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ABSTRACT 

A field experiment was conducted to evaluate the use of waste 

heat for soil warming in the southeast. The water was heated to 1 0 0 " ~  

(38°C) and circulated through a network of one-inch diaketer, 18 ft. 

long plastic pipes buried ae a depth of 20 inches and spaced 20 inches 

apart. Soil temperature and heat flux measurement were analyzed to 

determine the effect of soil warming in combination with surface and 

subsurface irrigation on the soil temperature regime and on the amount 

of heat that can be transferred to the soil system. The following 

crops were grown on the test plots: cabbage, cucumber, snap bean, 

strawberry, sweet corn and sweet potato. The influence of soil warm- 

ing and other environmental factors on the growth, development and 

yield of these crops was evaluated, 

It was determined that heat could be transferred to the soil sys- 

2 
tem at rates ranging from 11.9 Btulft hr durtng hot periods to greater 

2 
than 43.7 Btu/ft hr during cold periods. Heat transfer rates were. 

increased 4 percent during summer months by subirrigation. Low volume 

sprinkler irrigation fncreased heat transfer rates by 16% and when both 

subirrigation and surface Irrigation were used the heat transfer was 

increased 24%. 

During cool periods soil warming increased soil surface tempera- 

ture by 9-l2'F and at the 8-inch depth by 15-20°F. This rise in 

temperature was sufficient to stimulate plant growth. 



S o i l  warming produced e a r l i e r  m a t u r i t y  of sweet  c o r n ,  snap bean 

and s t r a w b e r r y  i n  t h e  s p r i n g  and extended t h e  growing s e a s o n  f o r  

cabbage in t h e  f a l l ,  I n  ams t  i n s t a n c e s  y i e l d s  were  a l s o  i n c r e a s e d  and 

i t  was concluded t h a t  t h e  use of soil warming would Tncrease  p r o f i t  f o r  

t h e s e  h igh  v a l u e  c r o p s ,  

The mathemat ica l  model of Kendrick and Havens was used  t o  pro- 

jekt t h e  h e a ~  f l u x  measurements t o  p r o t o t y p e  s c a l e  sys tems .  It was 

determined t h a t  a s o i l .  warming system of t h e  t y p e  s t u d i e d  would 

r e q u i r e  approx imate ly  16 ,000  acres to h a n d l e  t h e  w a s t e  h e a t  from a 

1000 megawatt p l a n t  d u r i n g  t h e  summer i n  North  C a r o l i n a .  Approximate- 

l y  3800 a c r e s  cou ld  b e  warmed d u r i n g  t h e  c o l d e s t  w i n t e r  months. 

It was concluded t h a t  t h e  s o i l  warming sys tem w i l l  n o t  b e  econo- 

m i c a l l y  c o m p e t i t i v e  with c o n v e n t i o n a l  c o o l i n g  methods i n  t h e  S o u t h e a s t  

a t  t h e  p r e s e n t  t ime .  However, i t  s h 6 u l d  be n o t e d  t h a t  t h i s  sys tem does  

h o l d  p o t e n t i a l  f o r  i n c r e a s e d  c r o p  p r o d u c t i o n  and f u r t h e r  work shou ld  

b e  done on thfs phase  of t h e  p r o j e c t .  
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SUMMAR';' AND CONCLUSIONS 

A f i e l d  experiment was conducted t o  eva lua t e  t h e  use  of was te  h e a t  

f o r  s o i l  warming i n  t h e  Southeast .  Water was hea ted  t o  100°F and c i rcu-  

l a t e d  through a network of 1-inch diameter  1 8  f t  l ong  p l a s t i c  p ipes  b u r i e d  

a t  a depth of 20 inches  and spaced 20 inches  a p a r t .  S o i l  temperature and 

h e a t  f l u x  measurements were analyzed t o  determine t h e  e f f e c t  of s o i l  

warming i n  combination wi th  s u r f a c e  and subsur face  i r r i g a t i o n  on t h e  s o i l  

temperature regime and on t h e  amount of h e a t  t h a t  caa b e  t r a n s f e r r e d  t o  

t h e  s o i l  system. It was determined t h a t  h e a t  could b e  t r a n s f e r r e d  t o  t h e  

2 s o i l  system at  r a t e s  ranging from 11.9 B t u f f t  h r  dur ing  h o t  pe r iods  t o  

2 
g r e a t e r  than 4 3 . 7  ~ t u f f t  h r  dur ing  co ld  per iods .  While t h e s e  va lues  a r e  

obviously dependent on c l i m a t i c  f a c t o r s  and w i l l  vary wi th  l o c a t i o n ,  they  

w i l l  b e  r e p r e s e n t a t i v e  of much of t h e  Southeas t .  Based on h e a t  f l u x  d a t a  

from e i g h t  hea t ed  p l o t s  i t  was concluded t h a t  dur ing  ho,t summer months t h e  

amount o f  h e a t  t o  t h e  atmosphere v i a  t h e  s o i l  system can b e  

inc reased  by 4 pe rcen t  by s u b i r r i g a t i o n  a t  a r a t e  of 0.12 inches/day.  

Higher s u b i r r i g a t i o n  r a t e s  w i l l  no t  a f f e c t  t h e  h e a t  t r a n s f e r  r a t e  f o r  t h e  

Wagram sandy loam s o i l  s t u d i e d .  Low volume s p r i n k l e r  i r r i g a t i o n  w i l l  coo l  

t h e  s o i l  s u r f a c e  and i n c r e a s e  t h e  h e a t  t r a n s f e r  r z & e  by about 1 6  pe rcen t .  

When both  , s u b i r r i g a t i o n  and s u r f a c e  i r r i g a t i o n  a r e  app l i ed  t h e  h e a t  t r a n s f e r  

r a t e  can b e  inc reased  by an average of more than  24 p e r c e n t ,  

During cool  per iods  s o i l  warming w i l l  i n c r e a s e  s u r f a c e  temperature 

by 9 t o  12OF and temperatures  a t  an 8-inch depth by 1 5  t o  20°F. This 

r i s e  i s  s u f f i c i e n t  t o  s t i m u l a t e  p l a n t  growth dur ing  cool  seasons  of t h e  

yea r .  The temperature r f s e  due t o  s o i l  warming w i l l  be  somewhat l e s s  
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d u r i n g  h o t  p e r i o d s ,  b u t  may s t E l i  r e s u l t  i n  a v e r a g e  r o o t  zone tempera- 

3 
t u r e s  in e x c e s s  o f  90 F o  

A mathemat ica l  model eveloped by Kendrisk  and Havens (1973) 

was used t o  extrapolate the  f n f o r m a ~ f o n  obcalned i n  t h i s  s t u d y  t o  

p r o e s t y p e  s c a l e  sys tems ,  i t  was d e t e r m i n e  from h e a t  f l u x  d a t a  

t h a t  f o r  h o t  summer days  t h e  e f f e e t f v e  s u r f a c e  t e m p e r a t u r e  over a 

0 0 
s o i l  warming sysoem carrying 100 F w a t e r  may r e a c h  84 F ,  Based on 

t h i s  t e m p e r a t u r e ,  apprsx ims te9y  16,000 a c r e s  would b e  r e q u i r e d  t o  

h a n d l e  rhe  w a s t e  h e a t  f rcm a $000 megawatt p la r i t  if t h e  s o i l  warming 

system c o n s i s t s  o f  4 inch pipe b u r i e d  20 i n c h e s  deep and p l a c e d  20 

i n c h e s  a p a r t .  I f  Low vslzme s p r i n k l e r  i r r i g a t i o n  i s  used in com- 

b i n a t i o n  w i t h  s u b s u r f a c e  i r r i g a t i o n ,  the ef fec t ive  surface temper- 

a t u r e  can b e  reduced to 80% and abour  12,800 a c r e s  would b e  r e q u i r e d .  

Based on t h e s e  p r o j e c t i o n s  and on  a n  economfc a n a l y s i s  of a s o i l  

warming system by P l u m e r  (1 9 4 1 ,  it was eonclu  ed  t h a t  s o i l  warming 

systems w i l l  n o t  b e  ecsnomfea l ly  c o m p e t i r l v e  w i t h  c o n v e n t i o n a l  cool-  

i n g  methods i n  t h e  S o u t h e a s t  a t  t he  p r e s e n t  r i m e ,  

If s o i l  warming i s  used  i n  combination w i t h  o t h e r  b e n e f i c i a l  u s e s  

o r  w i t h  c o n v e n t i o n a l  cooling p r o c e s s e s ,  c o n s f d e r a b l y  l e s s  l a n d  area 

would b e  needed and maximun b e n e f i t  f m m  s o i l  warning cou ld  still. 

b e  o b t a i n e d .  For  example,  a 6000 a c r e  sys tem (4-inch p i p e s ,  20 

i n c h e s  deep and 20 i n c h e s  apart) cou ld  h a n d l e  one-half  o f  t h e  h e a t  

l o a d  from a 1000 megawatt p l a n r  d u r i n g  the  h o t  summer months when sub 

and s u r f a c e  i r r i g a t i o n  are used t o  i n c r e a s e  h e a r  f l u x ,  During c o o l e r  

p e r i o d s  t h i s  sys tem wonld hand2a t h e  e n t i r e  cooling l o a d ,  



Approximately 3800 a c r e s  could be  warned dur ing  the c o l d e s t  pe r iods  

of t h e  year  i n  North Ca ro l ina ,  

Cucumber, snap bean, s t rawberry ,  sweet corn ,  cabbage, and swee.t 

po t a to  were grown t o  determine t h e i r  response t o  s o i l  warming. 

E a r l i e r  m a t u r i t y  of sweet corn ,  snap beans,  a n d s t r a w b e r r i e s  was ob- 

t a ined  i n  t h e  s p r i n g  and t h e  f a l l  growing season f o r  cabbage was 

extended. Yie lds  were i nc reased  i n  most i n s t a n c e s  and i t  was son- 

cluded t h a t  t h e  u se  of s o i l  warning would i n c r e a s e  p r o f i t  f o r  t h e s e  

h igh  va lue  c rops ,  A summary of r e s u l t s  on crop response  t o  s o i l  

warming i s . g i v e n  i n  t h e  fo l lowing  t a b l e .  
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The r e s u l t s  of t h i s  s tudy  i n d i c a t e  t h a t  it w i l l  no t  be f e a s i b l e  t o  

use  s o i l  warming t o  r e p l a c e  conven t i s aa l  cool ing  systems i n  t h e  Sourh- 

e a s t  a t  t h i s  t ime.  I n  coo le r  r l3mates  where the e f f e c t i v e  sumaer sur -  

f a c e  temperatures  a r e  lower,  it may be  p o s s i b l e  t o  r e p l a c e  some of t h e  

convent ional  coa l ing  by s o f l  warming, The f e a s ' i b i l i t y  can be  eva lua ted  

by us ing  t h e  Kendrick and Noveres equa t ion ,  However, It i s  recommended 

t h a t  s u r f a c e  temperatures  used i n  t h i s  equat ion  be determined by f i e l d  

experiments a s  s o i l  warming will r a i s e  t h e  s u r f a c e  temperature and measure- 

ments under n a t u r a l  cond i t i ons  w i l l  g ive  v a l u e s  t h a t  a r e  t oo  low. 

It i s  recommended t h a t  work cont inue  toward developing mathematical  

and/or  computer models t o  c h a r a c t e r i z e  t h e  h e a t  t r a n s f e r  process  i n  s o i l  

warming. The most immediate need i s  f o r  a  model t h a t  w i l l  Erea t  t h e  r ad i -  

a t i o n ,  convec t ion ,  and change of phase cond i t i ons  a$  t h e  s o i l  s u r f a c e ,  

It i s  a l s o  important  t h a t  the  model cons ider  t r a n s i e n t  h e a t  and mass t r a n s -  

f e r  i n  t h e  s o i l  so t h a t  temperature and 5311 water  d i s t r i b u t i o n s  a s  w e l l  

a s  h e a t  t r a n s f e r  r a t e s  can b e  r e l i a b l y  p r e d i c t e d .  

Fu r the r  work on sofk  warming should concen t r a t e  on t h e  use  of was te  

h e a t  t b  s t i m u l a t e  crop product ion  and less on i t s  use  as a replacement f o r  

convent iona l  cool ing  f a c i l i t i e s .  From the  des ign  p o i n t  of view, t h i s  

p l aces  t h e  emphasis on dev i s ing  e f f i c i e n t  systems to mainta in  d e s i r e d  tem- 

p e r a t u r e  and s o i l  water  d i s t r i b u t i o n s  r a t h e r  than  t o  maximize h e a t  t r a n s f e r  

r a t e s .  It appears  t h a t  t h i s  u s e  of waste h e a t  w i l l  b e  economically f e a s i b l e  

f o r  only l i m i t e d  a r e a s  in t h e  U.S. Therefore  it i s  recornended t h a t  f u t u r e  

s t u d i e s  i n c l u d e  a  thorough economic a n a l y s i s  p r i o r  t o  development of p ro to type  

s c a l e  exper iments ,  
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It is recommended that more work be done toward solving agronomic 

and cultural problems unique to crop production with soil warming. 

Of particular importance is defining the optimum sequencing of crops which 

will maximize yield and minimize problems associated with insects, disease 

and cultural practices, 

xix 





INTRODUCTION 

It i s  es t imated  t h a t  demand Par e l e c t r i c  power will cont inue  ro  

double about every t e n  years Bsr t h e  r e s t  of t h i s  century  (Krenkel and 

Pa rke r ,  1969) . Even wi th  a p r o j e c t @  i n c r e a s e  in ope ra t ing  e f f f e r e n c ~  

from about 33 t o  46 percent  by the  year 2000 we w i l l  hime a  four - fo ld  

i n c r e a s e  i n  t h e  r a t e  of waste heat pro  u e t i a n .  A t  p r e sen t  about 2 

of energy a r e  r e j e c t e d  v i a  condenser cool ing  waters  f o r  every of 

e l e c t r i c  power produced. In l 9 7 l  approximately 95 percent  s f  t h e  water  

used i n  cool ing  e l e c t r i c  gene ra to r  condensers w a s  r e tu rned  t o  s t reams o r  

e s t u a r i e s  where increased  water  temperatures  a r e  gene ra l ly  no t  d e s i r a b l e ,  

Clark (5969) e s t ima te s  tha t  wfchin 30 yea r s  t h e  e P e e t r f e  power fndus t ry  

w i l l  r e q u i r e  t h e  d i sposa l  of about 20 t r i l l i o n  Btu of waste  h e a t  pe r  day. 

To d ispose  of t h i s  amount af waste h e a t  by n a t u r a l  waters  would r e q u i r e  

about one-third s f  t h e  avera  e  d a i l y  f r e s h  water runoff  i n  t h e  Un i t e  

S t a t e s .  During c r i t i c a l  low flow pe r iods ,  100 percent  of t h e  d a i l y  ' f r e s h  

water  runoff  would be r e q u i r e  

Recent l e g i s l a t i o n  and r u l i n g s  by t h e  Environmental P r o t e c t i o n  Agency 

have a l l  b u t  e l imina ted  the u s e  of "once shrough cool ing" f o r  steam e l e c t r i c  

gene ra t ing  p l a n t s .  Cooling psn s, spray  ponds, and cool ing  towers a r e  

p o s s i b l e  a l t e r n a t i v e s ,  b u t  t hese  processes  a r e  expensive.  A b e t t e r  a l t e r -  

n a t i v e  would be t o  u se  the  heated water  i n  a benef ic ia l  manner, I n d u s t r f a l  

u se  of t h e  hea ted  was te  water  i s  gene ra l ly  uneconomical, because t h e  hea ted  

water  c o n s t i t u t e s  a  r e i a t i v e l y  XOW temperature source  of energy,  A b e t t e r  

u se  of t h i s  h e a t  appears  t o  be f o r  food p r o d u c ~ i s n ,  Boersma (1970) showed 

t h a t  crop product ion  cam be  increased  by us ing  t h e  w a r n  water f o r  s o i l  



warming, i r r i g a t i o n ,  and evapora t ive  coo l ing  of t h e  s o i l  and planE s u r f a c e s .  

The spen t  cool ing  waters  can a l s o  be  used f o r  hea t ing  and cool ing  green- 

houses and p o u l t r y  houses ,  f o r  hea t lng  a q u a c u l t u r a l  ponds, and t o  i n c r e a s e  

t h e  decomposition r a t e  of a g r i c u l t u r a l  p rocess ing  and animal was t e s ,  I n t e -  

g r a t ed  systems i n  which t h e s e  u se s  of was te  h e a t  a r e  combined have been 

proposed by Boersma and Lindstrom (1971),  and by P r i c e  and P e a r t  ( l 9 7 l ) .  

The o v e r a l l  o b j e c t i v e  of % h i s  p r o j e c t  was t o  e v a l u a t e  t h e  u se  of 

waste  h e a t  f o r  s o i l  warming i n  t h e  Sou theas t ,  When t h e  p r o j e c t  was i n i -  

t i a l l y  proposed, i t  was assumed t h a t  a  p r e r e q u i s i t e  t o  t h e  employment sf 

any system us ing  was te  h e a t  from steam e l e c t r i c  gene ra t i ng  s t a t i o n s  i s  

t h a t  t h e  system w i l l  p rovide  f o r  t h e  u s e  o r  d i s p o s a l  of h e a t  du r ing  a l l  

seasons  of t h e  y e a r ,  This  is e s p e c i a l l y  important  du r ing  t h e  h o t  summer 

months when s t ream f lows,  a r e  low and t h e  e f f e c t s  of adding warm wa te r  t o  

s t reams i s  most d e t r i m e n t a l ,  Another approach has  been taken  by some 

i n v e s t i g a t o r s .  They have assumed t h a t  convent iona l  coo l ing  f a c i l i t i e s  

w i l l  always be  r equ i r ed  because sf t h e  huge volumes of water  c a r r y i n g  

waste  h e a t ,  t h e  need f o r  waste h e a t  du r ing  only  c e r t a i n  pe r iods  of t h e  

y e a r ,  and t h e  l a c k  of proven r e l i a b i l i t y  of most was te  h e a t  u s e s .  The 

aim of t h i s  approach i s  t o  u t i l i z e  t h e  h e a t  du r ing  c e r t a i n  pe r iods  of t h e  

yea r  t o  i n c r e a s e  a g r i c u l t u r a l  o r  a c q u a c u l t u r a l  p roduct ion .  While t h i s  

approach i s  l e g i t i m a t e  and o f f e r s  means of u t i l i z i n g  a  p r e s e n t l y  d i s ca rded  

source  of energy,  i t  does n o t  r e l i e v e  t h e  problems of d i spos ing  of l a r g e  

volumes of waste  h e a t  wi thout  harmful environmental  e f f e c t s  o r  exces s ive  

c o s t ,  Therefore  t h e  conc lus ions  of t h e  s t u d y ,  e s p e c i a l l y  w i t h  r e s p e c t  t o  

t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of s o i l  warming, a r e  based on t h e  



assumption t h a t  t h i s  proposed use  of waste  h e a t  would r e p l a c e ,  a t  l e a s t  

i n  p a r t ,  conventional  cool ing  processes.  



