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ABSTRACT 

METHODS and ASSUMPTIONS 
Heat  t r a n s f e r  t h r o u g h  a n  u n i n s u l a t e d  s l a b  on 

g r a d e  is c a l c u l a t e d  u s i n g  a  s i m p l e  method d e v e l o p e d  
by Kusuda.  The s e a s o n a l  and  a n n u a l  s l a b  l o a d s  a r e  
g r a p h e d  a s  a  f u n c t i o n  o f  a n n u a l  a v e r a g e  s o i l  
t e m p e r a t u r e ,  Tm, f o r  a  v a r i e t y  o f  f l o o r  s y s t e m  
r e s i s t a n c e s ,  t h e r m o s t a t  s e t t i n g  a n d  s o i l  
p r o p e r t i e s .  F a c t o r s  a f f e c t i n g  Tm a r e  d i s c u s s e d .  
F o r  a  t y p i c a l  c a r p e t e d  r e s i d e n c e  i n  t h e  h o t t e s t  
U.S. c l i m a t e s ,  t h e  c o o l i n g  l o a d  d u e  t o  t h e  s l a b  i s  
a b o u t  5  m i l l i o n  Btu p e r  c o o l i n g  s e a s o n .  I n  some 
c l i m a t e s  h e a t  t r a n s f e r  t h r o u g h  a n  u n i n s u l a t e d  s l a b  
c a n  b e  b e n e f i c i a l .  These  b e n e f i t s  a r e  l a r g e r  i f  t h e  
r e s i d e n c e  is  o p e r a t e d  w i t h  e n e r g y  c o n s e r v i n g  
t h e r m o s t a t  s e t t i n g s  a n d  t h e  s o i l  s u r r o u n d i n g  t h e  
s l a b  h a s  h i g h  c o n d u c t i v i t y .  

INTRODUCTION 

S i m p l e  b u t  r e a s o n a b l y  a c c u r a t e  methods  o f  
e v a l u a t i n g  t h e  m o n t h l y  o r  s e a s o n a l  h e a t  t r a n s f e r  
t h r o u g h  t h e  s l a b  o f  a  s l a b - o n - g r a d e  r e s i d e n c e  h a v e  
r e c e n t l y  b e e n  d e v e l o p e d  ( 1 , 2 , 3 ) .  C l a r i d g e  h a s  
compared t h e s e  a n d  o t h e r  methods  o f  e v a l u a t i n g  
e a r t h  c o n t a c t  h e a t  t r a n s f e r s  ( 4 ) .  

R e c e n t l y  C h r i s t i a n  a n d  S t r z e p e k  u s e d  t h e  
method d e v e l o p e d  b y  S h i p p  t o  i d e n t i f y  t h e  
e c o n o m i c a l l y  o p t i m a l  l e v e l  o f  i n s u l a t i o n  f o r  a  
v a r i e t y  o f  r e s i d e n t i a l  f l o o r  s y s t e m s ,  i n c l u d i n g  
s l a b - o n - g r a d e  ( 5 ) .  Assuming a  c o n s t a n t  7 3 O ~  
i n t e r i o r  t e m p e r a t u r e ,  t h e y  f i n d  t h a t  t h e  w i n t e r  
s l a b  l o a d s  w i l l  b e  much l a r g e r  t h a n  t h e  b e n e f i c i a l  
summer s l a b  l o s ~ e s  ( p a s s i v e  c o o l i n g )  i n  a l l  
c l i m a t e s .  F o r  s i m p l i c i t y ,  t h e y  t h e n  i d e n t i f y  t h e  
e c o n o m i c a l l y  o p t i m a l  s l a b  i n s u l a t i o n  r e s i s t a n c e s  
a f t e r  d e f i n i n g  t h e  summer p a s s i v e  c o o l i n g  b e n e f i t s  
a s  z e r o .  T h i s  p r o c e d u r e  l e a d s  t o  a  few p u z z l i n g  
r e s u l t s ;  e . g . ,  t h e  o p t l m a l  s l a b - o n - g r a d e  p e r i m e t e r  
i n s u l a t i o n  l e v e l s  a r e  t h e  same i n  Hous ton  a n d  
C h i c a g o .  C h r i s t i a n  a n d  S t r z e p e k  a r e  s u s p i c i o u s  o f  
t h i s  r e s u l t  a n d  recommend f u r t h e r  e v a l u a t i o n  o f  t h e  
e f f e c t s  o f  summer p a s s i v e  coo l ing  by t h e  s l a b  i n  
warm a n d  h o t  c l i m a t e s .  

I n  t h i s  p a p e r  w e  use t h e  Kusuda method t o  
p r o d u c e  g r a p h s  of m o n t h l y ,  s e a s o n a l ,  a n d  a n n u a l  
s l a b - t o  g r o u n d  h e a t  t r a n s f e r  i n  warm a n d  h o t  
c l i m a t e s .  We a l s o  e v a l u a t e  t h e  s e n s i t i v i t y  o f  
t h e s e  s l a b  h e a t  t r a n s f e r s  t o  c h a n g e s  i n  r e s i d e n c e  
d e s i g n  a n d  o p e r a t i n g  c o n d i t i o n s  a n d  s o i l  
p r o p e r t i e s .  

