9). For a rough surface most 

closely matching the soil texture under investigation, the heat transfer 

coefficient is equal to: 

V" = Wind velocity (mph) 

Equations for other surface textures are also given. Monthly average 

ambient temperatures and wind velocities for Tucson are taken from 

Reagan (1978). 

Radiative Heat Transfer 

Average monthly sky temperatures are dependent on the ambient 

temperature and dew point (Duffie and Beckman 1980, p. 123). 

h = 1.4 + 0.5 V" (Btu/h °F) 
w 

(7) 

where 

[0.8 + Td p-273 f2  (°K) (8) 

250 

Average dew points were calculated from Reagan (1978). 
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The radiative heat transfer coefficient (h ) must be linearized 
r 

to be modeled in a linear system solution program such as SPICE. The 

linearized equation (Howell, Bannerot, and Vliet 1982, p. 331) is: 

hr Fl-sky e°(T2
2  +  V>  ^  •  V  

Z = Emissivity of the soil 

a = Stefan-Boltzmann constant 

T2 " Tsky 

Tj = Surface temperature 

Fl-sky E View factor = Cos2 * HH 

3 = View angle (180° for an open field and 90° adjacent 
to the house) 

R , = 1 Thermal resistivity 
raa —r— 

r 

Desert soil has an emissivity of about 0.90 (Kreith and Kreider 1979, p. 

699). 

Solving this equation is complicated by the interdependence 

between hr and the surface temperature. Thus one cannot be found 

without knowing the other. However, by initially selecting a surface 

temperature equal to the ambient temperature, convergence is achieved 

through iteration. 
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Interior Surface Node Heat Balance 

Interior surface nodes are modeled similar to exterior surface 

nodes (see Figure 11), except the solar gain and radiative paths are 

neglected. Also, T ^ is set to a constant 72°F to reflect a constant 

interior temperature. 

Earth Node Heat Balance 

Earth nodes, other than those on the surface, have four heat 

transfer paths. These paths are modeled by resistive elements from 

nodes above, below, to the left, and to the right. 

Time Step of the Finite Difference Solution 

The model is solved in time steps of approximately one week. 

However, temperatures and heat flows are printed for the week centered 

around the "typical" day of each month. The results therefore reflect 

monthly values. 

Node Spacing 

Node spacing for the model was selected through trial and error. 

If the temperature difference between two nodes exceeded three degrees 

Farenheit the node separation was decreased. Nodes at and near the slab 

were more closely spaced than deep earth nodes since the heat flux is 

greater near the surface. Fortunately, variable node spacing is easily 

accommodated by SPICE, thereby reducing model size and complexity. The 

final resultant model is shown in Figure 10. 
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Results 

Heat transfer in concrete slab floors may be calculated as 

proportional to the length of exposed edge according to the ASHRAE 

(1981, pp. 23.6-.7) equation: "0.81 Btu/(h)x(linear ft of exposed edge) 

x(deg F difference between the indoor air temperature and the average 

outdoor air temperature)." Note that no allowances are made for wall 

azimuth, floor covering, soil thermal properties, or insolation values. 

Analyses were performed for several cases. The base case was a 

carpeted slab with exposed concrete slab edges. All SPICE generated 

cases were compared to ASHRAE (1981). The results of these analyses are 

given in Tables 2, 4, 5 and 6. Units are Btuh per foot of exposed edge, 

and all values are monthly values. 

Total slab losses (gains), both to the earth below and through 

the slab edge, for a carpeted floor, are shown in Table 2. The portion 

of Table 2 which flows only through the slab edge is given in Table 3. 

By comparing the total from Table 2 to the edge losses in Table 3, it 

was found that most of the heat transfer is through the earth, bypassing 

the slab edge as schematically illustrated in Figure 12. 

The effect of a bare floor (no carpet) is shown in Table 4. As 

expected, a carpet does reduce heat losses, because it affects both edge 

and earth heat transfer rates. 