REVIEW OF LITERATURE 

Crop Response 

Waste heat can be used for soil warming by circulating warm con- 

denser cooling waters through a network of burfed pipes. Soil temperatures 

will be increased with the prospect of stimulating plant growth and in- 

creasing the length of the growing season so that two or more crops may 

be produced, The various aspects of soil temperature effects on plants 

such as effects on nutrient uptake, water uptake, growth, and senescence 

have been studied in detail and have been the subject of several complete 

reviews articles (Shaw, 1952; Nielson and Humphries, 1966; Rykbost, 1973; 

Nielson, 1974). 

In general plant growth increases with increasing soil temperature 

up to the optimum which is usually between 22-30'~ (Miller, 1938; 

Lehenbauer, 1914; Van Wijk - et -* a1 9 1959; Pearson et a1 1970) and then - 3 

decreases with further temperature increase. Nutrient availability is also 

increased by increasing soil temperatures (Willey, 1959; Mederski and 

Wilson, 1958). Furthermore, yields are increased and the overall growth 

period is shortened (Willey, 1959; Wort, 1940; Power, et ax., 1970). 

The potential use of waste heat for increasing crop production has 

spurred research activity to determine effects of soil warming on plant 

growth. Ongoing research and recent published work was reviewed in detail 

by Gillham (1974). Based on three years of field data, Boersma et al., 
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(1972) eonchded  t h a t ,  f o r  t h e  growing eondi t fons  o? t h e  WEPP 

s o i l  warming esu ld  r e s u l t  in y i e l d  fnc reas  s of 30 t o  40 percent  f o r  most 

crops t e s t e d ,  They found that so fa  warming a l s o  increased  t h e  water  r e -  

quirements f o r  producing a c rop ,  

The e f f e c t  s f  s o i l  warn$ng on p o t a t o  product ion in Minnesota was re -  

por ted  by A l l r e d ,  -- e t  a % ,  (1973s), They found thar. wh i l e  s o i l  warming d id  

no t  i nc rease  t h e  t o t a l  y i e l d ,  harvest d a t e s  on heated  p l a c s  w r e  2-3 weeks 

e a r l i e r  than  on nonheated plots, Further  t hey  demonstrate  t h e  p o s s i b i l i t y  

of ob ta in ing  two crops  s f  pocatoes p e r  year  v i a  t h e  u s e  of s o i l  warming, 

Crop response d a t a  fa ~ h e  Soukheast has  been obta ined  i n  s t u d i e s  

sponsored by t h e  Tennessee Valley Authority a t  Muscle Shoals ,  Alabama 

(GiPlhm,  19341, Resulks f o r  1 7 1  showed t h a t  t h e  y i e l d s  f o r  sweet corn 

and snap beans were apprsxfmaze%y doubled by soil warming wh%le only a 

s l i g h t  response was obta ined  wi th  summer squash. The 1972 d a t a  i n d i c a t e d  

considerable-  y e a r l y  v a r i a t i o n  an emphasized t h e  d i f f i c u l t y  of p r e d i c t i n g  

an average y i e l d  i n c r e a s e  wi thout  long term crop response d a t a ,  

Heat Transfer  

The des ign  of a s o i l  w rrning system ts reduce t h e  temperature of 

condenser cool ing  waters  by a g iven  amount an t h e  de te rmina t ion  of t h e  

r e s u l t i n g  e f f e c t s  on s o i l  temperature is basfca lPy  a h e a t  t r a n s f e r  problem. 
1 

Kendrick and Havens (19731 develsped a m a t h m a t l c a l  model f o r  h e a t  eonduc- 

t i o n  from bur i ed  p a r a l l e l  warm water  p i p e s ,  Equatfon~s were de r ived  t o  pre- 

d i c t  t h e  h e a t  d i s s i p a t i o n  r a t e ,  s o i l  temperature d i s t r i b u t i o n ,  and l e n g t h  

of p ipe  r equ i r ed  t o  achieve  a given drop i n  water  temperature,  The model 



assumed s teady  s t a t e  condicfans,  uniform and constan& s o i l  thermal  con- 

d u c t i v i t y ,  a s u r f a c e  temperature e ~ n s e a n t  w i th  r e s p e c t  co both rime and 

p o s i t i o n ,  and p i p e  s u r f a c e  temperature equal  t o  t h e  water  tempera ture ,  

Although rhe  model has  provided a valuable  t o o l  f o r  eva lua t ing  a l t e r n a t i v e  

s o i l  warming systems,  these underlying a s s m p t i o n s  Pi'mits i t s  d f r e c t  ap- 

p l i c a t i o n  wi thout  support2ag f i e l d  d a ~ a ,  The s o i l  p r o p e r t i e s  a r e  n o t  

gene ra l ly  uniform o r  cons tan t ,  The thermal  conduc t iv i ty  of s o i l  is  h igh ly  

dependent on both p o r o s i t y  and wacer con ten t  (Skaggs and S m i t h ,  1 

Boersma (1970) found t h a t  subsurface h e a t i n g  tended to dry  ou t  s o i l  nex t  

t o  t h e  h e a t  p ipes  lowering t h e  shermal conduc t iv i ty  and cons iderably  re- 

ducing h e a t  t r a n s f e r  from t h e  system, Thus a  completely a n a l y t i c a l  t r e a t -  

ment of t h i s  process  must cons%der both mass and h e a t  t r a n s f e r .  Probably 

t h e  most d i f f i c u l t  o b s t a c l e  t e  the use  of t h e  Kendrick and Havens model i s  

t h e  de te rmina t ion  of an  e f f e c t i v e  s u r f a c e  temperature.  S o i l  s u r f a c e  tem- 

p e r a t u r e s  have n a t u r a l  d i u r n a l  and seasona l  f l u c t u a t i o n s ,  I n  a d d i t i o n ,  s o i l  

warming i n c r e a s e s  t h e  s u r f a c e  temperature s o  temperatures  measured under 

n a t u r a l  cond i t i ons  cannot be  d i r e c t l y  used i n  t h e  model. Furthermore,  t h e  

temperature i n c r e a s e  due t o  s o i l  warning w i l l  be  propor t fonaf  t o  t h e  h e a t  

f l u x  a t  t h e  s u r f a c e ,  so  t h e  e f f e c t i v e  s u r f a c e  temperamre  near t h e  en t r ance  

t o  t h e  system w i l l  no t  be t h e  same a s  a t  t h e  exie where t h e  wa te r  tempera- 

t u r e  i s  lower,  Because of the complex process  of h e a t  and mass t r a n s f e r  

due t o  s o i l  warming and she  d i f f i c u l t y  of a c c u r a t e l y  c h a r a c t e r i z i n g  t h e  

s u r f a c e  boundary cond i t i on ,  f i e l d  experiments a r e  necessary  t o  r e l i a b l y  

e v a l u a t e  t h e  p o t e n t g a l  f o r  s o i l  warming and t o  provide a d a t a  base  f o r  

developing and t e s t i n g  anaPyrica1 models. 



Severa l  f i e l d  and l abo ra to ry  s t u d i e s  have been conducted o r  a r e  i n  

process  t o  e v a l u a t e  t h e  f e a s i  i % i t y  of us ing  waste  h e a t  f o r  s o i l  warming. 

Probably t h e  most i n t e n s i v e  work i n  t h i s  a r e a  has been conducted a t  

Oregon S t a t e  Univers i ty  by Boersma and h i s  co l l eagues ,  The r e s u l t s  of 

t h i s  work was d e s c r i b e  i n  d e c a l 1  by Boersma (19701, Boersma, e t  a l 0  

(1972) and BarPow, -- e t  a l ,  (1974), Warm water  p ipes  were s imulated by 

a network sf  e l e c t r f c a P  hea t ing  cab le s  bu r i ed  6 f t ,  deep and spaced 6 f t .  

a p a r t .  Cable temperaturas  w re  var ied  between 75 and 1 5 0 ~ ~  b u t  were s e t  

a t  1 0 0 ~ ~  most of t h e  t ime,  Soil and a i r  temperature p r o f i l e s ,  s o i l  waser 

conten t  and h e a t  d i s s i p a t i o n  r a t e s  were measured a t  i n t e r m i t t a n t  i n t e r v a l s  

dur ing  1969-1972. The response of s e v e r a l  crops was determined a s  d i s -  

cussed above. 

While t h i s  method of s o i l  warming r e s u l t e d  i n  cons ide rab le  tempera- 

t u r e  i nc reases  below t h e  S O U T G ~ ,  t h e  decrease  i n  semperature above t h e  

h e a t  sou rce  was r a p i d  and, dur ing  coo le r  pe r iods ,  was r a i s e d  by only about 

0 4 F above normal temperatures  a t  a 4 i n  depch, Beat  flux from heated p l o t s  

2 2 
without  p l a n t  cover v a r i e  B t u / f t  h r  i n  January t o  3 B t u / f t  h r  i n  

J u l y  and August, When s u b f r r i g a r f o n  was n o t  a p p l i e d ,  Ehe s o i l  d r i e d  out  

around t h e  hea t ing  cables forming a s o r e  w i t h  low thermal conductivfEy, 

S u b i r r i g a t i o n  app l i ed  through porous p ipes  l oca t ed  l 5  ern above t h e  hea t ing  

cab le s  maintained moist  eon i t i o n s  near  t h e  cables and r a i s e d  t h e  above 

h e a t  f l u x  va lues  by about 5Q p e r c e n t ,  Sur face  i r r i g a t i o n  was found t o  be 

i n e f f e c t i v e  i n  hold ing   he s o i l  around the  cab le s  i n  a moist  cond i t i on ,  

F i e l d  s t u d i e s  a r e  be ing  conducted a t  Pennsylvania  Sca t e  Un ive r s i t y  

on a 0.23 a c r e  s i t e ,  The s o i l  warning system (descr ibed  i n  d e t a i l  by DeWalle 



and Riehender fer ,  1 9 7 4 )  c o n s i s t a  of LOO ft long - 2 f a  polye thylene  p ipes  

bur ied  P ft, deep and spaced 2 ft, apart, Warm water  i s  supp l i ed  froan an 

app l i ed  t o  t h e  p l o t  through a s p r i n k l e r  irrigatfon s y s u m  a t  a r a t e  of 

2 inches per  week, The i n l e i w l  sbjectives of the sru y a r e  ts S m e s t i g a t e  

h e a t  d i s s i p a t i o n  and wasce water renavatfon s o  no actmap% was m a  

crops on t h e  p l o t .  laseead she p l s r  was seeded ta a g r a s s  mixture .  

Heat f l u x  and kemperaewrs data f o r  I943 was p r  s e n t &  by Alpe r t  and 

2 F r i t t o n  ( 1 9 7 4 ) ,  Heat f l a x e s  vsr ied from 93 t o  1 6  ~ t u $ f t  hr i n  August t o  

2 
about  29 B t u / f t  hr  i n  Noveniber, Comparisons of observed p i p e  tempera tures  

w i t h  those  p red ic t ed  by the Kersdrfek azad Havens (1973) equat ion  were in 

accep tab le  agreement,  However t h e  f m v e s ~ i g a t o r s  concluded t h a t  t h e  accuracy 

of t h e  Kendrick and Havens model was l i m i t e d  by t h e  assumption of cons t an t  

surgace  temperature w i t h  d i s t a n c e  from t h e  i n l e t  manifol  

VanBernark and DeWalb ( 1 9 7 4 )  i n v e s t i g a t e d  t h e  e f f e c t s  of c l i m a t e  on 

h e a t  d i s s i p a t i o n .  They developed a method $0 p r e d i c t  the average  s u r f a c e  

temperature from cl imat ic  data whikh predicted va lues  i n  good agreement w i t h  

measured temperatures  in the surmer when t h e  s u r f a c e  was only p a r t i a l l y  

vege ta t ed ,  A f t e r  dense grass cover was established t h e  method p red ic t ed  

K3 
s u r f a c e  temperatures  t h a t  were 4-8 C lower khan measured v a l u e s ,  P r e d i c ~ i o n s  

of h e a t  l o s s  u s ing  various e s t i m a t e s  and measurements of s u r f a c e  temperature 

were gene ra l ly  Law i n  t h e  sumer, 

The economic ana lyses  af Rykbost,  e t  a l ,  ( 1 9 7 4 )  and Johns e t  ale ( 2 9 7 3 )  - -- -- 



were reviewed by Gillham ( 1 9 7 4 )  . Wykbost , e t  a l e  ( l  7 4 )  determined t h e  

cos t  of a  s o i l  warming system and compared i t  t o  increased  r e t u r n  from 

p ro jec t ed  y i e l d  i n c r e a s e s ,  The system cons i s t ed  of 2 i n  diameter  p l a s t i c  

p ipes  bu r i ed  3 f t  deep with a 6 ft. l a t e r a l  spac ing .  They determined a  

c a p i t a l  investment of $3,30 / a c r e  and a y e a r l y  cos t  of $27O/acre. Gillham 

(1974) noted t h a t ,  un l e s s  dou le cropping i s  p o s s i b l e ,  i t  does n o t  appear 

t h a t  s o i l  warming f o r  vege ta  u e t i o n  i s  ecsnomica%ly f e a s i b l e ,  

Johns, -- e t  ab ,  (1973) es t im~ated  c a p f c a l  c o s t s  of a  s o i l  warming system 

us ing  1 i n ,  PVC p ipe  spaced 4 f t ,  a p a r t  t o  be  $3,006 t o  $5,00O/acre,  Based 

on t h e  $5080/aere c a p i t a l  cos t  t h e  annual  f i x e d  e s s t  was es t imated  t o  be 

about $820/acre,  They considered 29 vege tab le  crops and eoneluded t h a t  only 

a  s p r i n g  crop of dry  onions ha a  y i e l d  response s u f f i c i e n t  t o  pay f o r  t h e  

warming sys  tem . 
Neither  s f  t h e  above ana lyses  acerued b e n e f i t s  f o r  coa l ing  t h e  eon- 

denser  waters .  F ' l m e r  ( I974 conducted a  d e t a i l e d  eeonomis a n a l y s i s  and 

t e c h n i c a l  f e a s i b i l i t y  s tudy  of a s o i l  warming system f o r  a  1500 Megawatt 

power p l a n t .  I n  t h e  system h e  cons idered ,  municipal  sewage e f f l u e n t  was 

sprayed on t h e  f i e l d s  t o  i n c r e a s e  t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of 

t he  s o i l .  Both t h e  eeonomris; and f e a s i b i l i t y  ana lyses  were based on math- 

ema t i ca l  s imu la t ions  of t h e  s o i l  warming system and power p l a n t  condenser 

ope ra t ion .  Average monthly c l i m a t i c  cond i t i ons  f o r  c e n t r a l  Pennsylvania  

were used t o  s imu la t e  system operasfon f o r  one y e a r ,  The economic a n a l y s i s  

considered a g r i c u l t u r a l  b e n e f i t s  and b e n e f i t s  a s s o c i a t e d  wi th  t h e  advanced 

t rea tment  of municipal  waste  w a t e r ,  During h o t  seasons  i t  was necessary  t o  

r a i s e  t h e  temperature of t h e  cool ing  water  i n  o rde r  t o  main ta in  a  h igh  h e a t  



t r a n s f e r  r a t e .  The e f f e c t  of t h i s  measure on t h e  c o s t  of power gene ra t ion  

was considered by computing an  economic pena l ty  c o s t  r e s u l t i n g  from t h e  

reduced ope ra t ing  e f f i c i e n c i e s .  Plummer concluded t h a t  t h e  waste  h e a t  

from a 1500 megawatt p l a n t  could be  cooled by a  s o i l  warming system con- 

s i s t i n g  of b u r i e d  2 i nch  diameter  p l a s t i c  p ipe  l a t e r a l s  spaced a t  one 

f o o t  depth and two f o o t  spacing.  H e  p ro j ec t ed  t h e  optimum land  a r e a  would 

be 4500 a c r e s  having a n e t  c a p l t a l  c o s t  of $24/KW. This  c o s t  i s  l e s s  than  

t h e  c o s t  of dry  cool ing  towers bu t  about 40 pe rcen t  more expensive than  

wet towers.  



OBJECTIVES 

1. To d e t e r m i n e  t h e  c a p a c i t y  of t h e  s o i l  sys tem a s  a  h e a t  s i n k ,  and 

t o  e v a l u a t e  t h e  s e a s o n a l  v a r i a t i o n  of t h i s  c a p a c i t y  i n  t h e  South- 

e a s t .  

2 .  To de te rmine  t h e  e f f e c t  of v a r i o u s  combinat ions  of s u b s u r f a c e  and 

low volume s u r f a c e  i r r i g a t i o n  on t h e  amount of h e a t  t h a t  can b e  

t r a n s f e r r e d  t o  t h e  s o i l  sys tem.  