The p r o c e d u r e  w e  u s e  t o  e v a l u a t e  s l a b  h e a t  
t r a n s f e r  was d e v e l o p e d  b y  Kusuda,  Mizuno a n d  Bean 
a n d  h a s  b e e n  v e r i f i e d  b y  c o m p a r i s o n  w i t h  s e v e r a l  
i n d e p e n d e n t  methods  ( 1 , 2 , 6 ) .  The Kusuda method is  
a n  e m p i r i c a l  c o r r e l a t i o n  w i t h  a n  a n a l y t i c  s o l u t i o n ;  
i t  i s  r e s t r i c t e d  t o  t h e  c a s e  where  s o i l  t h e r m a l  
p r o p e r t i e s  a r e  c o n s t a n t  a n d  homogeneous a n d  t h e  
s l a b  s u r f a c e  a n d  s o i l  s u r f a c e  t e m p e r a t u r e s  v a r y  
s i n u s o i d a l l y  w i t h  a n n u a l  p e r i o d s .  T h e r e  a r e  
assumed t o  b e  n o  o t h e r  homes which a r e  n e a r  enough 
t o  t h e  s l a b  t o  i n f l u e n c e  i t s  h e a t  t r a n s f e r  t o  t h e  
s o i l .  The a n a l y t i c  s o l u t i o n  i s o t h e r m s  show t h a t  a 
s l a b  i n f l u e n c e s  t h e  s o i l  t e m p e r a t u r e s  t o  a  d i s t a n c e  
o f  o n e  s l a b  w i d t h  beyond t h e  s l a b  (1) .  

The s l a b  f l o o r  s y s t e m  must  b e  r e c t a n g u l a r  and  
i s  assumed t o  h a v e  c o n s t a n t  t h e r m a l  r e s i s t a n c e  
a c r o s s  t h e  e n t i r e  s l a b  a n d  t h r o u g h  t h e  y e a r .   his 
method  d o e s  n o t  i n c l u d e  t h e  e f f e c t s  o f  a  p e r i m e t e r  
f o u n d a t i o n  o r  p e r i m e t e r  i n s u l a t i o n .  However, t h e  
c a l c u l a t e d  h e a t  t r a n s f e r  d o e s  i n c l u d e  t h e  3- 
d i m e n s i o n a l  h e a t  t r a n s f e r  ( c o r n e r  e f f e c t s )  b e t w e e n  
t h e  r e c t a n g u l a r  s l a b  ( w i t h  t e m p e r a t u r e s  t h a t  v a r y  
i n  t i m e  a n d  p o s i t i o n )  a n d  t h e  s u b - g r a d e  s o i l  ( i n  
which  t e m p e r a t u r e s  v a r y  i n  t i m e  a n d  w i t h  l o c a t i o n ) .  
W e  u s e  t h e  method  s u g g e s t e d  b y  Kusuda et  a l .  t o  
c o r r e c t  t h e  r e s u l t i n g  s l a b  h e a t  t r a n s f e r  f o r  t h e  
e f f e c t s  o f  t h e r m a l  r e s i s t a n c e s  i n  t h e  f l o o r  s y s t e m  
( e . g . ,  c a r p e t ,  a i r  f i l m ,  s u b - s l a b  i n s u l a t i o n )  (1).  

The r e q u i r e d  c l i m a t i c  i n p u t s  a r e  t h e  a n n u a l  
a v e r a g e  s o i l  t e m p e r a t u r e ,  Tm (which  f o r  c o n s t a n t  
homogeneous s o i l  p r o p e r t i e s  is  i n d e p e n d e n t  o f  
d e p t h ) ,  t h e  h a l f  a n n u a l  r a n g e  o f  t h e  s o i l  s u r f a c e  
t e m p e r a t u r e ,  0 a n d  t h e  p h a s e ,  To.  F o r  t h i s  p a p e r  
To was d e f i n e d  s o  t h a t  t h e  minimum s o i l  s u r f a c e  
t e m p e r a t u r e  o c c u r s  o n  F e b r u a r y  1. T h i s  p h a s e  is i n  
a p p r o x i m a t e  a g r e e m e n t  w i t h  t h e  a v e r a g e  o f  d a t a  
a n a l y z e d  b y  Kusuda a n d  Achenbach (7 )  a n d  i n  
a g r e e m e n t  w i t h  t h e o r e t i c a l  a r g u m e n t s  ( 8 ) .  