Table 5 lists the monthly losses with insulation applied to 

the slab edge, above ground level only. The figures given are for 

infinite edge insulation. By comparing Table 5 to Table 2 the net 
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Figure 12. Slab edge and bottom losses 

benefit of adding insulation is found. A reduction of heat loss (gain) 

of approximately 30 percent with edge insulation is shown. Greater re

ductions can be expected if insulation is placed below the slab as well. 

Next, an analysis was performed for a small earth berm built up to 

the height of the exposed slab edge. A diagram illustrating this is shown 

in Figure 13. Table 6 shows the monthly perimeter loss while Table 7 

illustrates the benefit of berming based on wall azimuth. Although heat 

losses in the winter were slightly reduced for the south wall, the added 

heat gain in the summer makes a southern berm scheme undesirable. This 
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Figure 13. Slab work with attached earth berm 

phenomena is attributed to the horizontal surface area introduced by the 

berm. Since summer insolation striking a horizontal surface is much 

greater than that striking a vertical surface, large amounts of heat 

are transferred directly through the slab edge and into the interior. 

Berming east, west and north walls saves energy annually because these 

walls are shaded and the summer heat gains are reduced. 

Table 8 shows the summer gain and winter loss of an example house 

for the Tucson area. A comparison is made between the ASHRAE method of 

calculating heat loss and the SPICE model results. The example house is 

one analyzed by Reagan (1975, pp. 63-68) to determine summer and winter 

load, excluding perimeter loss. The values in Table 8 are for a south 



29 

facing house with the dimensions of 60 ft by 30 ft. No windows are on 

the east and west walls. The north glass area is larger than the south 

glass area. Single pane glass is used with a total glass area of 214 

sq. ft. The wall U = 0.52 Btuh/ft^°F and the roof U = 0.05 Btuh/ft^°F. 

Because perimeter loss is only a small fraction of the total 

heat loss of the house, a 40 percent variance between the two methods 

given in Table 8 result in less than a 5 percent difference in the total 

building loss. Also, if the house had both carpeted and exposed floors, 

the error would be reduced since the individual errors tend to cancel. 



Table 2. Slab Edge and Lower Slab Loss - Carpeted Floor 
Carpet Resistance Equals 1.23 hr ft /Btu (ASHRAE 1981, 
p. 23.14). Units are Btuh/Linear Horizontal ft. 

Month South East/West North ASHRAE '81 

January -10.63 -13.02 -15.16 -17.1 

February - 9.95 -12.49 -15.20 -15.0 

March - 7.22 -10.22 -13.53 -11.7 

April - 1.92 - 5.06 - 8.97 - 5.3 

May 4.15 0.79 - 2.81 1.3 

June 10.45 7.44 4.18 8.2 

July 14.41 11.31 8.74 11.6 

August 14.70 11.63 8.85 9.6 

September 12.99 9.64 6.80 6.6 

October 7.08 4.00 1.12 - 1.5 

November - 1.37 - 4.14 - 6.58 -10.9 

December - 7.93 -10.33 -12.44 -16.2 



Table 3. Slab- Edge Loss Only - Carpeted Floor 
Units are Btuh/Linear Horizontal ft. 

Month South East/West North 

January -3.62 -4.31 -4.65 

February -2.76 -3.55 -4.08 

March -1.61 -2.46 -3.22 

April 0.70 -0.40 -1.56 

May 4.43 1.47 0.00 

June 3.40 3.31 1.84 

July 4.10 3.98 2.71 

August 3.60 3.21 2.05 

September 2.87 2.11 1.21 

October 0.53 0.00 -0.54 

November -2.86 -2.88 -3.28 

December -3.59 -4.22 -4.54 



Table 4. Slab Edge and Lower Slab Loss - Exposed Floor 
Units are Btuh/Linear Horizontal ft. 