3 .  To de te rmine  t h e  s o i l  t e m p e r a t u r e  r e s p o n s e  when h e a t e d  w a t e r s  a r e  

used f o r  s o i l  warming i n  combinat ion w i t h  s u b s u r f a c e  and low 

volume s u r f a c e  i r r i g a t i o n ,  

4 .  To e v a l u a t e  t h e  r e s p o n s e  of s e l e c t e d  c r o p s  t o  s o i l  warming sys tems .  



EXPERIMENTAL METHODS 

Heat Use and Response --- 

S o i l  warming sys tems  were  i n s t a l l e d  i n  1 3  by 18 f t .  f i e l d  p l o t s  

l o c a t e d  on t h e  C e n t r a l  Crops Research S t a t i o n  a t  Clay ton ,  N . C .  The 

s o i l  was a Wagram sandy loam which had a n  A h o r i z o n  of 18-22 i n c h e s  

deep u n d e r l a i n  by a sandy c l a y  s u b s o i l  e x t e n d i n g  t o  a d e p t h  of 

g r e a t e r  t h a n  4 f e e t .  

Heated w a t e r  was c i r c u l a t e d  th rough  e i g h t  1- inch d i a m e t e r  1 8  f t .  

l o n g  p l a s t i c  p i p e s  b u r i e d  a t  a d e p t h  of 20 i n c h e s  and spaced 20 i n c h e s  

a p a r t .  The p i p e s  were  connec ted  end t o  end by 20-inch l o n g  s e c t i o n s  

t o  form a s e r p e n t i n e  p a t t e r n  a s  shown i n  F i g u r e  1. Each p l o t  con- 

t a i n e d  a pump, w a t e r  h e a t e r ,  and t h e r m o s t a t  t o  h e a t  t h e  w a t e r  t o  a set 

t e m p e r a t u r e  and c i r c u l a t e  4 t  c o n t i n u o u s l y .  The s h o r t  s e c t i o n s  of p i p e  

c o n n e c t i n g  t h e  w a t e r  h e a t e r ,  which was above ground,  t o  t h e  below 

ground system of p i p e s  was covered w i t h  4-inch f f b e r g l a s  i n s u l a t i o n  t o  

r e d u c e  h e a t  l o s s e s .  The set p o i n t  was m a i n t a i n e d  a t  100°F. The t h e r -  

mos ta t  was a g a s  b u l b  on-off t e m p e r a t u r e  s w i t c h  which was s e n s i t i v e  t o  

+ .2'F, s o  c l o s e  c o n t r o l  of t h e  h e a t e r  w a t e r  t e m p e r a t u r e  was o b t a i n e d .  - 

The f l o w  r a t e  was 5 ga l /min  and because  of t h e  r e l a t i v e l y  s m a l l  p l o t s ,  

t h e  t e m p e r a t u r e  d r o p  from t h e  o u t l e t  t o  t h e  i n l e t  of t h e  w a t e r  h e a t e r  

was o n l y  l t o  3°F. The h e a t  d f s s i p a t e d  i n  each  p l o t  was measured by 

non-recording wat t -hour  m e t e r s  which were  r e a d  d a i l y .  
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Boersma (1930) found t h a t  s o i l  h e a t i n g  d r i e d  t h e  s o i l  around t h e  

h e a t  s o u r c e  r e d u c i n g  i t s  t h e r m a l  c o n d u c t i v i t y  and consequen t ly  t h e  

amount of h e a t  t h a t  can b e  t r a n s f e r r e d  t o  t h e  s o i l  sys tem.  En o r d e r  

t o  m a i n t a i n  t h e  s o i l  w a t e r  c o n t e n t  a t  a l e v e l  t h a t  would s u s t a i n  v igo-  

r o u s  p l a n t  growth and a h i g h  the rmal  c o n d u c t i v i t y ,  two i r r i g a t i o n  

schemes were  used .  Water was s u b i r r i g a t e d  th rough  porous  t u b e s  b u r i e d  

i n  t h e  s o i l  d i r e c t l y  above t h e  h e a t i n g  p i p e s  as shs-m i n  t h e  p r o f i l e  

v iew of F i g u r e  2 .  S u b i r r i g a t i o n  was a p p l i e d  d a f l y  d u r i n g  a  s i x  hour  

p e r i o d  and was e q u i v a l e n t  TO a n  a p p l i c a t i o n  r a t e  of . I 2  i n c h e s l d a y  on 

a p l o t  b a s i s .  S h o r t  t e rm t e s t s  were conducted t o  e v a l u a t e  t h e  e f f e c t s  

of h f g h e r  s u b i r r i g a t i o n  r a t e s .  Water was a l s o  added t o  some of t h e  

p l o t s  by low volume s p r i n k l e r  i r r i g a t f o n  d u r i n g  r h e  h o t t e s t  p e r i o d  of 

t h e  day f o r  t h e  purpose  o f  s u r f a c e  c o o l i n g .  S e v e r a l  s u r f a c e  a p p l i c a -  

t i o n  schemes were  t r i e d  and a n  a p p l i c a t i o n  of ,08  I n / h r  from 1200 t o  

1300 h o u r s  and a g a i n  from 1400 t o  1500 h o u r s  was s e l e c t e d .  Wierenga,  

e t  a l e  (1970) showed t h a r  i r r i g a t f o n  w i t h  warm w a t e r  r e s u l t e d  i n  a n  -- 

i n s i g n i f i c a n t  r ise i n  t h e  s o i l  z e m p e r a t u r e  over t h a t  o b t a i n e d  w i t h  

c o o l e r  w a t e r .  Thus i n  o r d e r  izo s i m p l i f y  t h e  e x p e r i m e n t a l  s e t u p ,  t h e  

i r r i g a t f o n  w a t e r  i n  t h e s e  t e s t s  was a p p l i e d  a t  t h e  normal t e m p e r a t u r e  

of t h e  w a t e r  s o u r c e ,  a l a r g e  fa rm pond. 

E i g h t  t r e a t m e n t s  were  uBed: a  c o n t r o l ,  s o i l  warming, s u b s u r f a c e  

i r r i g a t i o n ,  s u r f a c e  i r r i g a t i o n ,  s u r f a c e  p l u s  s u b s u r f a c e  i r r i g a t i o n ,  

s o i l  warming w i t h  - s u r f a c e  i r r i g a t i o n ,  s o i l  warming w i t h  s u b s u r f a c e  

i r r i g a t i o n ,  and s o i l  warmfng w i t h  s u r f a c e  p l u s  s u b s u r f a c e  i r r i g a t i o n .  





Each treatment was replicated twice so there were a total of 3.6 

experimental plots. A schematic of the plot layout is given in 

Figure 3. A pictoral view of the experimental site is shown in 

Figure 4. 

The temperature distribution in the soil profile was measured 

during selected periods with thermocouples placed at 10 cm increments 

up from the depth of the heating pipe. Temperatures were measured 

vertically over the heating pipe and midway becween adjacent pipes. 

With respect to the crop, temperature measurements were made midway 

between rows which were oriented perpendicular to the heating pipes. 

Temperaturestwere recorded using l6 and 24 point strip chart poten- 

tiometers and, during certain periods, by an automatic data acquisi- 

tion system with teletype punched paper tape output. 

Crop Sequence 

At the outset of this study crops yielding high net income per 

acre were selected for study. This was done in order to maximize econ- 

omic returns. Most of these crops are highly perishable and increase 

in value when produced out of.norma1 season. The sequence of cropping 

can be seen in Table 1. 

Cabbage is normally a cool season crop and is produced during 

late fall or early spring in the North Carolina Coastal Plain. Cabbage 

does have some frost hardiness and can withstand temperature to '7'C. 

Thus cabbage was chosen as.a crop for the fall and winrer season. 
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F i g u r e  3 .  P l o t  l ayou t  f o r  soil warming in c s m b i n a t i o ~  w i th  s u r f a c e  and sub-- 
sulfface i=i~at-~cursm. 



F i g u r e  4 .  A p i c t o r i a l  view of  t h e  e x p e r i m e n t a l  site. 



11 Table  1, Cropping sequence during s o i l  warming i n  1971-1974 - 

Snap Straw- Sweet Sweet 
Y e a r / ~ o n t h  beans Cabbage Cucumbers b e r r i e s  corn  po t a toes  

l / 'Number under crop i n d i c a t e s  d a t e  of  p r a c t i c e ;  l e t t e r  i n d i c a t e s  h r a c t i c e :  - 
S  = Seeding, P = Transp lan t ing ,  H = F i r s t  h a r v e s t ,  H = F i n a l  h a r v e s t .  

21 Number i n  pa ren thes i s  i n d i c a t e s  p l a n t i n g  of a  g iven  yea r .  - 
31 Harvest of  t h e  second year  f o r  t h e  same p l a n t i n g .  - 



Cucumbers are generally considered to be a warm season crop. 

However, they do not withstand extremely high soil temperatures during 

germination. Because they do respond favorably to increased soil and 

air temperature cucumbers were grown during mid and late summer in an 

effort to determine if they could withstand higher soil temperatures 

caused by soil warming. 

Snap beans are also considered a warm season crop, but will grow 

during cooler seasons. Snap bean is sensitive to excessively high soil 

temperature during germination. Further, excessive evapotranspiration 

during flowering will cause young pods to drop off and reduce yield. 

Snap beans were tested during early spring and mid-summer. This was 

done to test plant response during a season which is normally too cool 

for good growth and to determine if the crop could be successfully grown 

during late summer when high soil temperatures were unfavorable. 

Strawberry is a perennial crop which is usually grown for two 

years. Flower buds of the strawberry are produced during the fall, 

thus soil warming did not affect yield potential the first year. But 

earliness and final yield could, be affected by changes in ambient tem- 

perature. 

Sweet corn is a warm season 'crop which responds to increased 

temperature during its seedling growth.. But sweet corn can withstand 

lower soil temperatures than snap beans or cucumbers during early growth 

periods. Thus sweet corn was tested during very early spring in an 

effort to produce earlier harvest and obtain a higher market price. 



Sweec potato is a crop which requlres a long warm aeasan and does 

not grow well in cool temperatures, In fact sweet potatoes require 

higher temperatures than corn, snap beans or'cucumbers and will with- 

stand very high temperatures? Because sweet potato does respond favor- 

ably to high temperature it was chosen for use during the hdt summer 

months, when soil temperatures were too high for good growth of the 

aforementioned crops. 

Plant Measurements 

Cultural Practices 

Crops were planted using conventisnaP cultural practices in all 

instances. The cultivar, depth of seeding, spacing within and between 

rows, rows per plot and fertilization are detailed in Table 2. Straw- 

berries were grown at closer than normal spacing in an effort to maxi- 

mize differences between treatments during a shorter than normal period 

of growth, The general ty.pes or crop measurements are listed for each 

crop in Table 3. Not all measurements were made on all species and 

measurements on an individual gpeeies varied with the study. 

Plant Stand 

Plant stand was determined by counting the plants in one row of 

the 4 m soil warmed area or an equkvalent length in non-warmed pl.ots. 

Plant stand was determined either soon after seedling emergence or when 

the crop was harvested. 



Table  2 ,  C u l t u r a l  c o n d i t i o n s  f o r  c rops  under s o i l  harming 1971 t o  1974, 

Spacing Number F e r k f l f z a t i s n  
Year Seeding between w i t h i n  sf rows S t a r t e r  Sf d e d r e s s  

Cabbage ' % 1 , ' 7 2  Round Dutch - 
Cucumber 
Snapbean 
Snapbean 

Snapbean 

S t r a w b e r r y  
S t r a w b e r r y  
Sweet corn.  
Sweet c o r n  

' 7 3 , ' 7 4  P o i n s e t t  2 , 5  
P%l  S l e n d e r w h i t e  4 , 3  
772 Bush Blue 4,J 

Lake 274 
74 Bush Blue Lake 4 $ 3  

Supr erne 
' 7 1 , ' 7 2  E a r l i b e l l e  
' 73 Ear l j ibe l  le  - 
"7 3  E a r l f b e l l e  2.5 
74 S i l v e r  Queen 2 , 5  

Sweet p o t a t o  F74 Jewe 1 - 
Sweet p o t a t o  ' 7 4  Copperskin  Jewel- 



T a b l e  3 .  Types o f  c rop  measurements t aken  on crops  grown w i t h  s o i l  warming 
d u r i n g  4 y e a r s ,  

M u l t i p l e  h a r v e s t  S i n g l e  h a r v e s t  
P l a n t  P l a n t  Crop Crop Crop Crop Micro 

Snapbeans x 
Cabbage 
S t r a w b e r r i e s  
Snapbeans ( 1 )  
Snapbeans ( 2 )  x 
Snapbeans ( 3 )  x 
Cabbage 
S t r a w b e r r i e s  
Sweet c o r n  
Cucumbers 
S t r a w b e r r i e s  
Sweet c o r n  x 
Snapbeans x 
Sweet p o t a t o e s  
Cucumbers 



P l a n t  Growth 

Cabbage: P l a n t  growth r e s p o n s e  w a s  measured i n  v a r i o u s  ways f o r  each  

c rop .  En 1971  and 1972 two cabbage p l a n t s  were  s a c r i f i c e d  

weeks and s e p a r a t e d  i n t o  l e a v e s  and s tems .  Head f o r m a t f o n  

and l e a v e s  ffom t h e  head were i n c l u d e d  w i t h  o t h e r  l e a v e s ,  

d r y  we igh t  of e a c h  t i s s u e  w a s  r e c o r d e d .  

S t rawber ry :  I n  1972 s t r a w b e r r y  p l a n t  growth was e v a l u a t e d  

e v e r y  two 

was n o t e d  

F r e s h  and 

by c o u n t i n g  

l e a v e s ,  f l o w e r  buds ,  open f l o w e r s  and r u n n e r s  th roughout  t h e  s p r i n g  

growth p e r i o d .  P l a n t s  were s a c r i f i c e d  on 7 /6 /72  and f r e s h  and d r y  

weigh t  of t h e  mother  p l a n t ,  and p l a n t l e t s  de te rmined .  I n  1973 s t raw-  

b e r r y  l e a f ,  f l o w e r  

growth p e r i o d .  

I n  1974 more 

i n g  5 p l a n t s  e v e r y  

bud and open f l o w e r s  were  counted d u r i n g  t h e  s p r i n g  

i n t e n s i v e  growth measurements were  made by s a e r i f f c -  

3 weeks d u r i n g  t h e  f a l l  and w i n t e r  and e v e r y  2  weeks 

when t h e  growth f l u s h  began i n  t h e  e a r l y  s p r i n g .  L e a f ,  number f r e s h  

and d r y  wei.ght were  d e t e r m i n e d ,  crown and r o o t  f r e s h  and d r y  weigh t  were 

a l s o  measured.  Flower bud, open f l o w e r s  and g r e e n  f r u i t  were  coun ted  

and f r e s h  and d r y  weigh t  d e t e r m i n e d ,  

Sweet P o t a t o :  T o t a l  p l a n t  ( l e a v e s  and s tems)  f r e s h  weigh t  o f  sweet  

p o t a t o e s  was de te rmined  a t  h a r v e s t .  A subsample  was d r i e d  t o  d e t e r -  

mine p e r c e n t a g e  d r y  weigh t  and t h e  d r y  weigh t  p e r  p l o t  was c a l c u l a t e d .  

A subsample  of r o o t s  was a l s o  d r i e d  t o  d e t e r m i n e  d r y  m a t t e r  p r o d u c t i o n  

by t h i s  t i s s u e .  



Harvesting 

Multiple harvests were made on cucumbers, strawberries and sweet 

corn. Harvests were affected twice weekly during crop bearing season. 

A single harvest was made on snap beans, cabbage and sweet potatoes, 

A period sf abnormally low temperature in January 1972 caused premature 

termination of the cabbage study and no yield dara were taken. In 1973 

cabbage was injured by cold temperatures and the degree of injury was 

evaluated by weighing and counting head with slight, moderate and 

extensive injury, 

Crop Quality 

Strawberry crop quality was evaluated by sorting all berries into 

large (>lag cm) medium (1.25-1.9 cm) and small ( ~ 1 . 2 5  cm) size classes. 

The soluble solids (sugar content) of medium size berries was determin- 

ed by refractive index at each harvest. 

Cucumbers were graded according to USDA grade standard for slic- 

ing cucumbers as US Fancy, US No. 1, US No. 2, or cull. 

In 1972 the second planting of snap beans was evaluated for ten- 

derness using a Kramer shear press. 

Sweet potatoes were graded in accord with USDA standards as 

Jumbo, No. 1, No. 2, canners and culls, 



Crop Canopy Microclimate 

Cabbage 

Leaf and canopy air temperatures were monitored during 2 periods, 

December 20-27, 1972 and January 6-12!, 1973. Air temperature within 

the cabbage canopy was monitored ar 5, PO, 20 and 30 cm above the soil 

surface using 24 guage copper-constantan, welded thermocouples. Thermo- 

couples were shielded from direct radiation with double roofed, open, 

white plywood shelters, Plant: "emperatures were monitored with three 

.008" copper-constantan welded thermocouples connected in parallel at 

each level. Leaf and head temperatures were observed ac 2 or 20 em and 

-15 cm above the soil surface, respectively. Thermocouples were attach- 

ed to leaves by weaving the thermocouple leads through the leaf and 

bridging it against the underside of the leaf. 

Cucumber 

Cucumber leaf temperature and water potential were monitored 

throughout the day on September 19 and 20, 1973. A Barnes PRT-PO 

infrared thermometer was measured individual leaf temperature in each 

plot. One leaE each of old, mature and young age classes was used and 

the mean of 3 observations is reported. 

Leaves of a comparable age to those mentioned above were sampled 

for determination of plant water potential, Plant water potential was 

determined with double junction thermocouple psychrometers. Psychro- 

meters were incubated at 30°C for one hour to equilibrate temperature. 



