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Review o f  Reed and Methods o f  F ro s t  Conti

N ature  o f  t h e  problem

One o f  th e  main h a z a r d s  t o  f r u i t  and t r u c k  ci 

r a d i a t i o n - t y p e  f r o s t  damage (2 6 ) .  T h is  damage i n  

m a tu r i ty  o f  c ro p s  (due t o  l a t e  p l a n t i n g ) ,  poor qu 

q u a n t i t y ,  and i n  some i n s t a n c e s  a t o t a l  l o s s  o f  pi 

I n  th e  U n ited  S t a t e s ,  l o s s e s  b e c a u se  o f  f r o s t  dam 

more pronounced  i n  s t a t e s  such a s  F lo r id a  and Cal 

where th e  c i t r u s  crop  makes up i n t e n s i v e  o r  h ig h ly  

a g r i c u l t u r e .  The same i s  t r u e  f o r  s t a t e s  t h a t  grcc 

c rops  and f r u i t  o rc h a rd s  e x t e n s iv e ly .  M ichigan  r e  

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

S ta te  o f  M ichigan  i s  e s t im a te d  t o  range  from  t e n  \ 

m i l l i o n  d o l l a r s  (6 ) .

i f

R a d ia t io n - ty p e  f r o s t

The e a r t h  r e c e iv e s  i t s  h e a t  from th e  sun i n  t  

o f  r a d i a n t  e n e rg y .  T h is  energy  i s  abso rbed  by pla 

t ra n s fo rm e d  in t o  s e n s i b l e  h e a t .  At t h e  same tim e 

i s  be in g  r e c e iv e d ,  p l a n t s  a r e  r a d i a t i n g  a  p a r t  o f  

back  tow ard th e  sky . However, t h e r e  i s  a n e t  g a i r  

p a r t  o f  th e  p l a n t s  d u r in g  a tw e n ty - fo u r  hour p e r ic  

c o n d i t io n  i s  b ro u g h t abou t by th e  b la n k e t in g  e f f e

o l

ops i s  

ckludes l a t e  

a l i t y  and 

oduce. 

ge a re  

o r n ia  

-v a lu e d  

w t r u c k  

p r e s e n t s  

jge i n  th e  

o tw en ty

he form 

d n ts  and 

t h a t  h e a t  

t h i s  h e a t  

l on th e  

d .  T h is  

ctt o f  th e
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atm osphere  on th e  e a r t h ,  f o r  th e  energy  o f  th e  sun i s  e m it te d  

i n  s h o r t  w av e -le n g th  r a d i a t i o n  which p e n e t r a t e s  th e  a tm osphere  

o f  th e  e a r t h  w ith  l i t t l e  l o s s ,  w h ile  th e  p l a n t s ,  hav ing  ab­

sorbed  t h i s  ene rgy , em it i t  i n  long  w a v e - le n g th  r a d i a t i o n  

which i s  r e a d i l y  ab so rb ed  by th e  a tm osphere  and th e re b y  r e s u l t s  

i n  h e a t  be in g  added t o  t h e  a tm osphere ; which a t  th e  same tim e  

d e c re a s e s  th e  n e t  l o s s  from  th e  e a r t h  and p l a n t s .  T h is  

im p l ie s  t h a t ,  v o id  of i t s  a tm o sp h ere , th e  e a r t h  would become 

ex trem ely  h o t  d u r in g  th e  day and ex trem ely  co ld  d u r in g  th e  

n ig h t  w hich co rresp o n d s  t o  t h e  te a c h in g  o f  p h y s i c i s t s  i n  

g e n e r a l .  T h e re fo re ,  th e  a tm osphere  se rv e s  a s  a  t r a p  whereby 

t h e  e a r t h  r e t a i n s  s u f f i c i e n t  h e a t  t o  c a r ry  i t  th ro u g h  th e  

n i g h t .

The c o n d i t io n  o f  th e  a tm osphere , th e n ,  w i l l  g r e a t l y  

in f lu e n c e  th e  n e t  amount o f  h e a t  g a in e d  by p l a n t s  i n  any one 

p e r io d  o f  t im e .  For example, th e  a b so rb in g  c h a r a c t e r i s t i c s  

o f  th e  a i r  become more pronounced a s  th e  a b s o lu te  h u m id ity  

i n c r e a s e s .  C onverse ly , i f  t h e r e  i s  l i t t l e  h u m id ity  i n  th e  

a i r ,  a s  on a  c l e a r  n i g h t ,  th e  p l a n t s  r a p id ly  l o s e  t h e i r  h e a t .