Month South East/West North ASHRAE '81 

January -14. 71 -17. 70 -20. 38 -17 .1 

February -13. 26 -16. 50 -19. 99 -15 .0 

March - 9. 28 -13. 13 -17. 43 -11 .7 

Apri 1 - 1 .  84 -10. 93 -10. 94 - 5 .3 

May 6. 32 2. 02 - 2. 57 1 .3 

June 14. 68 10. 47 6. 74 8 .2 

July 19. 56 15. 67 12. 42 11 .6 

August 19. 41 15. 53 11. 93 9 .6 

September 16. 76 12. 50 8. 84 6 .6 

October 8. 35 4. 48 0 .  79 - 1 .5 

November - 3. 19 - 6. 64 - 9. 68 -10 .9 

December -11. 66 -14. 62 -17. 22 -16 .2 
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Table 5. Slab Edge and Lower Slab Loss - Insulated Edge 
Units are Btuh/Linear Horizontal ft. 

Month South East/West North ASHRAE '81 

January - 8.16 - 9.92 -11.82 -17.1 

February - 7.99 - 9.86 -12.23 -15.0 

March - 5.98 - 8.31 -11.13 -11.7 

Apri 1 - 1.78 - 4.53 - 7.46 - 5.3 

May 3.29 - 0.02 - 2.08 1.3 

June 8.51 5.04 4.21 8.2 

July 11.89 8.66 7.80 11.6 

August 12.37 9.40 7.83 9.6 

September 11.02 8.14 6.62 6.6 

October 6.55 4.10 1.76 - 1.5 

November - 0.02 - 2.19 - 4.33 -10.9 

December - 5.55 - 7.38 - 9.27 -16.2 
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Table 6. Slab Edge and Lower Slab Loss - Bermed Edge 
Units are Btuh/Linear Horizontal ft. 

Month South East/West North ASHRAE '81 

January - 5.05 - 9.01 -13.11 -17.1 

February - 3.88 - 8.12 -13.02 -15.0 

March - 0.28 - 5.76 -11.97 -11.7 

April 6.08 - 0.36 - 7.56 - 5.3 

May 12.97 5.12 - 1.06 1.3 

June 19.30 11.10 6.87 8.2 

July 22.19 14.70 10.66 11.6 

August 21.90 15.15 9.77 9.6 

September 19.64 13.04 7.28 6.6 

October 13.33 7.88 2.00 - 1.5 

November 4.56 - 0.15 - 4.99 -10.9 

December - 2.33 - 6.34 -10.45 -16.2 
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Table 7. Annual Benefit of a Bermed Slab Edge vs an 
Exposed Slab Edge - Carpeted Floor. Units 
are Btuh/ft yr. Positive values are annual 
energy saved by berming. Negative values 
are additional energy costs of berming. 

Annual energy 
Heating Cooling to maintain 
Season Season 72°F interior 

SOUTH 

Exposed edge 39.0 
Bermed edge 11.5 

EAST/WEST 
Exposed edge 55.3 
Bermed edge 29.7 

NORTH 
Exposed edge 74.7 
Bermed edge 62.2 

63.8 102.8 
120 131.5 

Net berm benefit -28.7 

44.8 100.1 
67.0 96.7 

Net berm benefit +3.4 

29.7 104.4 
36.6 98.8 

Net berm benefit + 5.6 
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Table 8. ASHRAE Method vs SPICE Model in Determining 
Total Heat Gain/Loss of an Example House 

CARPETED FLOOR ASHRAE Method SPICE Model Error % 

JULY 

Gain excluding perimeter 
Perimeter gain 

Total summer gain 

366,709 
50,112 

416,821 

366,709 
49,594 

416,303 

1 . 0  

0 . 1  

JANUARY 

Loss excluding perimeter 
Perimeter loss 

Total winter loss 

-405,415 
- 73,872 

-479,287 

•405,415 
• 55,526 

•460,941 

24.8 

3.8 

EXPOSED FLOOR ASHRAE Method SPICE Model Error % 

JULY 

Gain excluding perimeter 
Perimeter gain 

Total summer gain 

366,709 
50,112 

416,821 

366,709 
68,688 

435,397 

37.1 

4.4 

JANUARY 

Loss excluding perimeter 
Perimeter loss 

Total winter loss 

-405,415 
- 73,872 

-479,287 

•405,415 
• 76,032 

•481,447 

2.9 

0.4 



CHAPTER 6 

CONCLUSIONS 

Results have shown a substantial difference between the ASHRAE 

method and the SPICE model developed to calculate floor loss. Depend

ing on the floor covering chosen, a 37 percent difference in July was 

determined. During swing months this figure exceeds 100 percent. 