RESULTS AND DISCUSSION 

Heat Transfix to the S o i l  Sys~em 

Seasonal Variation 

The rate of heat transferred to the soil system for a heated plot 

without surface or subsurface frr5gation is plotted in Figure 5 for 

1973 and for Jan, P to O c t .  5 ,  1974, The heat flux varied from 11.9 to 

2 .  
43.7 Btu/ft n r  (average daily v a l ~ e s )  during the season with the maxi- 

mum occurring in February and the nrinlmum in J u l y .  The maximum output 

2 
of the plot heaters was 3 KbJ which 3s equfvalent to 4 3 , 7  ~tuSft hr 

when boundary effects are neglected. 'The heaters were cperating 100 

percenc of t h e  time during 2 days in Eeb, 1973 and for six days in Jan. 

1972 and were still not able co maintain the set temperature of 100°F, 

Therefore, the maximum heat transfer rate would have been in excess of 

43.7 13tu/fci hr during the coldest periods of the year if a larger water 

heater had been used. 

In order to demonstrate the effect of aernospheric conditions on 

the heat flux, daily rainfall and mean ambient temperature are also 

plotted in Ffgure 5. The mean temperacure was obtained by averaging 

the daily maximum and minnmurn temperatures. While it is difficult to 

separate the effects of ambtent temperature from that of rainfall, 

wind velocity, incident radiation, erc,, heat flux appears to be quite 

sensitive to changes in the mean ambient temperature. For example, a 

gradual decline in the mean temperature from 82 to 71°F during 1973 

days 227 to 233 followed by a gradual increase to 84°F by day 240 

2 
resulted in first an increase in heat flux frcm 11.9 to 21.8 ~ t u j f t  hr 







2 and then  a  dec rease  t o  13.4 ~ t u / f t  h r .  Approximately 0 .5  i n .  of r a i n -  

f a l l  occurred dur ing  bo th  pe r iods  so  t h e  change i n  h e a t  f l u x  was p r i -  

mar i ly  due t o  changes i n  ambient temperatures .  The e f f e c t  of r a i n f a l l  

i s  more d i f f i c u l t  t o  d i s c e r n .  While pe r iods  of heavy r a i n f a l l  were 

u s u a l l y  a s s o c i a t e d  wi th  a  r i s e  i n  t h e  h e a t  f l u x ,  a  d e c l i n e  i n  t h e  

ambient tempera ture  g e n e r a l l y  occurred a s  we l l  and i t  was n o t  p o s s i b l e  

t o  r e a d i l y  s e p a r a t e  t h e  e f f e c t s  of t h e  two parameters .  However, t h e  

s u r f a c e  a p p l i c a t i o n  of water  tends  t o  i n c r e a s e  t h e  h e a t  f l u x  as w i l l  b e  

demonstrated i n  t h e  fo l lowing  s e c t i o n .  

E f f e c t s  of Surface  and Subsurface I r r i g a t i o n  - - 

The e f f e c t s  of sub and s u r f a c e  i r r i g a t i o n  on t h e  amount of h e a t  

t r a n s f e r r e d  t o  t h e  s o i l  system were determined by ana lyz ing  t h e  h e a t  

f l u x  d a t a  f o r  t h e  per iod  A p r i l  19 t o  Nov. 1, 1973. Data were analyzed 

f o r  50 days when both t h e  s u r f a c e  and subsu r face  i r r i g a t i o n  systems 

were ope ra t ing  and dur ing  which l e s s  t han  .1 i n .  of r a i n f a l l  occu r red .  

The r e s u l t s  a r e  summarized i n  Table 4 .  An a n a l y s i s  of v a r i a n c e  showed 

t h a t  t h e  e f f e c t s  of bo th  sub and s u r f a c e  i r r i g a t i o n  were s i g n i f i c a n t  a t  

t h e  1 pe rcen t  l e v e l .  The i n t e r a c t i o n  between sub and s u r f a c e  i r r i g a -  

t i o n  was s i g n i f i c a n t  a t  t h e  10 pe rcen t  l e v e l .  

Tan> -e  4. Summary of e f f e c t s  o f  sub and s u r f a c e  i r r i g a t i o n  on h e a t  flu:: 
"--- - 

Treatment 
2 .  

Heat Flux ( B t u / f t  n r )  Pe rcen t  I n c r e a s e  

Range Mean Due t o  I r r i g a t i o n  
No I r r i g a t i o n  1 2 . 3  - 31 .1  19 .5  ---- 
S u b i r r i g a t i o n  11 .5  - 30.6 20.6 4.2** * * 
Surface  I r r i g a t i o n  15.0 - 36.1 22.8 15.6 

J( 

Sub + Sur face  I r r i g a t i o n  14.2 - 40.4 24.5 24.0 

* 
Means d i f f e r  from No I r r i g a t i o n  a t  t h e  10% p r o b a b i l i t y  l e v e l  * * 
Means d i f f e r  from No I r r i g a t i o n  a t  t h e  1% p r o b a b i l i t y  l e v e l  



P l o t s  cf the  kcat  fLux  f o r  ~ h c  k t rcatnler i ts  a r e  gfven i n  F i g u r e  

6 f o r  two pe r iods ,  8/15/73 t o  9/.?2,'73 and 9 / 2 2 / 7 3  t o  10/20/73,  Them 

d a t a  i n d i c a t e  t h e  day t o  day var ia t ion  of hear f l u x  and t h e  eEIeet of 

sub and s u r f a c e  i r r i g a t i o n .  

The s m a l l  e f f e c t  of s u b i s r i g a t i o n  ora t h e  heat f l u x  i s  scariewhat: 

s u r p r i s i n g  i n  v i m  of t h e  r e s u l t s  of Boersma, g&. (1972)- They 

found t h a t  s o l 1  warming u s i n g  h e a t i n g  c a b l e s  b u r i e d  36 i n .  deep in a 

s i l t y  c l a y  Lsarr, s o i l  r e s u l t e d  i n  t h e  s o i l  d r y i n g  n e a r  the hea t  source 

w i t h  a consequent r e d u c t i o n  i n  thermal  c o n d u c t i v i t y  and h e a t  f l ux  ~o the 

- s u r f a c e ,  By us ing  s t s b i r r i g a t i c ~ n  t o  ma in t a in  a h i g h  s o i l  w z l t e r  c o n t e n t  

t hey  werz a b l e  t o  i n c r e a s e  t h e  h e a t  £Lux by 40 t o  60 p e r c e n t ,  D l f f e r -  

ences  i n  t h e  r e s u l t s  r e p o r t e d  h e r e  and t b s e  of Boersma and h i s  ca-  

workers  appear  t o  b e  caused by s e v e r a l  f a c t a r s .  The s o i l ' u s e d  i n  t h e  

p r e s e n t  s tudy  w a s  a sandy loam wfth a r e l a t l v n l y  h i g h  h y d r a u l i c  con- 

d u c t i v i t y  i n  t h e  top  18-20 inches .  The re fo re ,  water from r a i n f a l l  

could  move r a p i d l y  through t h e  p r o f i l e  t o  t h e  p i p e  a t  a 20 inch depth,  

The r e l a t i v e l y  h i g h  r a i n f a l l  i n d i c a t e d  i n  F i g u r e  5 w a s  appa rene ly  s u f -  

f i c i e n t  t o  p reven t  t h e  s o i l  from s e v e r e l y  d r y i n g  o u t  near t h e  warm 

werer p i p e s ,  Tho thermal  conducLiv i ty  of sandy s o i l s  is a l s a  higher a: 

lower water c a n t e n t s  t h n  f o r  h e a v i e r  saCls, Thus 8 smaller water con- 

t e n t  is  r e q u i r e d  t o  m a i n t a i n  a h lgh  h e a t  f l u x  i n  t h i s  s o i l .  Bseraqa 

(1970) I-ecognized t h e s e  ? a c t o r s  and s u g q ~ s t e d  t h a t  t h e  b e s t  s o i l  t o  u s e  

should  probably  kave a  l r m : :  salri t e x r u r e ;  however. t h e  s m a l l  e f f e c t  of 

s u b i r r i g a t i o n  found i n  t h i s  s t u d y  5 s  s t i l l  son:ewhat s u r p r i s i n g ,  
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Another f a c t o r  i n f l u e n c i n g  t h e  r a t e  t h a t  s o i l  n e a r  t h e  h e a t  

s o u r c e  w i l l  d r y  o u t  i s  t h e  r a d i u s  of t h e  warm w a t e r  p i p e .  S o i l  d r i e s  

n e a r  t h e  h e a t  s o u r c e  because  t h e  r e l a t i v e l y  h i g h  t e m p e r a t u r e  i n c r e a s e s  

t h e  vapor  p r e s s u r e  and d r i v e s  t h e  water vapor  away from t h e  p i p e .  The 

r e l a t i v e  h u ~ i d f t y  of m o i s t  s o i l  i s  n e a r l y  100 p e r c e n t ,  s o  t h e  p a r t i a l  

p r e s s u r e  g r a d i e n t ,  and c o n s e q u e n t l y  t h e  d r y i n g  rate,  i s  d i r e c t l y  depen- 

d e n t  on t h e  t e m p e r a t u r e  g r a d i e n t .  The e f f e c t  of t h e  p i p e  r a d i u s  on t h e  

t e m p e r a t u r e  g r a d i e n t  can  be  approximated by u s i n g  t h e  s t e a d y - s t a t e  

r e l a t i o n s h i p  d e r i v e d  by K i n d r i c k  and Havens (1973) f o r  t e m p e r a t u r e  i n  a  

s o i l  w i t h  warm w a t e r  p i p e s .  T h e i r  e q u a t i o n  22 may be  w r i t t e n , "  

- 
W S where A = - 

i n  " d2s2 + ( 2 h - ~ )  2h - . i n  
R n = l  n2s2  + R 2 

h  i s  t h e  d e p t h  t o  t h e  c e n t e r  of t h e  p i p e ,  S  i s  t h e  d i s t a n c e  between 

p i p e s ,  R i s  t h e  p i p e  r a d i u s ,  T i s  t h e  warm w a t e r  t e m p e r a t u r e ,  T i s  
W s 

t h e  t e m p e r a t u r e  of t h e  s o i l  s u r f a c e ,  and t h e  number of p i p e s  is 2N+1. 

The o r i g i n  is t a k e n  a t  t h e  s o i l  s u r f a c e  d i r e c t l y  o v e r  t h e  c e n t e r  of 

t h e  p i p e  w i t h  y  d e f i n e d  p o s i t i v e  i n  t h e  upward d i r e c t i o n  s o  t h a t  t h e  

p i p e  c e n t e r  i s  l o c a t e d  a t  x =o ,  y  = -ha  



D i f f e r e n t i a t i n g  e q u a t i o n  1 w i t h  r e s p e c t  t o  y  and e v a l u a t i n g  t h e  

t e m p e r a t u r e  g r a d i e n t  a t  t h e  t o p  of t h e  p i p e  where i t  i s  maximum y i e l d s ,  

The t e m p e r a t u r e  g r a d i e n t  a t  t h e  p i p e  s u r f a c e  i s  p l o t t e d  v e r s u s  p i p e  

r a d i u s  f o r  t h r e e  s o i l  s u r f a c e  t e m p e r a t u r e s  i n  F i g u r e  7 .  A s  t h e  p i p e  

r a d i u s  d e c r e a s e s  t h e  t e m p e r a t u r e  g r a d i e n t  i n c r e a s e s  e x p o n e n t i a l l y .  

T h e r e f o r e ,  a l l  o t h e r  f a c t o r s  be ing  e q u a l ,  t h e  s o i l  c l o s e  t o  a  small d i a -  

mete r  h e a t i n g  c a b l e  w i l l  d r y  o u t  more r a p i d l y  t h a n  t h a t  n e x t  t o  a  l a r g e r  

warm w a t e r  p i p e .  

I n  o r d e r  t o  d e t e r m i n e  i f  t h e  h e a t  f l u x  cou ld  b e  f u r t h e r  i n c r e a s e d  

by a h i g h e r  s u b i r r i g a t i o n  r a t e ,  t h e  r a t e  was i n c r e a s e d  from - 1 2  t o  .6  

i n c h e s  p e r  day f o r  one of t h e  h e a t e d  - s u b i r r i g a t e d  p l o t s  and f o r  one.  

of t h e  h e a t e d  - s u r f a c e  i r r i g a t e d  - s u b i r r i g a t e d  p l o t s .  Heat f l u x  d a t a  

o b t a i n e d  from t h e s e  p l o t s  f o r  a p e r i o d  of 20 days  were  compared t o  r e -  

p l i c a t e  p l o t s  w i t h  s u b i r r i g a t i o n  rates of -12 i n l d a y .  The means of 

t h e  h e a t  f l u x e s  f o r  t h e  two s u b i r r i g a t i o n  rates v a r i e d  by less t h a n  1 

p e r c e n t  and a n  a n a l y s i s  of v a r i a n c e  showed t h a t  t h e  d i f f e r e n c e  was n o t  

s i g n i f i c a n t .  Thus, t h e  h e a t  f l u x  c a n  b e  i n c r e a s e d  by a b o u t  4 p e r c e n t  

by s u b i r r i g a t i n g  a t  a  r a t e  s f  .12 i n l d a y  f o r  t h e  s o i l  warming sys tem 

i n v e s t i g a t e d  i n  t h i s  s t u d y .  Higher  s u b i r r i g a t i o n  r a t e s  w i l l  n o t  f u r -  

t h e r  i n c r e a s e  t h e  r a t e  of h e a t  d i s s i p a t i o n ,  and i t  seems p r o b a b l e  t h a t  

a  r a t e  l e s s  t h a n  . I 2  i n l d a y  w i l l  m a i n t a i n  t h e  observed i n c r e a s e  i n  h e a t  

f l u x .  



F i g u r e  7 .  E f fec t  of  pipe radius on the  tempera ture  g r a d i e n t  nea r  t h e  warm 
water p i ?e .  



Low volume s u r f a c e  i r r i g a t i o n  app l i ed  dur ing  t h e  ho t  pe r iod  of 

t h e  day inc reased  hea t  t r a n s f e r r e d  from t h e  warm water  p i p e s  by an  

average  of 15 .6  p e r c e n t .  When both subsu r f ace  and s u r f a c e  i r r i g a t i o n  

were a p p l l e d ,  t h e  hea t  f l u x  i nc reased  by an average  of 24 pe rcen t  over  

t h a t  ob ta ined  w i t h  no i r r i g a t i o n .  The s i g n i f i c a n t  i n t e r a c t i o n  between 

s u r f a c e  and subsu r f ace  i r r i g a t i o n  can be expla ined  on t h e  b a s i s  t h a t  

s u r f a c e  i r r i g a t i o n  c o o l s  t h e  s u r f a c e  and i n c r e a s e s  t h e  p o t e n t i a l  f o r  

hea t  t r a n s f e r  from t h e  warm water  p ipes .  The a d d i t i o n  of subsu r f ace  

i r r i g a t i o n  r a i s e s  t h e  thermal  c o n d u c t i v i t y  of t h e  s o i l  which r e s u l t s  i n  

a  l a r g e r  pe rcen tage  i n c r e a s e  of h e a t  f l u x  on s u r f a c e  i r r i g a t e d  p l o t s  

than  on p l o t s  wi thout  s u r f a c e  i r r i g a , t i o n .  

Temperature Response t o  S o i l  Warming -- 
The tempera ture  f l u c t u a t i o n  of t h e  s o i l  s u r f a c e s  f o r  c o n t r o l  and 

hea t ed  p l o t s  w i t h  s u b i r r i g a t i o n  and wi th  s u r f a c e  i r r i g a t i o n  a r e  p l o t t e d  

i n  F igu re  8 f o r  a  four-day pe r iod  i n  October ,  1973. The d i u r n a l  v a r i a -  

t i o n  of t h e  a i r  t empera ture  was between 50 and 81°F du r ing  t h i s  p e r i o d .  