A  r e s i d e n c e  o p e r a t i o n  i n p u t  is  t h e  a n n u a l  
a v e r a g e  i n t e r i o r  t e m p e r a t u r e  ( t a k e n  a b o v e  t h e  slz 
a i r  f i l m ) ,  TR . T h i s  i n t e r i o r  t e m p e r a t u r e  i s  a l :  
assumed t o  v a r y  s i n u s o i d a l l y  w i t h  h a l f  a n n u a l  
r a n g e ,  C ,  a n d  h a s  a  minimum on  F e b r u a r y  1. Des ic  
v a r i a b l e s  a r e  t h e  s l a b  a r e a ,  A, t h e  l e n g t h  t o  wic 
r a t i o ,  R, a n d  t h e  t o t a l  r e s i s t a n c e  o f  t h e  f l o o r  
s l a b  s y s t e m ,  Rf ( i n c l u d i n g  a l l  e l e m e n t s  be tween  t 
t o p  o f  t h e  s u b - s l a b  s o i l  a n d  t h e  i n t e r i o r  a i r  
t e m p e r a t u r e ,  e . g . ,  c a r p e t  a n d  a i r  f i l m ) .  

ESL-HH-89-10-01

Proceedings of the Sixth Symposium on Improving Building Systems in Hot and Humid Climates, Dallas, TX, October 3-4, 1989

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Texas A&amp;M Repository

https://core.ac.uk/display/79624963?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


CLIMATE, SITE AND SOIL TEMPERATURES 

The s i te  s o i l  t e m p e r a t u r e  (Tm a n d  B) i s  n o t  
u n i q u e l y  d e t e r m i n e d  b y  t h e  l o c a l  c l i m a t e .  E x c e p t  
a t  g e o t h e r m a l  s i t e s ,  t h e  s o i l  t e m p e r a t u r e  a t  a n y  
d e p t h  is  p r i m a r i l y  d e t e r m i n e d  b y  t h e  s o i l  s u r f a c e  
h e a t  b a l a n c e  a n d  b y  t h e  a v e r a g e  t h e r m a l  d i f f u s i v i t y  
o f  t h e  s o i l .  Very  complex  h e a t  a n d  mass t r a n s f e r s  
a s s o c i a t e d  w i t h  d a i l y  a n d  s e a s o n a l  c h a n g e s  i n  s o i l  
m o i s t u r e  d o  p l a y  a  r o l e ,  b u t  t h e  s o i l  t e m p e r a t u r e  
d a t a  a n a l y z e d  b y  Kusuda a n d  Achenbach a t  29 s i tes 
c a n  b e  a c c u r a t e l y  f i t  b y  a  s i m p l e  model  which 
assumes  t h a t  s o i l  t h e r m a l  d i f f u s i v i t i e s  a r e  
i n d e p e n d e n t  o f  d e p t h  a n d  t i m e  a t  e a c h  s i t e  ( 7 ) .  
From a  c l u s t e r  a n a l y s i s  o f  i n - s i t u  s o i l  d a t a  t a k e n  
b y  o t h e r s ,  Labs  a n d  H a r r i n g t o n  c o n c l u d e d  t h a t  
a  = 0.022  ~ t u / f t '  h r  i s  a n  a v e r a g e  t h e r m a l  
d i f f u s i v i t y  a n d  a  = 0 . 0 3 1  ~ t u / f t '  h r  is  a  t y p i c a l  
v a l u e  f o r  m o i s t  s o i l  ( 9 ) .  

The d e e p  s o i l  t e m p e r a t u r e  a t  a  " t y p i c a l "  s i te 
i n  a  g i v e n  c l i m a t e  i s  c l o s e  t o  t h e  w e l l  w a t e r  
t e m p e r a t u r e  a t  a  n e a r b y  s i t e  w i t h  s i m i l a r  g r o u n d  
s u r f a c e  c h a r a c t e r i s t i c s .  F i g u r e  1 i s  a  map o f  
m e a s u r e d  w e l l  w a t e r  t e m p e r a t u r e  c o n t o u r s .  I n  warm 
c l i m a t e s ,  t h e s e  w a t e r  t e m p e r a t u r e s  a r e  ?.OF t o  BOF 

g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  a n n u a l  a v e r a g e  a i r  
t e m p e r a t u r e s .  Kusuda a n d  Achenbach f o u n d  s i m i l a r  
r e s u l t s  a n d  a l s o  f o u n d  t h a t  t h e  a n n u a l  r a n g e  i n  
s o i l  s u r f a c e  t e m p e r a t u r e  a t  a  g i v e n  s i t e  i s  v e r y  
c l o s e  t o  t h e  a n n u a l  r a n g e  o f  m o n t h l y  a v e r a g e  a i r  
t e m p e r a t u r e s  ( t h e  d i f f e r e n c e  be tween  t h e  mean 
t e m p e r a t u r e s  o f  t h e  warmest  a n d  c o l d e s t  months)  
( 7 ) .  F i g u r e  2 i s  a  map o f  t h e  mean a n n u a l ,  peak-  
t o - p e a k  r a n g e  i n  a i r  t e m p e r a t u r e .  The - r a n g e ,  
(which  i s  a n  i n p u t  t o  t h e  Kusuda m o d e l ) ,  v a r i e s  
f rom a b o u t  2 0 O ~  a l o n g  t h e  n o r t h e r n  b o u n d a r y  o f  t h e  
s u n  b e l t  t o  l e s s  t h a n  lo°F  i n  S o u t h  F l o r i d a .  