Although these differences seem sizable in themselves, when computing 

the total building losses for winter or summer, less than a five percent 

error is introduced by using the ASHRAE method. 

Berming a slab edge reduces the winter loss but increases the 

summer heat gain. Berms transform a vertical edge into a horizontal 

surface thereby increasing the solar gain. Berming a south edge, for a 

climate such as Tucson, is not recommended. However, east, west, and 

north berms have a net annual energy benefit due to shading. 

Edge exposure was shown not to be the primary source of heat 

loss through a concrete slab. Approximately 30 percent passes through 

the edge with the balance interacting with the earth below. Therefore, 

insulating slab edges without insulating into the earth or under the 

slab will have modest effects on total loss (gain) through the floor. 

Suggested Further Studies 

Models developed for this report were for only one soil type. It 

would be interesting and useful to compare the effects of several soil 

37 
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types and locations. To alleviate the need for modeling each finite 

element by hand, a preprocessor program could be created to set up an 

input file for SPICE. Thermal properties would only be entered once and 

the node spacing specified, leaving the mundane calculating for the 

preprocessor. Conceivably, the user would not even have to be familiar 

with SPICE in order to generate the desired results. Preprocessing 

would also facilitate development of models for examining ground insula

tion placed at various locations relative to the house. 



APPENDIX: 

SOLAR SHADING PROGRAM 
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APPENDIX 

SOLAR SHADING PROGRAM 

Surface insolation values were generated for a house having 

p 
outside wall dimensions of 40 ft by 40 ft with 1600 ft of living areas. 

A building height of eight feet was used. 

A two-dimensional array was modeled at the center of each 40 ft 

wall with the horizontal component of the array extending out six feet. 

At a distance of six feet from the wall, earth temperatures were found 

to equal open field temperatures, and therefore modeling over six feet 

was unnecessary. 

Location of the hourly shade lines are determined by the build

ing geometry and solar angles. The projection of the solar altitude 

angle in a plane normal to the wall (a form of the profile angle) and 

the solar azimuth angle are used to determine the extreme limit of the 

shade line (see Figure A). 

Nodes at a distance less than the calculated shade line receive 

only diffuse insolation, while those greater than the shade line were 

exposed to direct total insolation. 

Tables A through C show the weighted insolation values as a 

function of wall orientation, surface orientation and distance from the 

2 wall. Values are in Btu/ft day and for Tucson conditions. A soil 

absorbtance of 75 percent is assumed. 