Su r f ace  tempera tures  of t h e  s u b i r r i g a t e d  p l o t  averaged 1 3 ' ~  h ighe r  ' 

than  t h e  c o n t r o l  p l o t s .  Low volume s p r i n k l e r  i r r i g a t i o n  between t h e  

hours  of 12:QO t o  1 : Q O  PM and 2:00 t o  3:00 PM reduced t h e  peak tempera- 

t u r e s  of t h e  hea t ed  p l o t s  by 7 t o  g0F. The minimum s u r f a c e  tempepature  

i n  t h e  s u b i r r i g a t e d  p l o t  was 1-2OF lower t han  cor responding  tempera tures  

where s u r f a c e  ' i r r i g a t i o n  was a p p l i e d .  Th i s  was probably due t o  a  lower 

water  c o n t e n t  and a  consequent lower h e a t  c a p a c i t y  n e a r  t h e  s u r f a c e  i n  

t h e  s u b i r r i g a t e d  p l o t .  The c rop  grown du r ing  t h i s  p e r i o d  w a s  cucumbers 

w i t h  t h e  rows o r i e n t e d  pe rpend icu l a r  t o  t h e  h e a t i n g  p i p e s .  Temperature 

measurements were made midway between t h e  rows. - 





The s o i l  t e m p e r a t u r e  a t  a  4-inch d e p t h  a t  a  p o i n t  d i r e c t l y  above 

t h e  h e a t i n g  p i p e s  i s  g i v e n  f o r  t h e  same p e r i o d  i n  F i g u r e  9. The temper- 

a t u r e  i n  t h e  s u b i r r i g a t e d  p l o t  averaged abou t  15'F h i g h e r  t h a n  t h e  con- 

t r o l .  Corresponding t e m p e r a t u r e s  i n  t h e  s u r f a c e  i r r i g a t e d  p l o t  averaged  

3°F lower  t h a n  t h o s e  i n  t h e  s u b i r r i g a t e d  p l o t ,  C l o s e r  t o  t h e  warm w a t e r  

p i p e s  t h e  t e m p e r a t u r e s  i n c r e a s e  as i n d i c a t e d  i n  F i g u r e  1 0  f o r  a d e p t h  

of 16  i n c h e s .  Here t h e  d i u r n a l  t e m p e r a t o r e  v a r i a t i o n  was n e a r l y  damped 

ou t  and t h e  t e m p e r a t u r e s  i n  the s u r f a c e  i r r i g a t e d  and s u b i r r i g a t e d  p l o t s  

averaged  r e s p e c t i v e l y ,  2 3  and 26°F h i g h e r  t h a n  t h e  c o n t r o l .  The d i f -  

f e r e n c e  i n  t h e  t e m p e r a t u r e  f o r  t h e  s u b s u r f a c e  and s u r f a c e  i r r i g a t e d  

p l o t s  may b e  a t t r i b u t e d  m a i n l y  t o  two f a c t o r s .  The s u r f a c e  c o o l i n g  due  

t o  e v a p o r a t i o n  lowered t h e  a v e r a g e  t e m p e r a t u r e  of t h e  s u r f a c e  i r r i g a t e d  

p l o t  which i s  r e f l e c t e d  i n  lower  t e m p e r a t a r e s  a t  a l l  d e p t h s  above t h e  

warm w a t e r  p i p e s .  Secondly t h e  h i g h e r  w a t e r  c o n t e n t  i n  t h e  s u b i r r i g a t e d  

p l o t  i n c r e a s e d  t h e  t h e r m a l  c o n d u c t i v i t y  and d e c r e a s e d  t h e  t e m p e r a t u r e  

d rop  n e a r  t h e  h e a t  p i p e s ,  

A comparison of t h e  t e m p e r a t u r e s  d i r e c t l y  above t h e  h e a t i n g  p i p e  

t o  t h o s e  midway between a d j a c e n t  p i p e s  i s  g i v e n  i n  F i g u r e  11 f o r  t h e  

s u r f a c e  i r r i g a t e d  p l o t .  The t e m p e r a t u r e  d i r e c t l y  o v e r  t h e  warm w a t e r  

p i p e  a t  a 20 i n c h  d e p t h  was abou t  97°F compared t o  an  a v e r a g e  of 89'F 

midway between p i p e s  a t  t h e  same d e p t h ,  However, f o r  d e p t h s  1 6  i n c h e s  

and l e s s  t h e  t e m p e r a t u r e  between p i p e s  was e s s e n t i a l l y  t h e  same as 

d i r e c t l y  o v e r  t h e  p i p e s .  Thus t h e  p i p e  s p a c i n g  and d e p t h  used i n  t h i s  

s t u d y  p rov ided  u n i f o r m  warming of t h e  s o i l  p r o f i l e  t o  a  d e p t h  of 1 6  

i n c h e s .  For  t h i s  p e r i o d ,  t h e  t e m p e r a t u r e  i n c r e a s e  due  t o  s o i l  warming 

v a r i e d  from 23OF a t  t h e  1 6  i n c h  d e p t h  t o  a n  a v e r a g e  of 13°F a t  t h e  s u r -  

f a c e .  When s u r f a c e  c o o l i n g  was used t h e  a v e r a g e  s u r f a c e  t e m p e r a t u r e  

rise was a b o u t  lOoF. 
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i r  1 .  Col~lparison of s o i l  t :~ . l r - - rz i :~ .~rw mi8way between and r ' i - r e c t l y  
o v e r  t h e  warn :x-ter p i p e s  f o r  a h e a t e d ,  s u r f a c e  i r r i g a t e d  - 

p l o t  d u r i n g  October 1973.  
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Fiqure 10. The effect of soil warming with surface irrigation and with sub- 
irrigation on soil temperature at a 16-inch depth for October 
1 9 7 3 .  



Soil temperatures for a heated plot with no irrigation and for a 

control plat are plotted for a cool period in Figure 12. During this 

period the daily mean air temperature varied from 41 to 52'F and soil 

warming increased the temperature by approximately 15 and 20°F at 

depths of 2 and 10 inches respectively. 

The effect of soil warming on temperatures above the heating pipe 

is shown graphically in Figures 13-17, The average air temperatures 

for the periods varied from 34.8'F on January 6, 1972 (Figure 13) to 

82'F for July 2, 1974 (Figure P6), In all cases the diurnal temperature 

fluctuation decreased with depth so the maximum and minimum temperatures 

converge with increasing depth for both heated .and unheated plots. For 

cold periods (Figure 13 and 14) both the maximum and minimum surface 

temperatures were increased by 9 to 12OF due to soil warming. The 

increase in temperature at the bottom of the plow layer (8 inches) was 

15 to 20°F for these periods, Although the response of crops to changes 

in soil temperature is dependent on the species and variety, the optimum 

temperature for growth of mtjst plants is between 50 and 90°F. There- 

fore a soil warming system of the type used in this study has the capa- 

city to elevate soil temperatures to a level that would stimulate plant 

growth during the cool seasons of the year. Experimental evidence sup- 

porting this conclusion is given in the crop response section of this 

report. 
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Figure 12. Soil temperatures in heated and control plots during a cool period. 
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Figure 16. Maximum and minimum temperatures for heated and unheated plots 
(no irrigation) for a hot day in May. Mean air temp. = 77,5'F. 



DEPTH, iN.  

Figure 17. Maximum and minimum soil temperatures for heated and unheated 
plots (no irrigation) for a hot day in July. Mean air temp. = 
82°F. 



For warmer p e r i s d e ,  t h e  maxfmun and minimunu s u r f a c e  Cka3mpera~ur~s 

were aga in  r a i s e d  by 9 t o  12'F, as shown i n  F i g u r e  15 f o r  a  day i n  

October  when t h e  a v e r a g e  t e m p e r a t u r e  was 63'F. The t e m p e r a t u r e  r i s e  

n e a r  t h e  bottom of t h e  plow l a y e r  (15 t o  20°F a t  t h e  8 i n c h  d e p t h )  was 

a l s o  abou t  t h e  same a s  f o r  c o o l e r  p e r i o d s ,  

Temperature d a t a  f o r  two h o t  days  a r e  shown i n  F i g u r e s  1 6  and 2.7, 

The s u r f a c e  t e m p e r a t u r e s  were r a i s e d  by 6  t o  lOoF, b u t  t h e r e  was g e n e r a l -  

Hy l e s s  e f f e c t  on s o i l  t e m p e r a t u r e s  a t  v a r i o u s  d e p t h s  t h a n  f o r  t h e  c o o l e r  

p e r i o d s .  These d a t a  show t h a t  s o i l  warming may i n c r e a s e  t h e  a v e r a g e  s o i l  

t e m p e r a t u r e s  i n  t h e  r o o t  zone t o  l e v e l s  exceed ing  90°F d u r i n g  h o t  p e r i o d s .  

This t e m p e r a t u r e  i n c r e a s e  i s  s u f f i c i e n t  t o  r e d u c e  y i e l d s  f o r  some c r o p s .  

However most of t h e  c r o p s  grown i n  t h e  S o u t h e a s t  can  b e  produced under  

t h e s e  c o n d i t i o n s  w i t h o u t  d e t r i m e n t a l  e f f e c t s .  The t e m p e r a t u r e  i n c r e a s e  

due t o  s o i l  warming d u r i n g  h o t  p e r i o d s  can  b e  reduced by e v a p o r a t i v e  

c o o l i n g  v i a  s p r i n k l e r  i r r i g a t i o n  on t h e  s u r f a c e  as shown i n  F i g u r e  8 .  

A ~ ~ l i c a t i o n  of R e s u l t s  

The r e s u l t s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n s  p r o v i d e  b a s i c  d a t a  

f o r  d e t e r m i n i n g  t h e  l a n d  a r e a  r e q u i r e d  t o  h a n d l e  t h e  w a s t e  h e a t  from a  

g i v e n  s i z e  power p l a n t  i n  Nor th  C a r o l i n a .  A rough approx imat ion  of t h e  

a c r e a g e  r e q u i r e d  f o r  a  1000 megawatt p l a n t  can  be  o b t a i n e d  d i r e c t l y  from 

t h e  h e a t  f l u x  measurements g i v e n  i n  F i g u r e  5. For a  p l a n t  o p e r a t i n g  a t  

33.3  p e r c e n t  e f f i c i e n c y ,  a h e a t  l o a d  of 2000 megawatts would b e  d i s -  

charged a s  w a s t e  h e a t  v i a  t h e  c o o l i n g  w a t e r s .  Assuming t h e  minimum h e a t  

f l u x  of 1 1 . 9  13 tu / f tLhr  ( F i g u r e  5 ) ,  13,100 a c r e s  would b e  r e q u i r e d  d u r i n g  

t h e  h o t t e s t  p e r i o d  of t h e  y e a r .  By u s i n g  low volume s p r i n k l e r  i r r i g a -  



tion to cool the surface and subirrigation to maintain high soil thermal 

C conductivity the minkmum heat flux could be increased to 14.8 Etu/ft hr 

and approximately 10,500 acres would be needed, In winter months heat 

2 flux on the experimental plots increased to 43.7 Btu/ft hr so approxi- 

mately 3,100 acres could be warmed during this period. 

The above calculatians are based on data from experimental plots 

and are valid only for conditions similar to those of this experiment. 

In particular these calculations are limited to systems consisting of 

1-inch diameter plastic pipes buried 20 inches deep and spaced 20 inches 

apart with a nearly constant water temperature of 100°F. On a pyoto- 

type scale water enters the soil warming system at temperature T and 
i 

is cooled to T by the time it reaches the exit. As the warm water 
1 

cools, the temperature gradient between the pipes and the soil surface 

decreases and heat flux is reduced. Thus the area required for a 1000 

megawatt plant is dependent on the temperature drop AT = T -T which 
i 1 

will in turn be dependent on the cooling water flow rate. A mathemati- 

calmodel is needed to extrapolate the results of this study to other 

pipe diameters, spacings and depths and to determine the effect of AT 

on the land area that can be warmed by the system. 

As discussed previously, Kendricks and Havens (1973) presented 

mathematical models to describe steady state heat transfer in a soil 

warming system of the type studied here. Theyassumeda constant sur- 

face temperature and derived the following expression for a system in 

which water is flowing in the same direction in parallel pipes spaced 

a S distance apart. 



where q is the heat transferred per unit length ofgipe, K is the sail 

thermal conductivity, R is khe pipe radius and the other symbols are 

the same as defined previously, The thermal conductivity of the pipe 

wall is high compared to the soil and the temperature drop across the 

wall is negligible, The heat flux can be obtained from equation 4 by 

dividing q by the spacing between pipes, S .  The effective thermal 

conductivity of the Wagram soil used in this study was determined by 

substituting measured values of the 

surface temperature into equation 4 

tivity values were calculated for a 

heat flux and the average daily soil 

and solving for K. Thermal conduc- 

total of 15 days in Jan., June, and 

Oct. and the K values obtained ranged from 1.30 to 1.75 Btu/ft hr F 

with an average of 1.40 ~tu/ft hr F. This K value was used in the fol- 

1owing.calculations for a prototype system. 

An equation for determining the length of pipe required to obtain 

a given temperature drop in the warm water was also derived by Kendrick 

and Havens (1973) and may be written as, 



where Z is the length sf flow required to deap &he water temperature 

@ 

from T .  to TI, m is the mass flowrate per pipe, and C is heat capacity 
1 - 

of water. The number of pipes; M, for a given system may be calculated 

from the total system flowrate and the flowrate for each pipe. Then 

the land area that can be heated by the system may be expressed as 

Area = MSZ (6) 

Equations 5 and 6 were used to determine the area required for a LO00 

aegawatt, 3 3 , 3  percent efficient, plant in which water initially at 

100°F is flowing in the same direction in parallel pipes (case II con- 

sidered by Kendrick and Havens). The heated area is plotted versus sur- 

face temperature in Figure 18 for 4 outlet temperatures, T.l. 

Because the soil surface temperature is not steady but varies 

diurnally as shown in Figure 8, one of the difficulties in using plots 

such as Figure 18 is the selection of a realistic surface temperature, 

T . For the experimental systems of this study the effective mean sur- 
S 

temperature can be calculated from equation 4 by using measured heat 

flux data such as that given in Figure 5. Such calculations show that 

rhe effective mean surface temperature varied from a maximum of 84'F 

2 2 
when the heat flux was 11.9 Btu/ft hr to 44.4"F for 42 ~tu/ft hr. The 

derivation of equation 5 was based on the assumption that the surface 

temperature is constant at all points in the field. 

It was concluded from temperature data already discussed (Fig- 

ures 8 and 13-17) that qofP warming increases the surface temperature. 

This is expected since the heat is ultimately transferred to the atmos- 

phere and the heat transfer rate at the surface may be written as, 
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Figure  18 .  E f f e c t  of s o i l  s u r f a c e  and e x i t  t empera tures  (T ) on t h e  a r e a  
1 requ i r ed  f o r  a  1000 megawatt p l a n t  o p e r a t i n g  a t  an e f f i c i e n c y  

of 33 pe rcen t  and w i t h  a water  temperature  e n t e r i n g  t h e  s o i l  
warming system of 100°F, 



4 = h o O s  - Ta) ( 6 )  

where h i s  the c o n v e c t i o n - r a d i a t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t  a t  t h e  
3 

surface whlch is  dependent  on wind v e l o c i t y ,  c o v e r ,  e m i s s i v i t y  of t h e  

surface and other f a c t o r s ,  and Ta i s  t h e  a i r  t e m p e r a t u r e .  Thus,  when 

heat is  t r a n s f e r r e d  from t h e  warm w a t e r  p i p e s  th rough  t h e  s o i l  sys tem 

to the a tmosphere ,  t h e  s u r f a c e  t e m p e r a t u r e  i s  i n c r e a s e d .  

Because the water t e m p e r a t u r e  and ,  t h e r e f o r e  t h e  h e a t  f l u x ,  

decreases a s  the water f l o w s  th rough  t h e  p i p e s ,  t h e  r i s e  i n  s u r f a c e  

Cemperature due t o  s o i l  warming w i l l  b e  s m a l l e r  n e a r  t h e  o u t l e t  end of 

a p r o t o t y p e  sys tem t h a n  n e a r  t h e  i n l e t .  T h e r e f o r e  t h e  mean s u r f a c e  

t e m p e r a t u r e s  i n  the f i e l d  w i l l  be  somewhat lower t h a n  t h o s e  c a l c u l a t e d  

from t h e  e x p e r i m e n t a l  h e a t  f l u x  measurements because  t h e  f l o w  l e n g t h  

i n  t h e  p l o t s  was r e l a t i v e l y  s h o r t  and t h e r e  was o n l y  a  1-3°F d i f f e r e n c e  

i n  t h e  i n l e t  and  o u t l e t  t e m p e r a t u r e s .  However t h e s e  c a l c u l a t e d  s u r f a c e  

t e m p e r a t u r e s  c a n  s t i l l  be  used t o  e s t i m a t e  t h e  l a n d  a r e a  needed f o r  s o i l  

warming d u r i n g  v a r i o u s  s e a s o n s  of t h e  y e a r .  Using a s u r f a c e  t e m p e r a t u r e  

of 84°F i n  F i g u r e  18 g i v e s  a r e a s  of 16 ,800 ,  21,400 and 37,000 a c r e s  f o r  

AT v a l u e s  of 5 ,  1 0  and 15OF r e s p e c t i v e l y .  While lower AT v a l u e s  main- 

t a i n  a h i g h e r  t e m p e r a t u r e  g r a d i e n t  between t h e  warm w a t e r  p i p e  and t h e  

s o i l  s u r f a c e  and t h e r e f o r e  r e q u i r e  l e s s  l a n d  a r e a ,  t h e y  a l s o  r e q u i r e  a 

h i g h e r  f l o w r a t e  and c o n s e q u e n t l y  i n c r e a s e  pumping c o s t s .  

The l a n d  area r e q u i r e d  can b e  reduced by i n c r e a s i n g  t h e  d i a m e t e r  

of t h e  p i p e s  a n d / o r  p l a c i n g  t h e  p i p e s  c l o s e r  t o g e t h e r  as i n d i c a t e d  i n  

F i g u r e  19.  For  example, .when t h e  s u r f a c e  t e m p e r a t u r e  i s  72°F t h e  a r e a  

r e q u i r e d  f o r  a 1000 megawatt p l a n t  can b e  reduced from 9500 t o  7500 





a c r e s  by u s i n g  4-inch r a t h e r  than 1- inch d i a m e t e r  p i p e ,  Burin  

hoetest p e r i o d s  of the  y e a r  when the  e f f e c r i v e  surface  t e m p e r a t u r a  may 

r e a c h  84"F,  approx imate ly  16,080 a c r e s  would be  r e q u i r e d  t o  'handle t h e  

waste h e a t  from a  LOO0 megawatt p l a n t  i f  4-inch p i p e  i s  used a s  com- 

pared ro  21,400 a c r e s  f o r  1-*inch p i p e .  These p r o j e c t i o n s  a r e  f o r  a  

syscem of h e a t i n g  p i p e  b u r i e d  2 5  inch& deep 2nd piaced 20 i n c h e s  a p a r t  

i n  which w a t e r  e n t e r s  ar. 100°P and e x f t s - a t  9Q°F. The r e q u i r e d  flow- 

r a t e  wou1d be  P,32Q9000 gpm. The r e q u i r e d  l a n d  a r e a .  can a l s o  b e  r e -  

duced by p l a c i n g . t k e  warm w a t e r  p i p e s  c l o s e r  t o  t h e  s u r f a c e .  The p r e -  

d i c t e d  e f f e c t  of p i p e  d e p t h  i s  shown g r a p h i c a l l y  In F i g u r e  20 f o r  s u r -  

f a c e  t e m p e r a t u r e s  of SO, 70, and 84'F. For a  s u r f a c e  t e m p e r a t u r e  of 

$ 4 " ~  and 1-inCh p i p e s ,  t h e  r e q u i r e d  a r e a  c o u l d  b e  reduced from 21,400 

a c r e s  t o  15,500 a c r e s  by p l a c i n g  t h e  p i p e s  a t  a  d e p t h  of 1 2  i n c h e s  

r a t h e r  t h a n  20 i n c h e s .  The r e q u i r e d  a r e a  may be  reduced  t o  11,000 a c r e s  

if 4-inch p i p e  i s  used .  Again i t  s h o u l d  b e  emphasized t h a t  t h e  maximum 

e f f e c t i v e  s u r f a c e  t e m p e r a t u r e  of 84OF was de te rmined  from exper iments  

u s i n g  1-inch p i p e  spaced 20  i n c h e s  apar t  and b u r i e d  20 i n c h e s  deep .  