F i g u r e  1. D i s t r i b u t i o n  o f  Groundwater  T e m p e r a t u r e s  Measured i n   ont thermal W e l l s  R a n g i n g  i n  Depth  f rom 

50 t o  150 f t  ( O F )  

Source :  N a t i o n a l  Water  W e l l  A s s o c i a t i o n .  
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Over 60 

F i g u r e  2 .  Mean Annual  A i r  T e m p e r a t u r e  Range ( O F ) .  ( D i f f e r e n c e  be tween  mean t e m p e r a t u r e  o f  warmest  
and  c o l d e s t  months)  
S o u r c e :  C l i m a t e s  o f  t h e  U n i t e d  S t a t e s  by J o h n  L .  Baldwin,  U.S .  Depar tment  o f  Commerce, 1973 .  

1 

E x p e r i m e n t s  a n d  s i m u l a t i o n s  show t h a t  c h a n g e s  
i n  t h e  s o i l  s u r f a c e  h e a t  b a l a n c e  d u e  t o  s u r f a c e  
a l b e d o  a n d / o r  vegetation c a n  p r o d u c c  l a r g e  c h a n g e s  
i n  t h e  s o i l  t e m p e r a t u r e .  A t  a  s i t e  n e a r  
Washington ,  D.C.,  Kusuda ( 1 0 )  showed t h a t  a  b l a c k  
a s p h a l t  s u r f a c e  p r o d u c e s  a n  a n n u a l  a v e r a g e  s o i l  
s u r f a c e  t e m p e r a t u r e  e0F a b o v e  t h e  a n n u a l  a v e r a g e  
a i r  t e m p e r a t u r e .  Month ly  a v e r a g e  t e m p e r a t u r e s  o f  
w h i t e  a s p h a l t ,  b a r e  s o i 1 , a n d  s h o r t  g r a s s  c o v e r e d  
s u r f a c e s  a g r e e d  w i t h  t h e  m o n t h l y  a v e r a g e  a i r  

t e m p e r a t u r e  w i t h i n  2OF. The a n n u a l  a v e r a g e  
t e m p e r a t u r e  o f  a  l o n g  g r a s s  c o v e r e d  s u r f a c e  was 
a b o u t  3OF be low t h a t  o f  t h e  s h o r t  g r a s s  c o v e r e d  
s u r f a c e .  The r e s u l t s  o f  t h i s  t y p e  o f  e x p e r i m e n t  
a r e  s i te  s p e c i f i c ;  t h e  t e m p e r a t u r e  e f f e c t s  o f  s o i l  
s u r f a c e  a l b e d o  c h a n g e s  s h o u l d  b e  l a r g e r  a t  a  s i t e  
w i t h  g r e a t e r  i n s o l a t i o n .  

F i g u r e  3 shows t h e  s i m u l a t e d  s e n s i t i v i t y  o f  
Lhe d e e p  s o i l  t e m p e r a t u r e  t o  c h a n g e s  i n  s o l a r  
a b s o r p t a n c e  and i n f r a r e d  mean r a d i a n t  t e m p e r a t u r e  
(HRT) a t  t h e  soil surface. T h l s  f i g u r e  i s  t h e  
r e s u l t  nf an houcly f i n i t a  d i f f e r e n c e  s i m u l a t i o n  i n  
which the a o i l  aurface h e a t  b a l a n c e  i s  c a l c u l a t e d  
using t y p i c a l  year m e t e o r o l c q i c a l  d a t a  f o r  San 
A n t o n i a ,  {The annual a v e r a g e  d r y  b u l b  t e m p e r a t u r e  
f a r  t h i s  typical year is 6 g 0 F . )  T h i s  t y p i c a l  y e a r  
airnulation was repeated u n t i l  t h e  d e e p  s o i l  

t e m p e r a t u r e  r e a c h e d  e q u i l i b r i u m  f o r  a  p a r t i c u l a r  
c h o i c e  o f  a b s o r p a n c e  a n d  MRT. The s o i l  s u r f a c e  
e v a p o r a t i v e  a n d  c o n v e c t i v e  h e a t  e x c h a n g e s  w e r e  
s i m u l a t e d  a s  i f  t h e s e  h e a t  t r a n s f e r s  were 
s u p p r e s s e d  b y  t h i c k  v e g e t a t i v e  c o v e r .  

0.05 0.10 0.15 0.20 
Absorp t iv i ty  

Figure 3 The Simulated E f f e c t s  of Changing t h e  Ground 
Sur face  Solar  Absorp t iv i ty  and t h e  Mean Radiant 
Temperature ( a s  seen from t h e  ground s u r f a c e )  
on t h e  Ground Temperature a t  32 f e e t  
Beneath t h e  Surface i n  San Antonio, Texas. 