40 



41 

t = A FORM OF THE PROFILE 
ANGLE 

AS = AZIMUTH ANGLE 

ARRAY 

Figure A. Building Geometry and Shade Lines 



Month 

Table A. South Insolation Values 

Horizontal 

OFT .5FT 1 FT 1.5FT 2FT 3FT 4FT 5FT 6FT VERT 

January 34 .4 34. 4 34. 4 34. 4 34 .4 34. 4 34. ,4 34. 4 34 .4 29. 1 

February 44 .8 44. 8 44. 8 44. 8 44 .8 44. 8 44. ,8 44. 8 44 .8 34. 8 

March 58 .3 58. 3 58. 3 58. 3 58 .3 58. 3 58. ,3 58. 3 58 .3 39. 0 

April 73 .8 73. 8 73. 8 73. 8 73 .8 73. 8 73. ,8 73. 8 73 .8 37. 5 

May 83 .5 83. 5 83. 5 83. 5 83 .5 83. 5 83. ,5 83. 5 83 .5 31. 4 

June 85 .3 85. 3 85. 3 85. 3 85 .3 85. 3 85. .3 85. 3 85 .3 26. 9 

July 73 .2 73. 2 73. 2 73. 2 73 .2 73. 2 73, .2 73. 2 73 .2 24. 7 

August 68 .2 68. 2 68. 2 68. 2 68 .2 68. 2 68, .2 68. 2 68 .2 31. 1 

September 61 .8 61. 8 61. 8 61. 8 61 .8 61. 8 61, .8 61. 8 61 .8 38. 3 

October 50 .0 50. 0 50. 0 50. 0 50 .0 50. 0 50, .0 50. 0 50 .0 37. 6 

November 37 .8 37. 8 37. 8 37. 8 37 .8 37. 8 37, .8 37. 8 37 .8 31. 5 

December 31 .2 31. 2 31. 2 31. 2 31 .2 31. 2 31, .2 31. 2 31 .2 26. 6 



Month 

Table B. East and West Insolation Values 

Horizontal 

OFT .5FT 1 FT 1.5FT 2FT 3FT 4FT 5FT 6FT VERT 

January 18 .0 18. 0 18. 1 18. 

February 26 .3 26. 4 26. 4 26. 

March 30 .1 30. 2 30. 3 37. 

April 42 .2 42. 2 42. 3 42. 

May 42 .6 42. 6 42. 7 51. 

June 43 .6 43. 6 52. 9 53. 

July 38 .0 38. 1 46. 0 46. 

August 39 .4 39. 5 39. 5 39. 

September 32 .0 32. 0 32. 1 39. 

October 29 .3 29. 3 29. 4 29. 

November 19 .6 19. 7 19. 7 19. 

December 16 .4 16. 4 16. 5 16. 

23.2 23.2 23.3 23.3 27.8 8.6 

26.5 32.4 32.4 32.5 32.5 12.5 

37.6 37.7 37.8 44.5 44.5 19.6 

42.4 50.8 50.8 58.5 58.5 28.0 

51.8 51.9 60.5 60.6 68.3 36.4 

53.0 53.1 61.9 61.9 69.8 39.3 

46.1 46.3 53.7 53.7 60.3 33.6 

39.7 47.4 47.4 54.4 54.4 27.4 

39.9 40.0 47.1 47.1 47.2 22.0 

29.5 36.1 36.1 36.1 36.2 14.5 

25.4 25.4 25.5 25.5 30.5 9.7 

21.1 21.1 21.2 21.2 26.3 7.7 

1 
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6 

3 

8 

0 

1 

6 

8 
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Month 

Table C. North Insolation Values 

Horizontal 

OFT .5FT 1 FT 1.5FT 2FT 3FT 4FT 5FT 6FT VERT 

January 1.6 1.7 1.8 1.9 2.0 2.1 2.3 2.4 2.5 1.6 

February 1.8 1.9 2.0 2.1 2.2 2.4 2.6 2.8 2.9 1.8 

March 2.0 2.2 2.3 2.4 2.5 4.7 4.8 5.0 58.3 2.0 

April 1.9 8.2 8.3 8.4 18.3 33.4 73.8 73.8 73.8 1.9 

May 1.7 14.8 14.8 40.1 75.4 75.4 75.5 81.5 81.5 1.7 

June 1.9 31.0 48.6 67.2 67.2 77.1 77.1 77.1 83.2 1.9 

July 2.9 14.2 27.6 58.0 66.3 66.3 66.4 66.4 71.5 2.9 

August 2.7 2.9 12.0 17.7 29.5 66.3 66.3 68.2 68.2 2.7 

September 2.2 2.3 4.5 4.6 4.7 4.9 11.0 61.8 61.8 2.2 

October 1.7 1.9 2.0 2.1 2.2 2.4 2.5 2.7 4.7 1.7 

November 1.5 1.6 1.7 1.8 1.9 2.1 2.2 2.3 2.4 1.5 

December 1.5 1.6 1.7 1.8 1.9 2.1 2.2 2.4 2.5 1.5 
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