I f  4-inch p i p e  had been  used o r  t h e  d e p t h  had been r e d u c e d ,  t h e  s u r f a c e  

t e m p e r a t u r e  d u r i n g  t h e  h o r  p e r i o d s  would d o u b t l e s s l y  have been h i g h e r .  

The e f f e c t i v e  s u r f a c e  t e m p e r a t u r e s  used  i n  t h e  p r e c e e d i n g  c a l c u l a -  

t i o n s  were  o b t a i n e d  from h e a t  f l u x  d a t a  f rom h e a t e d  p l o t s  w i t h  no s u r -  

f a c e  o r  s u b s u r f a c e  i r r i g a t i o n .  By u s i n g  low volume s p r i n k l e r  i r r i g a t i o n  

i n  combina t ion  w i t h  s u b s u r f a c e  i r r i g a t i o n  t h e  e f f e c t i v e  s u r f a c e  temper- 

a t u r e  d u r i n g  t h e  h o t t e s t  p e r i o d  can  b e  reduced  t o  a p p r o x i m a t e l y  80°F. 



Figu re  20. E f f e c t  of p i p e  depth  end s u r f a c e  tempera ture  on t h e  area 
r equ i r ed  f o r  a  1000 megawatt - 33 p e r c e n t  e f f i c i e n t  power 
p l a n t .  



Then using 4-inch pipe on a 20 inch by 20 inch spacing, 12,0 

would be required to handle the heat load from a 1060 megawatt plant 

when T - 100"~ and T1 = 90°F. If the design suggested by Plummer i 

(1974) is used and 2-inch pipe are buried 12 inches deep and spaced 

24 inches apart, k1,OOO acres would be needed during the hot summer 

months (14,500 acres would be neecled if surface and subsurface irriga- 

tion is not used). This amounts to 11 acres per megawatt and is nearly 

4 times as muck as the 3 acres per megawatt calculated by Plummer. The 

reason for rhls large difference can be traced to the surface tempera- 

tures used in Plummerss analysis. For example he used a surface temper- 

0 
ature of 75.6 F for July when the range in water temperature was from 

' i = 126'~ to Ti = 1 0 8 ~ ~ .  While these surface temperatures may be ac- 

curate for cooler climates, they are too low for the Southeast. Effec- 

tive surface temperatures in North Carolina during the hottest periods 

were 80-84'~ when T = 1 0 0 ~ ~ .  They would have been higher if the water 
i 

0 
temperature had been raised to 125 -F. 

Plummer (1974) has conducted a thorough and very excel lent  econo- 

mic analysis of a soil warming system. Based on the projected land 

requirement of 4500 acres for a 1500 megawatt plant, he concluded that 

total cost of soil warming would be less than for dry cooling towers 

and approximately 40 percent more than wet cooling towers. From the 

data and calculations presented in this study the land area required 

will be nearly a factor of 4 greater than in Plummervs analysis. There- 

fore it must be concluded that soil warming systems will not be economi- 

cally competitive with conventional methods in the Southeast at the 

present time, From the standpoint of resource conservation, however, 



t h e r e  a r e  numerous b e n e f i t s  a s s o c i a t e d  w i t h  u s i n g  t h e  w a s t e  h e a t  r a ther  

%han dumping i t  to the  environment .  The b a s i c  problem is t h a t  p r o h i b i t i v e  

a c r e a g e s  of l a n d  a r e  r e q u i r e d  d u r i n g  h o t  s e a s o n s  of t h e  y e a r  when l i t t l e  

b e n e f i t  can  be  o b t a i n e d  from s o i l  warming, I n  c o o l  s e a s o n s  when s o i l  

warming would p r o v i d e  r h e  most b e n e f i t ,  c o n s i d e r a b l y  l e s s  l a n d  a r e a  

w i l l  be  needed t o  h a n d l e  the power p l a n t  c o o l i n g  l o a d .  T h e r e f o r e  a  

p o s s i b l e  a l t e r n a t i v e  i s  t o  u s e  s o i l  warming i n  combinat ion w i t h  o t h e r  

b e n e f i c i a l  u s e s  and c o n v e n t i o n a l  c o o l i n g  p r o c e s s e s ,  

I f  Boersmavs (1970) s u g g e s t i o n  of u s i n g  s o i l  warming i n  combinat ion 

w i t h  o t h e r  b e n e f i c i a l  u s e s  is  f o l l o w e d ,  o r  i f  i t  i s  used i n  combinat ion 

w i t h  c o n v e n t i o n a l  c o o l i n g  p r o c e s s e s ,  c o n s i d e r a b l y  less l a n d  a r e a  would 

be needed,  The a r e a  r e q u i r e d  t o  r e d u c e  t h e  t e m p e r a t u r e  by 5 ,  1 0 ,  1 5  and 

20°F from a n  i n i t i a l  t e m p e r a t u r e  of 100°F i s  p l o t t e d  i n  F i g u r e  21 f o r  a 

f l o w r a t e  of 660,000 gpm. When BT=2O0F t h e  g i v e n  f l o w r a t e  w i l l  h a n d l e  

t h e  w a s t e  h e a t  from a 1000 megawatt power p l a n t .  T h e r e f o r e  a n  8000 

a c r e  s o i l  warming sys tem w i t h  4-inch d i a m e t e r  p i p e s  p l a c e d  20 i n c h e s  

deep and 20 i n c h e s  a p a r t  cou ld  skim o f f  o r  r e d u c e  t h e  t e m p e r a t u r e  of 

t h e  s p e n t  c o o l i n g  w a t e r  from 100°F t o  90°F d u r i n g  t h e  h o t E e s t  p e r i o d  of 

t h e  y e a r  (T = 84'F).  The w a t e r  would t h e n  b e  r o u t e d  t o  o t h e r  u s e s  o r  
s 

t o  c o o l i n g  l a k e s  o r  towers  t o  lower i t s  t e m p e r a t u r e  t o  80°F b e f o r e  re- 

c y c l e d  t o  t h e  power p l a n t .  When t h e  mean s o i l  s u r f a c e  t e m p e r a t u r e  i s  

l e s s  t h a n  65OF t h e  s o i l  warming sys tem cou ld  h a n d l e  t h e  e n t i r e  c o o l i n g  

l o a d  a l o n e .  Approximately  4000 a c r e s  cou ld  be  warmed d u r i n g  t h e  c o l d e s t  

p e r i o d  of t h e  y e a r  u s i n g  t h i s  sys tem.  



= 20 INCHES 

Figure 21. Area required to cool 100°F water from a 1000 megawatt power 
plant by 5, 10, 15, and 20°F for a constant flowrate of 660,000 gpm. 



By using low volume sprinkler irrigation in combination wit?- sub- 

surface irrigation the surface temperature during the hottest period of 

ehe year can be lowered to approximately 80°F. Then a 6000 acre system 

(4-inch diameter pipes) could be used to reduce the temperature of the 

spent cooling waters from 100 to 90°F. This system would handle the 

entire cooling load whew the mean surface temperature dropped below 5 

and could be used to warm about 3800 acres during the winter months in 

North Carolina. 

In order to more accurately characterize heat transfer from soil 

warming systems a model that will consider the diurnal fluctuation of 

the soil surface temperature as well as the influences of soil warming 

on the surface temperature is needed. However, the model presented 

by Kendricks and Havens (1973) can be used in combination with the 

experimental data presented in this study to characterize the perfor- 

mance of soil warming systems for similar soils and climatic conditions. 

Crop Response 

Cabbage 

Cabbage planting was late in 1971 (November 2), thus, plants 

were not as well established as is normal during the fall. Due to this 

late planting, plants did not mature. The influence of soil warming on 

several growth parameters is reported in Table 5. Soil warming increased 

the number of 



Table  5 ,  Cabbage l e a f  number, l e a f  and t o t a l ,  p l a n t  f r e s h  and d r y  weigh t  a s  
i n f l u e n c e d  by s o i l  warming a t  4 d a t e s  d u r i n g  t h e  f a l l  o f  1971,  

I n d i c a t e d  p l a n t  growth paramete r  p e r  p l a n t  and days  
a f t e r  p l a n t i n g  

1 3  2 2 3 7 58 

Leaf number 

No s o i l  warming 4 . 7  5 . 0  7 , l  8 - 6  
S o i l  warming 5 . 1  - 6 .2  - 8 , 2  - 13,O - 

P .05 n s 9~ 9; J. 

Leaf f r e s h  weigh t  

No s o i l  warming 3.6 3.2 4 . 8  2 ,2  
S o i l  warming 4 . 1  - 4.0 - 7.2 - 11.1 

Leaf d r y  weight. (g )  

No s o i l  warming 
S o i l  warming 

P .05 

No s o i l  warming 
S o i l  warming 

P l a n t  f r e s h  weigh t  (g )  

P l a n t  d r y  weigh t  (g)  

No s o i l  warmfng 
S o i l  warming 



l e a v e s  p e r  p l a n t  by 22 days  a f t e r  p l a n t i n g  and t h i s  c o n t i n u e d  th roughout  t he  

s t u d y ,  Leaf f r e s h  and d r y  w e i g h t  were  a l s o  i n c r e a s e d  a f t e r  22 days  of  s o i l  

warming and by 37 days  t h e s e  i n c r e a s e s  were  even g r e a t e r .  The i n f l u e n c e  o f  

-6' C ambient t e m p e r a t u r e  on 46 days  a f t e r  p l a n t i n g  was d r a m a t i c a l l y  demon- 

s t r a t e d  on 58 days  a f t e r  p l a n t i n g  by a n  a c t u a l  d e c r e a s e  i n  l e a f  and p l a n t  

f r e s h  and d r y  w e i g h t ,  The d e c r e a s e  i n  f r e s h  and d r y  w e i g h t  i s  due t o  l o s s  

o f  l eaves  due t o  t h i s  f r e e z i n g ,  It shou ld  be emphasized t h a t  t e m p e r a t u r e s  of  

t h i s  magni tude  a r e  n o t  uncommon and can s e v e r e l y  r e s t r i c t  p l a n t  growth;  s o i l  

warming o f f e r e d  s u f f i c i e n t  p r o t e c t i o n  and k e p t  p l a n t s  growing a c t i v e l y ,  

The growth of  cabbage i n  1972-73 was n o t  a f f e c t e d  by s o i l  warming u n t i l  

l a t e  November (F ig .  22). A t  t h i s  t ime cabbage p l a n t s  which r e c e i v e d  s o i l  

warming con t inued  t o  grow r a p i d l y  w h i l e  c o n t r o l  p l a n t s  tended t o  l e v e l  o f f .  

The d e c r e a s e  i n  p l a n t  d r y  we igh t  i n  l a t e  J a n u a r y  is  due t o  s a m p l i n g  e r r o r  

and l e a f  a b s c i s s i o n  due t o  low t e m p e r a t u r e s .  

Cabbage l e a f  and s tem growth r a t e  when e x p r e s s e d  a s  f r e s h  o r  d r y  w e i g h t  

were  doubled o r  n e a r l y  doubled (Tab1.e 6 ) -  A s  s e e n  e a r l i e r  (F ig .  24) most o f  

t h i s  enhancement i n  growth r a t e  o c c u r r e d  l a t e  i n  t h e  s e a s o n .  

P l a n t i n g s  were  made e a r l y  enough i n  1972 t o  a l l o w  p l a n t s  t o  o b t a i n  s u f f i -  

c i e n t  s i z e  t o  w i t h s t a n d  reduced development r a t e s  i n  mid w i n t e r  and  produce a 

h a r v e s t a b l e  c r o p  (Tab le  7 ) .  However, c o l d  t e m p e r a t u r e  d i d  c a u s e  some c rop  

i n j u r y ,  The 10  b e s t  cabbage heads  were  s e l e c t e d  from t h e  r e s p e c t i v e  p l o t s  

and s o r t e d  r e l a t i v e  t o  t h e  d e g r e e  of  low t e m p e r a t u r e  i n j u r y .  S o i l  warming 

r e s u l t e d  i n  more heads  and more w e i g h t  o f  heads  i n  t h e  "10 b e s t  head" s u b s e c t i o n  

o f  t h e  p l o t .  However more o f  t h e s e  heads  were  s e v e r e l y  i n j u r e d .  S o i l  warming 

i n c r e a s e d  t h e  we igh t  o f  cabbage n o t  c o n s i d e r e d  i n  t h e  "10 b e s t  heads" sub- 



1 1973 CABBAGE 

26 10 24 7 21 5 19 2 16 30 
SEPT. OCT. NOV. OEC.  JAN.  

Fig. 22. Cabbage l e a f  d ry  weight throughout t h e  1972-73 season.  
(H = s o i l  warming, NH = no s o i l  warming) 



Table 6 ,  Cabbage Leaf and stem growth r a t e  expressed as accumulation o f  Zresh 
o r  dry W i g h e  during 14 day i n t e r v a l s  a s  inf luenced by s o i l  warming 
i n  1972-73. 

Weight (g/14 days) Stem weight: Qg/14 days )  - 
F r e s h  -LZ.L!- Fresh 

No s o i l  warming 1 8 - 1  2.66 2,09 0,45 
S o i l  warming 34.3 4,37 4 ,83  0,852 

LSD .05 1 2  , O  1 , 54  1 - 7 0  0.35 

Table  7 .  Cabbage head number and weight  i n  t he  "Ten Bests' heads p x  p l o t ,  
remainder o f  t h e  p l o t  and T o t a l  p l a n t  a s  i n f luenced  by s o i f  darming 
i n  1972-73 season ,  

Number o r  weight  f o r  i n d i c a t e d  s o i l  warming t rea tment  

Number Weight ( ~ g / p l o t )  
No s o i l  S o i l  No s o i l  S o i l  

Ten head sample warming warming LSD .05 warn ing .  warming LSD .05 

S l i g h t  i n j u r y  1 -32  2,75 ns .034 1.36 ns 
Moderate i n j u r y  .49 L,40 ns . l o  .64 n s 
Severe i n j u r y  1.66 4.25 2 .QO .32 1,67 ns 
T o t a l  3 ,33  8 -50  3,89 -84  3.69 2 .OO 
Remainder of p l o t  27.3 37.50 n s 2.70 5.27 n s 
T o t a l  p l o t  40.6 46,O n s 3 ,55 8 , 9 5  n s 



s e c t i o n ,  P l a n t  s t and  was no t  a f f e c t e d  by s o i l  warming, Because t h e  number 

of  p l a n t s  was n o t  changed by s o i l  warming, we can say  t h a t  co ld  temperature  

cond i t i ons  d i d  n o t  k i l l  cabbage p l a n t s ,  but  d i d  decrease  t h e i r  growth, 

Snap Bean 

A s  seen  i n  Table  8 s o i l  warming enhanced t h e  p l a n t  s t and  o f  snap beans 

when t r i a l s  were seeded i n  e a r l y  s p r i n g ,  But, when snap beans were seeded i n  

l a t e  J u l y  o r  August,  s t and  was reduced o r  no t  a f f e c t e d  r e s p e c t i v e l y .  

The number of  days t o  f lower ing  was decreased by s o i l  warming du r ing  t h e  

e a r l y  sp r ing  p l a n t i n g  of 1972 (Table 9 ) .  However, s o i l  warming a c t u a l l y  slowed 

s e e d l i n g  emergence and reduced f i n a l  s t and  when snap beans were p l an t ed  i n  J u l y ,  

1972, S o i l  temperatures  r e s u l t i n g  from s o i l  warming were above t h e  optimum f o r  

germina t ion  and s e e d l i n g  growth. 

The inc reased  r a t e  of  p l a n t  growth w i t h  s o i l  warming can a l s o  be d e t r i m e n t a l .  