~t i s  c l e a r  f rom Flgure 3 that t h e  d e e p  soil 
t e m p e r a t u r e  i s  s e n s i t i v e  t o  b o t h  t h e  surface 
a b s o r p t a n c e  a n d  t h e  MRT. The MRT of t h e  unobscured 
s k y  ( T s k y )  r a n g e s  from 5OF be low d r y  b u l b  (TDB) f o r  
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cloudy humid conditions to 30°F below dry bulb for 
cloud-free, low dewpoint conditions (11). Shade 
from vegetation decreases the solar absorptance at 
the ground surface, but the vegetation also raises 
the MRT above Tsky. Under a thick canopy of 
leaves, the MRT seen from the ground surface is 
equal to the temperature of the leaves seen from 
the ground. In a multilayer canopy the temperature 
of these leaves approaces TDB (12). The 
quantitative relationship between solar absorptance 
and MRT depends on the type of vegetation (and the 
availability of water). However, if the low value 
of solar absorptance indicated at the left edge of 
Figure 3 is achieved by vegetation, the MRT = TDB 
line would serve as a reasonable approimation. For 
a solar absorptivity of 0.10 (typical of the soil 
surface beneath heavy vegetation), the simulated 
74OF temperature agrees with the ground water 
temperature for San Antonio in Figure 1. Note that 
the curves in Figure 3 should not be extrapolated 
upward to higher solar absorptance because the 
strong convective and evaporation heat dissipation 
which would then occur have been omitted in 
preparing Figure 3. 

Figure 5 repeats the results in Figure 4 for 
Tm = 76OF. For Tm = 76OF, B = lo°F is realistic 
and slab heat transfers are small in all months. 

CALCULATED SLAB HEAT TRANSFERS 

Figure 4 illustrates the monthly heat 
transfer through a "typical," 30' x 40', 
uninsulated slab at a site with Tm = 65'~ (Q>O 
implies heat loss through slab). The 4" concrete 
slab has a carpet, pad and air film with a total 
thermal resistance = R3.3. The thermostat is 
operated so that TR = 73OF and C = 3OF. The 
subslab soil has typical properties (a = 0.022 
Btu/ft2 hr, k = 0.75 Btu/ft hr°F). For a typical 
site with Tm = 65'~, Figures 1 and 2 imply that B 
is near 20°F. The resulting heat transfer is 
dominated by winter losses. However, there are 
significant passive cooling benefits in late spring 
and early fall. 

*.., 
Figure 6 Cooling Season and Annual Loads for the 

Uninsulated Slab of a Typical Residence. 
(40'~30'slab,Tr-73,C-3, k-0.75,a-0.025,Rf-3.3) 

1 2  3 4 5 6 7  8 9 1 0 1 1 1 2  
Month 

Figure 4 Monthly Heat Loss Through a 409x30' Concrete 
Slab. (Tm=65, Tr=73,C=3, k=O. 75, a=OoO25,Rf=3.3) 

- & . "  

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  
Month 

Figure 5 Monthly Heat Loss Through a 401x30' Concrete 
Slab. (Tm=76, Tr=73,C=3, k=O. 75, a=O. 025, R-3) 

On the basis of experience and detailed 
computer simulations of slab-on-grade residences in 
warm U.S. climates, we defined the cooling season 
as May through October inclusive and the heating 
season as November through February inclusive. 
(These definitions apply only in the warmest parts 
of the sun belt.) Figure 6 illustrates the 
resulting cooling season load and the annual load 
due to slab heat transfer for the residence used in 
Figures 4 and 5. ("Loads" are positive for heating 
season losses or cooling season gains.) Using only 
those portions of the curves which represent real 
climates in the sun belt, the uninsulated slab of a 
"typical" residence is a nearly neutral thermal 
element on an annual basis. 

Due to cancellation of summer benefits by 
winter loads, the annual loads in Figure 6 are 
surprisingly insensitive to changes in the 
residence design or changes in soil properties. 
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D e c r e a s i n g  t h e  l e n g t h  t o  w i d t h  r a t i o  o f  t h e  s l a b ,  
R, f rom 3 / 4  t o  1 / 2  i n c r e a s e d  t h e  s e a s o n a l  a n d  
a n n u a l  s l a b  l o a d s  b y  a b o u t  1 . 5  x l o 6  Btu  a t  t h e  
e x t r e m e s  o f  T,. F o r  t h e  c o n d i t i o n s  i n  F i g u r e  6, 
i n c r e a s i n g  R t o  1 had  n e g l i g i b l e  e f f e c t  on  a n y  o f  
t h e  l o a d s .  