R a d ia t io n - ty p e  f r o s t  i s  common d u r in g  th e  e a r ly  and 

l a t e  p a r t s  of th e  growing season . I t s  fo rm a t io n  can b e  ex­

p la in e d  a s  fo l lo w s  on th e  th e o ry  o f  h e a t  t r a n s f e r .  To s e t  

t h e  s ta g e  f o r  t h i s  ty p e  of f r e e z e ,  i t  i s  r e q u i r e d  t h a t  t h e r e
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b e  a  p r e l im in a ry  i n f l u x  o f  coo l t o  co ld  a i r ,  fo l lo w e d  by a 

calm, c l e a r  n i g h t .  S in ce  th e  p l a n t s  u n d er  th e s e  c o n d i t io n s  

a r e  r a d i a t i n g  h e a t  t o  th e  o u te r  sp ace , t h e  n e t  h e a t  t r a n s ­

m is s io n  i s  away from th e  p l a n t s .  The a i r  w i l l  become coo led  

by c o n d u c t io n  t o  th e s e  p l a n t s .  As t h e  a i r  becomes c o o le d ,  

g r a v i t y  p u l l s  i t  down t o  s e t t l e  c lo s e  t o  t h e  g ro u n d . When 

th e  p l a n t s  have l o s t  s u f f i c i e n t  h e a t  by r a d i a t i o n  and have 

cooled  th e  su rround ing  a i r  t o  a  low te m p e ra tu r e ,  t h e i r  

t e m p e ra tu r e s  w i l l  ap p ro ach  th e  f r e e z i n g  p o i n t .  I f  t h e  p l a n t  

te m p e ra tu re  f a l l s  below th e  dev/ p o in t  o f  th e  su rro u n d in g  a i r ,  

m o is tu re  w i l l  condense on t h e  v e g e ta t i o n ,  and when su b se ­

q u e n t ly  f ro z e n  t o  i c e ,  w i l l  g iv e  th e  f a m i l i a r  f r o s t  a p p e a ran c e .

Not a l l  f r e e z i n g ,  how ever, i s  v i s i b l e .  For example, 

when th e  wind v e l o c i t y  i s  i n  t h e  m agnitude o f  f i v e  m ile s  p e r  

h o u r ,  th e  co n d e n sa te  i s  c a r r i e d  o f f  th e  v e g e t a t i o n ,  le a v in g  

no m o is tu re  t o  form v i s i b l e  f r o s t .  A no ther  c o n d i t io n  o cc u rs  

when th e  dev/ p o in t  i s  lo w e r  th a n  th e  minimum p l a n t  te m p e ra tu re  

f o r  t h a t  f r e e z e .  T h is  f r e e z i n g  w ith o u t  v i s i b l e  f r o s t  i s  

commonly known a s  "b la c k  f r o s t " .

E xcep t f o r  ex trem ely  co ld  c o n d i t io n s ,  a  f o u r - m i le  p e r  

h o u r  wind w i l l  cau se  s u f f i c i e n t  tu rb u le n c e  t o  p re v e n t  th e  a i r  

from  c o l l e c t i n g  i n  s t r a t a .  The moving a i r  a l s o  c o n v e c ts  

h e a t  t o  t h e  p l a n t s ,  k eep in g  t h e i r  t e m p e ra tu re s  above th e
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f r e e z in g  p o i n t .  However, when th e  p r e l im in a r y  i n f l u x  o f  a i r  

i s  r e l a t i v e l y  c o ld ,  f r e e z in g  i s  l i k e l y  t o  o cc u r  even i f  

t h e r e  i s  a b r i s k  wind, b ec au se  t h i s  c o ld  a i r  cannot convect 

enough h e a t  t o  t h e  p l a n t s  t o  o f f s e t  th e  h e a t  t h a t  i s  l o s t  by 

r a d i a t i o n .

Methods u sed  f o r  th e  p r o t e c t i o n  o f  v e g e t a t i o n  from f r o s t  damage

The b a s i c  p r i n c i p l e  in v o lv e d  i n  th e  problem  of keeping  

v e g e t a t i o n  from f r e e z i n g  i s  t o  m a in ta in  th e  te m p e ra tu re  of 

th e  v e g e t a t i o n  s a f e ly  above i t s  f r e e z i n g  p o i n t .  The t h r e e  

approaches  t o  t h i s  problem a r e :  (1) conserve  t h e  e x i s t in g

h e a t  p o sse sse d  by th e  p l a n t s  and th e  ground; (2) u t i l i z e  th e  

h e a t  in  th e  su rro u n d in g  a i r  th ro u g h  s t i r r i n g ;  and, (5) add 

a d d i t i o n a l  h e a t  from a  s o - c a l l e d  a r t i f i c i a l  s o u rc e .