A s  i n  t h e  i n s t a n c e  o f  s p r i n g  of  1972 when f i b e r  con ten t  s f  s i m i l a r  s i z e d  bean 

pods was i nc reased  by s o i l  warming, A s  seen  i n  Table  9  shear  p r e s s  peak he igh t  

(an  index  of  f i b e r  con ten t )  was i nc reased  by s o i l  warming, 

When snap beans were p l an t ed  i n  r e l a t i v e l y  warm s o i l  a s  i n  t h e  August 1971 

o r  l a t e  A p r i l  1974 t h e  growth o f  bean p l a n t s  was r e s p e c t i v e l y  n o t  a f f e c t e d  o r  

decreased  by s o i l  warming (Table l o ) ,  But when snap beans were seeded inco  

cool  s o i l  i n  l a t e  March 1972, p l a n t s  produced more l e a f  and stem t i s s u e  where 

s o i l  warming was p r a c t i c e d ,  

The y i e l d  of  pods followed a  s i m i l a r  p a t t e r n  t o  t h a t  of  p l a n t  growth 

(Table  1 1 ) .  S o i l  warming r e s u l t e d  i n  a n  i n c r e a s e  i n  pod product ion  i n  March 

1972 p l a n t s  and a dec rease  i n  pod product ion  i n  A p r i l  1974 p l a n t i n g ,  



T a b l e  8 .  I n f l u e n c e  o f  so i l  warming on s n a p  bean p l a n t  s t a n d  d u r i n g  4 s 

S o i l  warming t r e a t m e n t  

No s o i l  warming 
S o i l  warming 

T a b l e  9.  The i n f  h e n c e  o f  s o i l  warming on d a y s  t o  f l o w e r ,  s e e d l i n g  einergence 
and s h e a r  p r e s s  p e a k  w e i g h t  o f  s i e v e  s f  ze  ' 3 '  s n a p  Beans,  1972, 

S e e d l i n g  Shear  p r e s s  
Days t o  emergence peak 

S o i l  warming t r e a t m e n t  f lower  r a t i n g  11 h e i g h t  21 

No s o i l  warming 
S o i l  warming 

1/ S e e d l i n g  emergence r a t i n g  t a k e n  7/31/72,  1 0  days a f t e r  s e e d i n g .  - 
1 = no emergence 
5 = 100% emergence 

2 1  % o f  f u l l  s c a l e  u s i n g  250 l b  r i n g  o f  a  Kramer Shear  p r e s s .  - 



Table 10. In f luence  of s o i l  warming on snap bean y i e l d s  i n  5  p l a n t i n g s ,  

So i  1 warming t rea tment  10/18/71 5/16/72 6/30/7% 9/25/72 6/25/74 

No s o i l  warming 1 , O  -13 1-1 .59 2 ,28  - 

S o i l  warming . 6 l  L,4 ,42 1.03 

Table  11, Snap bean  l e a f ,  
by s o i  1 w'arming 

s tem and t o t a l  p l a n t  f r e s h  Weight a s  i n f luenced  
d u r i n g  t 'hree g e a r s ,  

Weight of i n d i c a t e d  p l a n t  p a r t  on i n d i c a t e d  d a t e  
Kg/plot  

10/5/71 5/16/72 6/25/74 
S o i l w a r m i n g t r e a t m e n t  Leaf stem t o t a l  Leaf stem t o t a l  T o t a l  

N O  s o i l  warming .44 .36 .SO .09 -02 .I1 2 n 2 3  
S o i l  warming .43 .33 .76 .52 . I 2  .64 

- - I _ _ - - -  

1 ,21  

P = .05  n s ns ns .L -7- .?a 2- 



Sweet Corn -- 
Sweet corn p l a n t  he igh t  was increased  throughout t h e  1973 season when 

s o i l  warming was used (Table 1 2 ) ,  More Leaves were prodtced when p l a n t s  

received s o i l  warning and these Leaves appeared a t  a  more r ap id  r a t e .  Even 

though there were more Leaves on s o i l  warmed p l a n t s  the f i n a l  i n t e rnode  Lengrh 

was g r e a t e r  when p l a n t s  rece ived  s c i l  warmirig, 

Ln both 1973 and 1994 p l a n t s  r ece iv ing  s o i l  wamEng matured e a r l i e r ,  

y i e lded  more both a s  number and weight,  and were more concentrated h a r v e s t  

(Tabla 13 & 14) .  The weight of sweet corn was increased  67  and 33% i n  1973 

and 2974, r e s p e c t i v e l y .  While the number of e a r s  was increased  83 and 49% 

r e s p e c t i v e l y  dur ing  che 2 yea r s .  During 1973  t h e  q u a l i t y  and market accepta-  

b i l i c y  o f  corn was much S e t t e r  when p l a n t s  rece ived  s o i l  warming, The mean 

weight  per  e a r  was increased  by s o i l  warming f n  1974 but  was n o t  a l t e r e d  i n  

1973.  T h i s  d i f f e r e n c e  i n  response may be due t o  d i f f e r e n t  c u l t i v a r s  being 

used i n  t he  r e s p e c t i v e  yea r s .  

The weight of  e a r s  harves ted  dur ing  t h e  f i r s t  h a r v e s t  o f  2974 was i nc reased  

by s o i l  warming when p l a n t s  were evapora t ive  cooked (Table 1 5 ) -  No i n c r e a s e  

i t s  y i e l d  w i t h  s o i l  warming was noted when p l a n t s , w e r e  no t  cooled.  The mean 

weight  o f  e a r s  harves ted  dur ing  t h e  whobe 1974 season was increased  by evapora t ive  

cool ing  (Table 3.61, 

Sweet Pota toes  

Swe,et po t a to  t op  growth expressed a s  f r e s h  weight  was increased  by almost  

200% w i t h  s o i l  warming and p l a n t  t o p  d r y  m a t t e r  was increased  140% ( T a b l e  L a ) ,  

However, t h e  t o t a l  p roduct ion  sf s t o r a g e  r o o t s  was no t  a f f e c t e d  by s o i l  



Table 12. Leaf number, p l a n t  he igh t  and mean in t e rnode  l e n g t h  of  sweet 
corn  p l a n t s  a s  in f luenced  by s o i l  warming 1973. 

No s o i l  warming 2 ,9  3.3 4.7 7.4 11.4 
S o i l  warming 3.8 4 .5  6.5 - - -  12,2 13,O - 

LSD ( ,05)  0 ,3  .5 .6 2.4 n  s 

P l a n t  he igh t  (cm) 

No s o i l  warming 5 . 5  4.4 6.8  
' S o i l  warming 6.3 6 . 4 1 1 . 2  - -- 

LSD ( , 0 5 )  .7 1 , 3  2 .1  

Mean in t e rnode  l e n g t h  (cm) 

No s o i l  warming 
S o i l  warming 

LSD (.05) .2 ns - 2 1  ns  1.74 



T a b l e  13. Sweet corn e e r  number, t o t a l  e a r  weight and weight p e r  e a r  a t  5 ha rves t s  
and the  season t o t a l  a s  in f luenced  by s o i l  warming i n  1973, 

P 

No, of e a r s  Weight of Weight 

No sail warming 
Soil warming 

No s o i l  warming 
Soil warming 

No s o l 1  warning 
Soil warrning 

HARVEST D 

No s o i l  warming 
SoF P warning 

HARVEST E 

No s o i l  warming 
S o i l  warming 

LSD ( ,05)  38,9 6.9 2 3 

June 18 

24.0 3.6 151 
27 .O - 3,4 - 125 - 

LSD ( ,05)  n s ns 2 4 

June 2 1  

9 -6  1.3 13 0 
7 * 3  - * 7 - 8 6 - 

LSD (.05) ns .6 2 5 

LSD ( ,05)  1.0 n s n s 

LSD (.05) 3.2 

TOTAL SEASON 

No s o i l  warming 
S o i l  warming 

June 14 

June 25 

J u l y  2 

52.3 7 .1  13% 
95.9 - 11.9 - 124 - 

JC 9: n s 
LSD (.05) 



Table 14. Sweet corn ear number, total ear weight and weight per ear at 
2 harvests and the season total as influenced by soil warming 
in 1974. 

Harvest No. of ears 

Harvest A 7 I 3  
No soil warming 
Soil warming 

LSD ( -05)  

Harvest B 

No soil warming 
Soil warming 

LSD f ,O5$ 

Total season 

No soil warming 
Soil warming 

LSD .05 15.3>? 3 . 2;'; 13>? 



Table 15. Weight of sweet corn e a r s  harves ted  J u l y  1974 a s  in f luenced  
by s o i l  warming and evapora t ive  cool ing .  

Non i ~ r r i g a  ted  
Evaporat ive cool ing  

LSD (.05) 

Table  1 6 ,  T o t a l  season weight  per  e a r  of sweet corn  a s  i n f luenced  by 
evapora t ive  cool ing  f o r  the  1974 season .  

Non i r r i g a t e d  
Evaporat ive coo l ing  

LSD ( - 0 5 )  13 



 able 17. Sweet p o t a t o  t o p  f r e s h  and d r y  we igh t  a s  in f luenced  by 
s o i l  warming i n  1974, 

Fresh  Drv 
w e i g h t  weight  
per  p l a n t  

No s o i l  warming 
S o i l  warming 

LSD ( - 0 5 )  

Table  18. Yield and percentage of s e v e r a l  grades of  sweet po t a toes  
a s  in f luenced  by  s o i l  warming 1974, 

No s o i l  warming . I4 3,22 3.25 1.87 2,03 E0,51 
S o i l  warming 1,06 3 ,65  1,73 - - - 1,37 2,55 10 ,35  - - - 

LSD ( ,05 )  

Jumbo No. 1 No, 2 Canner Cu l l  

No s o i l  warming -86 29,20 32,19 l9.07 18,67 
S o i l  warming 7 ,30  35,527 E7,E7 - s____ P 

k4,%3 
P 

24.82 

LSD ( -05 )  ns ra s 9 ,14 5.13 n  s 



wafming (Table 1 8 j ,  When t h e  s o i l  was warmed t h e r e  was a  t rend  toward l a r g e r  

r o o t s  which command a  g r e a t e r  va lue  i n  t he  market p l a c e ,  

The c u l t i v a r  Jewel produced l e s s  f o l i a g e  and r o o t s  when evapora t ive  

cool ing  i r r i g a t i o n  was used (Table 19 St 20) ,  Copperskin Jewel was n o t  a f f e c t e d  

by evapora t ive  cool ing ,  bu t  i t  d i d  produce l e s s  f o l i a g e  and t o t a l  p l a n t  m a t e r i a l  

then Jewel ,  Use of evapora t ive  coo l ing  r e s u l t e d  i n  more "canner" s i z e  r o o t s  

and a h igher  percentage o f  same, b u t  l e s s  weight and percentage of c u l l s ,  This  

reduced c u l l a g e  may be due t o  a  more uniform s o i l  water  p o t e n t i a l  w i t h  cool ing  

i r r i g a t i o n ,  and thus  reduced r o o t  c rack ing .  

S o i l  warming d i l u t e d  r o o t  s k i n  co lo r  of bo th  v a r i e t i e s  (Table 21 ) -  Root 

t i s s u e  was l i g h t e r  i n  c o l o r ,  more red  and more yellow when s o i l  warming was 

p r a c t i c e d .  F u r t h e r ,  r o o t s  were n o t  a s  d r y  and pH was lower w i t h  s o i l  warming, 

Dry r o o t s  a r e  p r e f e r r e d  bu t  h igh  pH's tend t o  make r o o t s  brown more r a p i d l y  

upon c h i l l i n g ,  

The f a c t  t h a t  s o i l  warming d i d  n o t  adve r se ly  a f f e c t  y i e l d  of sweet po t a to  

r o o t s  and inc reased  fo rage  i s  very impor tan t  i n  t h a t  h igh  s o i l  t empera tures  

du r ing  J u l y  makes product ion  of many crops i m p r a c t i c a l .  Presumably sweet pot at^ 

could  be gkown du r ing  the  ho t  summer months a t  no l o s s  i n  y i e l d  p o t e n t i a l  

t hus  keeping t h e  land i n  c u l t i v a t i o n ,  The i n c r e a s e  f o l i a g e  may have p r a c t i c a l  

import  s i n c e  i t  can be used a s  an animal forage .  

Strawberry 

A s  seen  i n  F ig ,23s t r awber ry  l e a f  p roduct ion  was i n  d i r e c t  r e l a t i o n  t o  t he  amount of  

hea t  pu t  i n t o  t h e  environment.  When p l a n t s  were s o i l  warmed t h e  product ion  o f  

l e aves  s t a r t e d  e a r l i e r  i n  t h e  season and maintained a  cons t an t  r a t e  of  new 



Table 19. Fresh  weight  of  f o l i a g e ,  r o o t s  and p l a n t  t o t a l  f o r  2  sweet p o t a t o  
c u l t i v a r s  a s  in f loenced  by evapora t ive  cool ing  1974. 

o l i a g e  f r e s h  weight  Root f r e s h  weight  T o t a l  f r e s h  weight  
p e r  p1an.t (Kg) p e r  p l a n t  (Kg) per  p l a n t  (Kg) 
Copperskin 

Non i r r i g a t e d  1.42 2.16 .87 1,06 2.29 3,22 
Evapora t ive  cool ing  1.10 - 1 , l O  - *81  - - - . 7 3  1 - 9 2  - 1,84  

Table  20. Weight and percentage  of  t o t a l  of 2  grades  of  sweet po t a toes  a s  
in f luenced  by evapora t ive  coo l ing  1974. 

Root  weight (Kg) and % of  t o t a l  r o o t s  by i n d i c a t e d  grade 
Canner C u l l s  

I r r i g a t i o n  t r ea tmen t  Weight % Weight % 

Non i r r i g a t e d  1,27 
Evapora t ive  cool ing  - 1.97 

LSD ( ,05)  -52 9 .1  .83 5 , l  



Table 2 1 .  S e v ~ r a l  sweet po ta to  r o o t  q u a l i t y  f a c t o r s  a s  in f luenced  by s o i l  
warming 1974.. 

2  1' Skin co lo r  -11 Hunter co lo r  - Root % - Root 
I n t e n s i t y  L a  b --- Dry Weight pH 

No s ~ i l  warming 4.2 50 -1  16.4 19,2 2 6 , l  6,17 
S o i l  warming 2.3 6.08 

P 

51-4  17,4 20,O 
---.---- ---sr - 23.6 - 

LSD .05 . 8 1.2 .6 .5  2 .O .05 

I /  Skin c o l o r  i n t e n s i t y :  5  = very b r i g h t  - 
1 = extremely d u l l  

2/ Hunter co lo r  meter va lues :  L value  i n d i c a t e s  l i g h t n e s s ,  4 value  i n d i c a t e s  - 
redness ,  b va lue  i n d i c a t e s  yel lowness,  



F i g .  23. S t r a w b e r r y  l e a f  number and s h e l t e r  a i r  t e m p e r a t u r e  minima d u r i n g  
s p r i n g  1972 a s  i n f l u e n c e d  by s o i l  warming. (H = s o i l  warming, 
NH = no s o i l  warming, i s  mean minimum t e m p e r a t u r e  f o r  a  
p e r i o d .  ) 

APRIL M A Y  

F i g .  24. S t r a w b e r r y  open f l o w e r s  and f lower  buds d u r i n g  s p r i n g  1972 
a s  i n f l u e n c e d  by s o i l  warming. (H = s o i l  warming, NH = no 
s o i l  warming.) 



l e a f  gene ra t i on ,  ivon-soil warmed planks s t a r t e d  l e a f  gene ra t i on  l a t e r  

and were s u b j e c t  t o  drops i n  ambient t empera tures ,  Both s o i l  warmed and non- 

s o i l  warmed p l a n t s  increased  t h e  r a t e  of growth i n  response t o  a  warm period 

i n  l a t e  A p r i l ,  

Both flower buds and open f lowers  appeared e a r l i e r  on p l a n t s  grown w i t h  

s o i l  warming (F ig24) ,  However, t h e  maximum number o f  f lowers  and buds on 

p l a n t s  a t  any one time was n o t  a f f e c t k d  by s o i l  warming, F u r t h e r ,  s o i l  warmed 

and non-so i l  warmed p l a n t s  s t o p  blooming a t  t h e  same t ime,  t hus ,  t h e r e  was no 

s h i f t  i n  t o t a l  season.  But s o i l  warming did s t a r t  p l a n t s  f lowering e a r l i e r .  

This  was e s p e c i a l l y  t r u e  i n  1974 when January was warmer than  normal. 

The s t rawberry  y i e l d  by h a r v e s t  and accumulation f o r  t h e  season  a r e  seen  

i n  Fig 25, The p l o t s  t h a t  were s o i l  warmed s t a r t e d  product ion  sooner  a s  would 

be expected from the  f lowering d a t a ,  However, t h e s e  p l o t s  a l s o  stopped pro- , .  

ducing sooner .  The accumulated y i e l d  was g r e a t e r  i n  s o i l  warmed p l o t s  dur ing  

t h e  f i r s t  two (2)  weeks of h a r v e s t  which would have d i s t i n c t  economic va lue  

but  a f t e r  t h i s  t ime non-so i l  warmed p l o t s  produced more b e r r i e s .  P a r t  of t h e  

reason  f o r  t h e  reduced y i e l d  due t o  s o i l  warming i s  c e r t a i n l y  due to low tempera- 

t u r e  k i l l i n g  e a r l y  f lowers .  

Fu r the r  i n d i c a t i o n  t h a t  t h e  f i r s t  f lowers  a r e  being l o s t  when s o i l  warming 

i s  p r a c t i c e d  a s  seen i n  y i e l d  dur ing  1972 and 1973 (Table 22) .  S o i l  warming 

r e s u l t e d  in a h ighe r  percentage of b e r r i e s  i n  t h e  smal l  s i z e  c l a s s e s ,  Because 

t h e  f i r s t  b e r r i e s  produced a r e  u s u a l l y  t h e  " la rge"  s i z e  f r u i t  we f e e l  t h a t  

many o f  t he se  b e r r i e s  were l o s t  t o  f r o s t ,  thus  reducing y i e l d .  



ACCUMULATED TOTAL 

28 I 5 8 1 1  I S  13 22 ze I 

APRIL MAY JUNE 

F i g .  25. Strawberry y i e l d  by ha rves t  and accumulated through t h e  1972 
season a s  in f luenced  by s o i l  warming, (H = s o i l  warming, 
NH = no s o i l  warming.) 

1972 STRAWBERRY YIELD 
HEATED IRRIGATED 
HEATED NQN IRRIGATED 
NON HEATED IRRIGATED 

a NON HEATED PION IRRIGATED 

26 I 5 8 I1 
April May 

Fig .  26, Strawberry y i e l d  a t  f i v e  h a r v e s t s  dur ing  1972 a s  in f luenced  
by s o i l  warming and evapora t ive  cool ing  i r r i g a t i o n .  



Table 22. Strawberry yield of three s i z e  classes and total as influenced by 
soil warming during 1972, 1973 and 1974 season. 