F i g u r e  7  shows t h e  r e s u l t  o f  p l a c i n g  t h e  s l a b  
shown i n  F i g u r e  6  o n  more c o n d u c t i v e  s o i l  o f  h i g h e r  
d i f f u s i v i t y  ( k  = 1 . 1 6 ,  a  = 0 . 0 3 1  I 3 t u / f t 2 h r ) .  The 
l o a d s  shown i n  F i g u r e  7  were q u i t e  i n s e n s i t i v e  t o  
c h a n g e s  i n  t h e  l e n g t h  t o  w i d t h  r a t i o  o f  t h e  s l a b  i n  
t h e  r a n g e  f r o m  1 / 2  t o  1. 

. .,, 
Figure 7  Cooling Season and Annual Loads f o r  t h e  Unin- 

s u l a t e d  S lab  of a  Typical  Residence on Damp S o i l .  
( 4 0 ' ~ 3 0 ' s l a b , T r = 7 3 .  C=3,k=1116, a=0.031,Rf=3.3) 

A l t h o u g h  t h e  a n n u a l  t o t a l  t h e r m a l  e f f e c t  o f  
t h e  s l a b  i n  F i g u r e  7 i s  s t i l l  s m a l l ,  c a r e  must b e  
t a k e n  i n  a p p l y i n g  t h e s e  r e s u l t s .  The e q u a l i t y  o f  
s e a s o n a l  l o a d s  a n d  c o u n t e r  s e a s o n  b e n e f i t s  ( e . g . ,  
w i n t e r  l o a d s  a n d  summer p a s s i v e  c o o l i n g )  d o e s  n o t  
n e c e s s a r i l y  i m p l y  z e r o  n e t  a n n u a l  c o s t .  For  
example ,  i f  Tm = 78OF a n d  B = lo°F, t h e  s l a b  i n  
F i g u r e  7  i s  a  s o u r c e  o f  a b o u t  3 . 8  x  l o 6  Btu  o f  
a d d i t i o n a l  h e a t  d u r i n g  t h e  c o o l i n g  s e a s o n .  I f  
e l e c t r i c i t y  c o s t s  1 0  c e n t s / k w h  a n d  t h e  a i r  
c o n d i t i o n i n g  s y s t e m  C . O . P .  i s  2 .0 ,  t h e  removal  o f  1 
x l o 6  Btu w i l l  c o s t  a b o u t  $15.  T h i s  s m a l l  s l a b  
w i l l  t h e n  p r o d u c e  a b o u t  $55 p e r  c o o l i n g  s e a s o n  o f  
a d d i t i o n a l  c o o l i n g  l o a d .  However, t h e  v a l u e  o f  t h e  
same amount o f  p a s s i v e  h e a t i n g  d u e  t o  s l a b  
c o n d u c t i o n  d u r i n g  t h e  w i n t e r  may b e  o n l y  1 / 3  o f  
t h i s  c o o l i n g  c o s t  i f  t h e  home i s  h e a t e d  b y  n a t u r a l  
g a s .  C o n v e r s e l y ,  i f  t h e  home is  h e a t e d  a n d  c o o l e d  
by a  h e a t  pump, a  Btu  o f  w i n t e r  h e a t  may be  more 
e x p e n s i v e  t h a n  a  Btu o f  summer c o o l i n g .  The 
s i t u a t i o n  c a n  a l s o  b e  c o m p l i c a t e d  b y  o t h e r  s o u r c e s  
of p a s s i v e  h e a t i n g  and c o o l i n g .  For  example ,  i n  
c o o l e r  c l i m a t e s ,  v e n t i l a t i v e  c o o l i n g  may make t h e  
p a s s i v e  cooling due t o  the s l a b  r e d u n d a n t  i n  e a r l y  
s p r i n g  a n d  l a t e  f a l l .  

F i g u r e s  8 - 1 0  show t h e  s e n s i t i v i t y  o f  t h e  
r e s u l t s  i n  F i g u r e  6  t o  a c h a n g e  i n  t h e r m o s t a t  
s e t t i n g .  F i g u r e  8 assumes  t h a t  t h e  room 

t e m p e r a t u r e ,  TR, is  set a t  73OF a t  a l l  t i m e s ,  i . e . ,  
C  = 0 .  ( T h i s  is t h e  a s s u m p t i o n  u s e d  b y  S h i p p  ( 3 )  
a n d  C h r i s t i a n  a n d  S t r z e p e k  ( 5 ) .  Compared t o  F i g u r e  
6, F i g u r e  8 shows l a r g e r  summer a n d  w i n t e r  s l a b  
l o a d s  a t  e x t r e m e  Tm a n d  d e c r e a s e d  summer p a s s i v e  
c o o l i n g  b e n e f i t s .  F i g u r e  9 shows t h e  e f f e c t  o f  
e n e r g y  c o n s e r v i n g  t h e r m o s t a t  s e t t i n g s  on  t h e  s l a b  
h e a t  t r a n s f e r  i n  F i g u r e  6; now TR = 74OF a n d  C  = 
5 ' ~ .  The t o t a l  f l o o r  s y s t e m  r e s i s t a n c e  h a s  b e e n  
d e c r e a s e d  f rom R3.3 t o  R2.9 t o  a c c o u n t  f o r  t h e  
e f f e c t s  o f  c e i l i n g  f a n s  on t h e  a i r  f i l m  a t  t h e  
f l o o r .  (The c e i l i n g  f a n  e f f e c t  s h o u l d  o n l y  b e  
a p p l i e d  i n  summer, b u t  t h e  Kusuda method r e q u i r e s  
t h a t  Rf b e  c o n s t a n t .  T h i s  f l o o r  s y s t e m  s t i l l  h a s  a  
r e s i s t a n c e  o f  R2.6 d u e  t o  a  c a r p e t  a n d  pad ,  s o  t h i s  
a i r  f i l m  a d j u s t m e n t  w i l l  h a v e  l i t t l e  e f f e c t . )  
F i g u r e  10 shows t h e  e f f e c t  o f  i n c r e a s i n g  C  f rom 5 ' ~  
t o  7OF. F i g u r e s  9 a n d  1 0  show o n l y  modes t  p o s i t i v e  
e f f e c t s  on  s l a b  l o a d s  d u e  t o  t h e  t h e r m o s t a t  
s e t t i n g s ;  t h e  s l a b  h e a t  t r a n s f e r  a p p e a r s  t o  b e  
l i m i t e d  by t h e  h i g h  s l a b  r e s i s t a n c e  a n d  medium s o i l  
d i f f u s i v i t y .  

" . . . . . .  - . . . -  ' . . - . - - . . .  
65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 

Tm 
F i g u r e  8 Cooling Season and Annual Loads f o r  an Unin- 

s u l a t e d  S lab .Typica1  R e s i d e n ~ e . 7 3 ~ F  Thermostat .  
(40'x30'slab,Tr=73,C=0,k=O.75,a=0.025,Rf=3.3) 

figure 9 Cooling Season and ~ n n & l  Loada.Uninru1ate.d Slab,  
Typica l  Residence,Energy Conserving Thermostat. 
(401x30'slab,Tr-74.C-5,k-0-75,a-0.025.Rf-2.9) 
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'rm 
Figure10 Cooling Season and Annual Loads,Uninsulated Slab. 

Typical Residence,Energy Conserving Thermostat. 
(40'x30'slab,Tr=74,C=7,k==O.75,a=0.025,RF=2.9) 

Figure 11 shows the effect of removing most 
of the floor system resistance from the slab in 
Figure 6 (e.g., remove the carpet and pad and use 
ceiling fans). This again produces only modest 
increases in seasonal heat transfers. Figure 12 
shows the effect of increasing C from 3'~ to 5'~ 
for the slab in Figure 11; even with the low 
resistance slab, the medium diffusivity soil limits 
the benefits of the thermostat settings. With the 
medium diffusivity soil, further increase of C to 
7'~ had a negligible effect on the heat transfer 
shown in Figure 12. 

Figure 11 Cooling Season and ~i;ual Loads for an 
Uninsulated, Low Resistance Slab. 
(40'~30'slab,Tr=74.C=3, k=O. 75,a=0.025,Rf=0.5) 

Figures 13 and 14 show the effect of energy 
conserving thermostat settings with moist soil (k = 

1.16, a = 0 .O3l ~tu/ft~hr) . These assumptions now 
allow significant slab conduction passive cooling 
for Tm = 65OF. For example, For C=7OF, Tm = 6 5 O ~  
and B = 20°F, the slab can dissipate about 6 x lo6 
Btu during the cooling season; at $15 per 
1 x 106~tu this could produce a savings of about 
$90. The slab is not now a source of summer heat 
until Tm exceeds 76'~ (B = 10°F), but it does 
produce significant summer load at the highest TM. 

65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 
Tm 

Figure 12 Cooling Season and Annual Loads for an 
Uninsulated, Low Resistance Slab. 
(40'x30'slab,Tr-74,C=5,k-O.75,a-O.O25,RF-=O.5) 

1111 
Figure 13 Cooling Seaaon and Annual Loads for an Unin- 

sulated, Low Resistance Slab on Damp Soil. 
(40'x30'slab,Tr=74,C=5,k=1.16,a=0.031,RF=O.5) 

Am 
Figure 14 Cooling Season and Annual Loads for an Unin- 

sulated, Low Resistance Slab on Damp soil. 
(40'x30'slab,Tr=74,C=7,k=1.16,a=0.031,Rf=O.5) 
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F i g u r e s  1 5  - 18 r e p e a t  some o f  t h e s e  
s e n s i t i v i t y  a n a l y s e s  f o r  a  2000 f t 2  s l a b .  
A d d i t i o n a l  c a l c u l a t i o n s  n o t  shown i m p l y  t h a t  f o r  
h i g h  and  low R f  a n d  medium a n d  h i g h  s o i l  k a n d  a ,  
t h e  h e a t  t r a n s f e r  t h r o u g h  t h e  2000 f t 2  s l a b  is 
i n s e n s i t i v e  t o  t h e  l e n g t h  t o  w i d t h  r a t i o  o f  t h e  
s l a b  i n  t h e  r a n g e  1 / 2  < R < 1. F i g u r e s  1 5  - 1 8  
assume R  = 3 / 4 .  