41625 cm 1.25-1.9 ctn 21.9 cm Total 

No $oil warming 
Soil warming 

LSD ,05 

No soil warming 
5011 warming 

LSD -05 

No ssil warming 
Soil warming 

LSD .05 n s ns ns 123 



I n  1974 e a r l y  s p r i n g  warm tempera tu res  has tened  f l o w e r i n g  i n  a 1 1  p l o t s  and 

e q u a l  amounts of b e r r i e s  were l o s t  due t o  f r o s t .  Another r e a s o n  f o r  s m a l l e r  

b e r r i e s  may be t h a t  s o i l  warming reduced s o i l  m o i s t u r e  l e v e l s  which c a n  r e d u c e  

b e r r y  s i z e .  Part .  o f  t h e  r e a s o n  f o r r e d u c e d  y i e l d s  i n  1973 i s  a l s o  found i n  t h e  

f a c t  t h a t  s o i l  warming was p r a c t i c e d  on t h e s e  p l o t s  y e a r  round and r e s u l t e d  i n  

g r e a t e r  p l a n t  d e a t h ,  The i n c r e a s e  i n  p l a n t  l o s s e s  was due b o t h  t o  h i g h  rxmpera- 

t u r e  fr? nzj d-stlnmer, cerna:orie pcpularodsn b u i l d - u p ,  and reduced w i n t e r  h a r d i n e s s  

o f  p l a n t s  grown w i t h  s o i l  warming, 

F u r t h e r  p roof  t h a t  w a t e r  d e f i c i e n c y  may be i n  p a r t  invo lved  i n  reduced 

y i e l d  i s  found i n  the  f a c t  t h a t  s o i l  warming p l u s  i r r i g a t i o n  p l o t s  y i e l d  more 

t h a n  s o i l  warming w i t h o u t  i r r i g a t i o n  ( F i g .  26 ) . 
Berry q u a l i t y  was n o t  i n f l u e n c e d  by s o i l  warming (Table  23)'. I n  1972 

and 1973 s o i l  warming r e s u l t e d  i n  fewer c u l l  f r u i t  b u t  t h e  p e r c e n t a g e  o f  c u l l  

, f r u i t  was n o t  a f f e c t e d  by s o i l  warming. I n  1974 s o i l  warming d i d  i n c r e a s e  

b o t h  t h e  weigli t  and p e r c e n t a g e  o f  c u l l  f r u i t .  Most o f  t h e  c u l l  f r u i t  r e s u l t e d  

from t h e  f r u i t  be ing  d i s e a s e d  and r o t t i n g .  

The s o l u b l e  s o l i d s  ( s u g a r  c o n t e n t )  o f  t h e  b e r r i e s  was i n c r e a s e d  s i g n i f i -  

c a n t l y  i n  1972 by s o i l  warming, A s i m i l a r  t r e n d  o c c u r r e d  i n  1973 and 1974. 

A h i g h e r  c o n c e n t r a t i o n  o f  s u g a r  may be due t o  reduced b e r r y  s i z e  and t h u s  

m o r e . c o n c e n t r a t i o n  9 f  s u g a r s  produced r a t h e r  t h a n  a  g r e a t e r  p r o d u c t i o n  o f  

s u g a r s .  

Even though l e a f  and p l a n t l e t  i n i t i a t i o n  o c c u r r e d  e a r l i e r  i p  s o i l  warmed 

p l a n t s  t h e r e  was no d i f f e r e n c e s  i n  mother p l a n t  o r  p l a n l e t  growth by J u l y  6 ,  

1972 ( t a b l e  2 4 ) ,  



T a b l e  23,  Influence of s o i l  warming on strawberry fruit quality as represented 
by weight and percentage cull fruft,sbluEle solids and average "or1-y 
size during 1972, 1973 and 1974 

Soif -- 
197% -- 

So s o i l  warming 7 1 5 - 4  8,8 5 . 2. 
S o i l  warming 24 - - 3.2 - 6.4 - b.3 

LSD .05 2 0  n s 0 , 6  0.5 

No soil warming I647 13,4 7 , O  5.9 
3oil warmkng 106 1 - - l4*4 - 7.5 - 4 * 1  

LSD .05 349 n s n s 

No soil warming 
Soil warming 

LSD .05 



Table 24. The influence of soil warming on first year strawberry plant 
growth by July 6, 1972. 

Growth Parameter 

Mother plant % dry weight (g) 3 8 , 9  7 10.0 n s 
% Dry weight (g) 3 3 n s 
Plantlet dry weight ( g )  l,3 1.4 ns 
Plantlet no, 6 10 n s 
Total fresh weight (g) 3 6 5 2 ns 

7 pLIY 



The season  t o t a l  y i e l d s  by g r a d e  o f  s l i c i n g  cucumbers a s  i n f l u e n c e  by 

s o i l  warming d u r i n g  1973 and 1974 a r e  r e p o r t e d  i n  T a b l e  25. S o i l  warming 

d i d  a l t e r  t h e  y i e l d  o f  s l i c i n g  cucumbers e x p r e s s e d  as e i t h e r  number o r  we igh t  

r e g a r d l e s s  ef t h e  g r a d e ,  Thus i c  a p p e a r s  t h a t  s l i c i n g  cucumbers can be used 

a s  a l a t e r  summs c r o p  when s a i l  garming i s  p r a c t i c e d  s i n c e  t h e y  a r e  n o t  

a Microc l imate  S t u d i e s  

Pear  round s o t ?  warming a l t e r s  t h e  c r o p  m i c r o c l i m a t e  i n  many ways i n  

a d d i t i o n  t o  i n c r e a s i n g  s o i l  t empera tu re .  Temperature  may be i n c r e a s e d  i n  t h e  

p l a n t  o r  t h e  a i r  w i t h i n  t h e  canopy i n  a d d i t i o n  t o  t h e  s o i l .  P l a n t  a n d s o i l  

w a t e r  p o t e n t i a l  may be changed and a r e  u s u a l l y  d e c r e a s e d  due t o  i n c r e a s e d  evapo- 

t r a n s p i r a t i o n  caused by s o i l  warming. These changes i n  m i c r o c l i m a t e  can be 

b e n e f i c i a l  o r  d e t r i m e n t a l  dependent  upon t h e  s e a s o n  and t h e  c r o p .  

Cucumber Microc l imate  

On a  c o o l  day i n  September cucumber l e a v e s  t h a t  were  grown on warmed s o i l  

were warmer t h a n  c o n t r o l  l e a v e s  e a r l y  i n  t h e  day (Tab le  2 6 ) .  Leaves from 

warmed p l a n t s  reached  t h e i r  d a i l y  maximum e a r l i e r  i n  t h e  day t h a n  c o n t r o l  l e a v e s .  

Leaves on p l a n t s  which r e c e i v e d  s o i l  warming and e v a p o r a t i v e  c o o l i n g  i r r i g a t i a n  

were c o o l e r  t h a n  b o t h  c o n t r o l  l e a v e s  and l e a v e s  from p l a n t s  t h a t  were  s o i l  

warmed o n l y  w h i l e  w a t e r  was be ing  a p p l i e d .  On a n o t h e r  day when s h e l t e r  a i r  

t empera tu res  reached  28.0° l e a v e s  from p l a n t s  grown i n  warmed s o i l  d i d  n o t  g e t  

a s  h o t  a s  c o n t r o l  p l a n t  l e a v e s  (Table  2 6 ) .  E v a p o r a t i v e  c o o l i n g  i r r i g a t i o n  d i d  

c o o l  l e a v e s  d u r i n g  t h e  t ime i t  o p e r a t e d .  



Table  25. Yield of  s l i c i n g  cucumbers by grade dur ing  1973 and 1974 a s  i n f luenced  
by s o i l  warming. 

warming warming LSD -05 warming warrnlng 

Cueunber grade per  p l o t  

Fancy number 
Fancy weight. (kg) 
US No, 1 number 
US No, 1 weigh t  
US No, 2 fwmber 
US No. 2 weight  
Marketable  number 
Marketable weight  
C u l l s  number 
C u l l  weight  
T o t a l  number 
T o t a l  weight  



Table 26. A i r  t empera ture ,  l e a f  temperature ,  and l e a f  water  p o t e n t i a l  of  
cucumber l eaves  a s  in f luenced  by s o i l  warming dur ing  2 days ,  

A i r  temp, 
of c o n t r o l  0 Leaf temperature  C Leaf water  p o t e n t i a l  (ba r s )  

Date & 30 cm S o i  1 Mis t&Soi 1 S o i l  Mis t&So i l  



I n  general .  t h e  w a t e r  p o t e n t i a l  s f  c o n t r o l  p l a n t s  d e c r e a s e d  more on 9120173 

t h a n  t h e  c o o l e r  9 /19/73,  S o i l  warming r e s u l t e d  i n  lower p l a n t  w a t e r  p o t e n t i a l  

t h a n  no s o f l  warming; b u t  i n c r e a s e d  s o i l  m o i s t u r e  and t h e  c o o l i n g  o f  e v a p o r a t i v e  

c o o l i n g  i r r i g a t i o n  r e s u l t e d  i n  g r e a t e r  p l a n t  h y d r a t i o n  t h a n  c o n t r o l  when i r r i -  

g a t i o n  and s o i l  warming were p r a c t i c e d  t o g e t h e r .  

Cabbage canopy a i r  t e m p e r a t u r e s  a t  4 l e v e l s  srrd p l a n t  t e m p e r a t u r e s  a t  3 

l e v e l s  a r e  r e p o r t e d  f o r  two 7-day p e r i o d s  i n  T a b l e  2 7 ,  During t h e  p e r i o d  

December 20-23, 1972, mean d a i l y  a i r  t e m p e r a t u r e  decreased  g r a d u a l l y ,  Mean 

d a i l y  a i r  t empera tu re  i n  t h e  c o n t r o l  canopy e i t h e r  i n c r e a s e d  w i t h  i n c r e a s e  i n  

a l t i t u d e  o r  remained c o n s t a n t ,  However, when s o i l  warming was p r a c t i c e d  a i r  

t e m p e r a t u r e  i n  t h e  canopy was h i g h e s t ,  n e a r  t h e  s o i l  s u r f a c e  and decreasedwCth  

a l t i t u d e  and ranged from 0 , 4 - 4 .  O'C, g r e a t e r  t h a n  c o n t r o l  canopy depending on 

t h e  day  and canopy l e v e l ,  Leaves n e a r  t h e  s o i l  s u r f a c e  (2  cm) s l i g h t l y  warmer 

t h a n  t h e  a i r  when s o i l  warming was p r a c t i c e d  and s l i g h t l y  c o o l e r  t h a n  t h e  a i r  

when p l o t s  were  n o t  s o i l  warmed, 

Leaves i n  t h e  upper  p a r t  s f  t h e  canopy were  g e n e r a l l y  s l i g h t l y  ~ 7 a r m e r  t h a n  

t h e  a i r  i n  s o i l  warmed p l o t s ,  The t e m p e r a t u r e  i n s i d e  t h e  head was s l i g h t l y  

l e s s  t h a n  t h e  a i r  t e m p e r a t u r e  when s o i l  warming was p r a c t i c e d ,  

During t h e  p e r i o d  January  6-12,  1973, a  c o l d  f r o n t  moved o v e r  t h e  s t u d y  

s i t e  w i t h  a  r a p i d  c o o l i n g  t r e n d  

th roughout  t h e  remainder  of t h e  

A i r  t e m p e r a t u r e  w i t h i n  t h e  

d u r i n g  t h e i r  c o o l e r  p e r i o d ,  b u t  

e v i d e n t  from January  6-8 and g r a d u a l  rewarming 

o b s e r v a t i o n  p e r i o d ,  

canopy i n c r e a s e d  w i t h  a l t i t u d e  i n  b o t h  p l o t s  

s o f l  warming i n c r e a s e d  a i r  t e m p e r a t u r e  up t o  

4 . 3 ' ~ ~  Leaf t e m p e r a t u r e  a t  2  cm l e v e l  was 2 . 2 - 6 , 1 ° c  h i g h e r  w i t h  s o i l  warming 



Table 27, Mean, maximum and minimum cabbage canopy air temperature and plant temperature 
averaged over two 7 day periods as influenced by soil warming. 

Mean, temperature OC 
December 20-27, 1972 January 6-12, 1973 

Temperature Maximum Minimum Maximum Minimum, 
indicated No soil Soil No soil Soil No soil Soil No soil Soil 
level warming warming warming warming warming warmin9 warming warming 

Air - 
5,cm 
10 cm 
20 clin 
30 cm 

Mean Air 11.6 12-5 6,5 8.0 - ,4 -9 -3.6 -3,2 

Leaf - 
2 10.1 12,9 6 "3 13,O .8 6.7 - .8 3.8 
15 (head) .., l1,6 .. 5.4 - 1.6 - - 3 . 7  
2 0 11,O 13-8 6.1 11.1 -.I 5.9 -2.0 4.8 

Mean leaf 10.5 14.8 6.2 10.6 - 4  5.1 - 1,7 1.7 
Shelter (120 cm)9,5 - 5.2 .. 10.0 - -4,4 - 



t h a n  i n  t h e  c o n t r o l  p l a n t s ,  Leaves a t  20 cm were s l i g h t l y  warmer (0-f1,.9°C) 

t h a n  a i r  presumably due t o  g r e a t e r  h e a t  c a p a c i t y  o f  p l a n t  t i s s u e  and a  g r e a t e r  

g r a d i e n t  between t h e  warm s o i l  and t h e  cooled a i r  mass o v e r  i t .  Cabbage heads  

were  warmer t h a n  a i r  around them. S o i l  warming i n c r e a s e d  mean d a i l y  head 

t e m p e r a t u r e  (0-2 *g0e)  under  t h e s e  c o o l e r  c o n d i t i o n s ,  

The mean maximum and minimum tempera tu re  f o r  t h e  a i r  a t  4 l e v e l s  i n  t h e  

c rop  canopy and p l a n t  temperacure  a t  3 l o c a t i o n s  i n  t h e  canopy d u r i n g  two 7 -  

day p e r i o d s  a r e  r e p o r t e d  i n  T a b l e  28.  During t h e  p e r i o d  December 20-27 maximum 

a i r  t empera tu re  i n  t h e  canopy i n c r e a s e d  and minimum d e c r e a s e d  w i t h  a l t i t u d e  i n  

t h e  c o n t r o l  p l o t s ,  w h i l e  b o t h  maximum and minimum a i r  t e m p e r a t u r e s  d e c r e a s e d  

w i t h  a l t i t u d e  when s o i l  warming was p r a c t i c e d ,  During t h e  ~ ~ o l e ~ ~ ~ e r i ~ d  of  

J a n u a r y  6-12,  b o t h  maximum and minimum canopy a i r  t e m p e r a t u r e  d e c r e a s e d  w i t h  

a l t i t u d e  whether  t h e  s o i l  warmed o r  n o t ,  

S o i l  warming i n c r e a s e d  t h e  canopy a i r  t empera tu re  maxima and minima d u r i n g  

b o t h  p e r i o d s  o f  o b s e r v a t i o n ,  Leaf t e m p e r a t u r e  a t  t h e  2 cm l e v e l  was c o o l e r  t h a n  

t h e  a i r  i n  c o n t r o l  p l o t s  d u r i n g  t h e  f i r s t  p e r i o d  o f  o b s e r v a t i o n  and warming d u r i n g  

second p e r i o d ,  S o i l  warming r e s u l t e d  i n  warmer l e a v e s  a t  2  cm t h a n  t h e  s u r -  

rounding a i r  o r  c o n t r o l  l e a v e s  d u r i n g  b o t h  p e r i o d s  of o b s e r v a t i o n  w i t h  more 

warming o c c u r i n g  d u r i n g  t h e  J a n u a r y  o b s e r v a t i o n s ,  The t e m p e r a t u r e  o f  cabbage 

heads  from warmed s o i l  had lower maxima and minima t h a n  t h e  a i r  a t  a  s i m i l a r  l e v e l  a 

d u r i n g  December and were  s l i g h t l y  warmer t h a n  t h e  a i r  d u r i n g  t h e  J a n u a r y  o b s e r -  

v a t i o n  p e r i o d ,  

S t a n d a r d  s h e l t e r  a f r  t e m p e r a t u r e s  maxima and minima were  lower t h a n  t h o s e  

o f  t h e  canopy. 

Canopy a i r  t empera tu re  was l e s s  v a r i a b l e  a t  any g i v e n  l e v e l  th roughout  a  



T a b l e  28. Mean d a i l y  cabbage canopy a i r  and p l a n t  t e m p e r a t u r e  a t  5 and 3  l e v e l s  
r e s p e c t i v e l y  a s  i n f l u e n c e d  by s o i l  warming d u r i n g  two 7 days p e r i o d s ,  

S o i l  
warming Temperature  (OC) a t  i n d i c a t e d  l e v e l  above t h e  s o i l  crn 
t r e a t m e n t /  A i r  Leaf 
d a t e  5 1 0  2  0  3  0  120 2  15 2  0 

1973 - 
J a n .  6 

J a n .  7 

J a n ,  8  

J a n .  9  

J a n .  10 

J a n .  11 

Jan .  12 



g. 27.  Mean a i r  temperature  a t  four  l e v e l s  above t h e  s o i l  s u r f a c e  
measured throughout t he  day du r ing  t h e  per iod  December 20-27, 
1972, a s  in f luenced  by s o i l  warming. (Heated = s o i l  warming, 
non-heated = no s o i l  warming.) 

18 A. 
&8 

DECEMBER 20-27J" 
-., 
'6,* 

f-> crn 

F i g .  28. Mean l e a f  temperature  a t  two l e v e l s  above t h e  s o i l  sur faced  measured 
throughout t h e  day during t h e  per iod December 20-27, 1972, a s  
in f luenced  by s o i l  warming. (Heated = s o i l  warming, non-heated = 
no s o i l  warming.) 



day when ssil warming was practiced (Fig, 27). The greatest change during a 

day occurred at the 20 cm level regardless if soil was warmed or not. The air 

in soil warmed canopies was always warmest near the surface and generally 

decreased with altitude. However, air in the control canopy was warmest near 

the surface only during the night and early morning. The air in the control 

Canopy tended warm with increases in altitude during the middle of the day. 

As seen in Fig. 28 temperatures on both soil warmed and control plots 

followed similar patterns. As height within the canopy increased so did 

the leaf temperature of control plants and change between levels increased 

as the solar radiation load increased. However, the leaves of plants which 

received soil warming decreased in temperature as with altitude. Leaves of 

soil warmed plants were always warmer than leaves of control plqnts. 
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APPENDIX 

P I C T O R I A L  EVIDENCE OF PLANT 

RESPONSE AND MEASUREMENT TECHNIQUES 



Appendix F i g u r e  1. Cabbage p l a n t s  on December 6 ,  1972 ,  (a )  non-so i l  
warned cabbage p l a n t s  (b)  s o i l  warmed cabbage p l a n t s .  



2 ,  Non-sail warmed (a) and s a i l  warned ( b )  
plants i z  mid March 1972,  Note flowers 
s o i l  warmed plant, 

strawberry 
present on 