F i g u r e  1 5  i l l u s t r a t e s  h e a t  t r a n s f e r  f o r  t h e  
h i g h  R  s l a b  a n d  t y p i c a l  s o i l  w i t h  TR = 7 4 ' ~  a n d  
C = 3 ' ~ .  ( T h i s  i s  l i k e  F i g u r e  6, b u t  w i t h  s l a b  
a r e a  i n c r e a s e d  t o  2000 f t 2 . )  The l a r g e r  s l a b  d o e s  
p r o d u c e  more h e a t  t r a n s f e r  a t  e x t r e m e  T,. F i g u r e  
1 6  shows t h e  modes t  i n c r e a s e  i n  h e a t  t r a n s f e r  a t  
e x t r e m e  Tm due  t o  damp s o i l .  F i g u r e s  17 a n d  18  
show t h e  e f f e c t s  o f  e n e r g y  c o n s e r v i n g  t h e r m o s t a t  
s e t t i n g s  w i t h  damp s o i l .  Summer h e a t  g a i n s  a r e  
s i g n i f i c a n t  a t  h i g h  T, a n d  p a s s i v e  c o o l i n g  b e n e f i t s  
a r e  s i g n i f i c a n t  a t  low T,. F o r  C = 7OF, T, = 6 5 ' ~ ,  
B = 20°F a n d  $15  p e r  1 x  106Btu ,  t h e  9 x  106Btu  
p a s s i v e  c o o l i n g  b e n e f i t s  o f  t h e  2000 f t 2  s l a b  c o u l d  
s a v e  a b o u t  $135 p e r  c o o l i n g  s e a s o n .  Under t h e s e  
c o n d i t i o n s  t h e  h e a t i n g  s e a s o n  s l a b  l o s s e s  a r e  a b o u t  
6  x  l o 6  B t u  a n d  t h e  s l a b  p r o d u c e s  a n n u a l  b e n e f i t s ,  
e v e n  i n  a  h e a t  pump h e a t e d  home. T h i s  s l a b  
p r o d u c e s  n e a r l y  z e r o  summer h e a t  t r a n s f e r  f o r  T, 
n e a r  7 6 ' ~  (B = l o ° F ) .  

A,,, 

Figure  15 Cooling Season and Annual Loads f o r  t h e  Unin- 
s u l a t e d  S lab  of  a  Typical  Residence. ( 5 1 . 6 4 ' ~  
38.73'slab,Tr-73,C-3,k-O.75,a-0.025,R£-3.3) 
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Figure  16 Cooling Season and Annual Loads f o r  an Unln- 

s u l a t e d  S lab ,Typica l  Reaidence,Damp Soi l . (51 .64 '  
x38.73'slab,Tr=73,C=3,k-1,16,a=0.031,Rf-3.3~ 

Figure  17 Cooling Season and ~ & i a l  Loads f o r  an Unin- 
sulated,Low R e s i s t a n c e  S l a b  on Damp S o i 1 . ( 5 1 . 6 4 '  
x38.73'slab,Tr=74,C-5.k=1.16,a=0.031, Rf=O.5) 

. - .  . . - .  
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Tm 
Figure  18 Cooling Season and Annual Losdr f o r  a n  [Inin- 

sulated,Low R e s i s t a n c e  S lab  on Damp Soi1 . (51 .64 '  
x38.73'slab.Tr=74,C=l,k=1.16,a=0.031,Rf=0.5) 
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CONCLUSIONS 

All of the following conclusions are based on 
a heating season of November through February 
inclusive and a cooling season of May through 
October inclusive. These definitions apply only in 
warm and hot climates and would underestimate 
winter slab heat losses in cooler climates. 

*For typical soil properties and typical 
thermostat settings, the seasonal heat transfer 
through an uninsulated, carpeted slab-on-grade is 
dominated by summer heat gain in warm U.S. 
climates. 

* For energy conserving thermostat settings 
the summer slab heat transfer is near zero for Tm 
near 7   OF. 

* The simulated slab heat transfer is 
insensitive to the length to width ratio,R, of the 
slab in the range 1/2 < R < 1. 

* The slab can provide significant passive 
cooling if the thermostat is energy conserving, the 
floor system has low thermal resistance, the slab 
is on damp soil and Tm is less than 70°F. At Tm = 

65OF, such a 1200 ft2 slab can displace about $90 
worth of electricity for air conditioning during a 
cooling season. For a 2000 ft2 slab this cooling 
benefit would be worth about $135. 

The availability of significant passive 
cooling does not argue against insulating the 
perimeter of the slab. In fact the suppression of 
summer heat gain by perimeter insulation would 
increase the rate of summer passive cooling in all 
warm climates. Perimeter insulation is of greater 
benefit where the annual range in Tm is large. 
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