Numerous a t t e m p ts  have been  made t o  g a in  t h e s e  t h r e e  

o b j e c t i v e s ,  b u t  th e  m ethods t r i e d  have  been  e i t h e r  to o  ex­

p e n s iv e ,  r e q u i r e d  to o  much l a b o r  t o  i n s t a l l  and  o p e r a te ,  

or w ere n o t  e n t i r e l y  s u c c e s s f u l .  For example; g l a s s  c o v e r in g s ,  

o r a  co v e rin g  o f  c l o th  and l a t h  s c r e e n s ,  a r e  e x c e l l e n t  p ro ­

t e c t i o n ,  b u t  f a r  to o  ex p e n s iv e  f o r  th e  a v e ra g e  c rop .

I r r i g a t i o n  has  been  u sed  s u c c e s s f u l ly ,  b u t  i t ,  to o ,  i s  ex­

p e n s iv e  t o  i n s t a l l  and prom otes f e r t i l i t y  l o s s  th ro u g h  

l e a c h i n g .  F looding  i s  e f f e c t i v e ,  b u t  o f t e n  causes  w a te r



damage. E f f o r t s  t o  make a r t i f i c i a l  c louds  have n o t  been 

s u c c e s s f u l .  L arge  m o to r -d r iv e n  p r o p e l l o r s  have been  u sed  t o  

s t i r  t h e  a i r ,  which i n  t u r n  co n v ec ts  h e a t  t o  p l a n t s ,  b u t  

to p o g rap h y , c l im a te ,  and th e  v a lu e  o f  crop l i m i t  t h i s  a p p l i ­

c a t i o n .

The most w id e ly -u s e d  and s u c c e s s f u l  means o f  combating 

f r o s t  damage h as  been  t h e  u s e  o f  o rc h a rd  h e a t e r s  i n  t h e  

c i t r u s  g ro v e s .  The o r i g i n a l  id e a  was t o  b la n k e t  t h e  a re a  

w ith  dense  smoke i n  o rd e r  t o  cu t down r a d i a t i o n  l o s s .  From 

t h i s  p r a c t i c e  t h e  b u rn e r s  came t o  be  c a l l e d  "smudge p o t s " .  

The i n d iv i d u a l  u n i t s  c o s t  l i t t l e ,  b u t  one p e r  t r e e ,  o r two 

hundred  p e r  a c r e ,  a r e  r e q u i r e d  t o  be e f f e c t i v e .  The damage 

from th e  smoke and th e  n u is a n c e  th e y  cause  have l e d  u rb an  

com m unities t o  p a s s  o rd in a n c e s  r e s t r i c t i n g  th e  u s e  o f  t h i s  

ty p e  o f  h e a t e r .

A l a r g e r  o rch a rd  h e a t e r  was th e n  d e s ig n e d  t o  h e a t  t h e  

g ro v e s .  While t h e s e  u n i t s  a r e  more ex p e n s iv e ,  only  ab o u t 

f i f t y  p e r  a c r e  a r e  r e q u i r e d .  In  a d d i t i o n  t o  r a d i a t i n g  a 

p a r t  o f  th e  l i b e r a t e d  h e a t ,  t h i s  h e a t e r  t a k e s  ad v an tag e  of 

th e  f a c t  t h a t  on a  c l e a r ,  calm n ig h t  t h e r e  i s  a  t h i n  l a y e r  

o f  co ld  a i r  n e a r  t h e  ground , w h ile  th e  a i r  te m p e ra tu re  i n ­

c r e a s e s  w ith  e l e v a t i o n  t o  a  c e r t a i n  p o i n t ,  above which th e  

te m p e ra tu re  a g a in  d e c r e a s e s .  T his  phenomenon i s  c a l l e d
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" te m p e ra tu re  i n v e r s i o n " .  The p rim ary  purpose  o f  th e s e  h e a t e r s  

i s  t o  warm th e  a i r  u n d e r  th e  i n v e r s i o n  p o in t  t o  th e  n e c e s s a ry  

d e g r e e .  I t  i s  most e f f e c t i v e  i f  t h e  day te m p e ra tu re  has  

been h ig h  and, t h e r e f o r e ,  i t  i s  n e c e s s a ry  t o  h e a t  l e s s  a i r .  

Even though th e s e  h e a t e r s  a r e  e f f e c t i v e  f o r  th e  c o n t r o l  o f 

r a d i a t i o n - t y p e  f r o s t ,  th e y  a r e  e x p e n s iv e  n o t  only b ec au se  

o f  th e  i n i t i a l  c o s t  and th e  f u e l  c o s t ,  b u t  b ec au se  much la b o r  

i s  r e q u i r e d  f o r  i n s t a l l a t i o n  and m a in ten an ce . These f a c t s  

have caused  th e  c i t r u s  in d u s t r y  t o  lo o k  f o r  b e t t e r  means f o r  

p re v e n t in g  f r o s t  damage.

P re l im in a ry  t e s t s  made a t  M ichigan S t a t e  C o llege

The fa rm e rs  o f  M ichigan r e a l i z e  th e  need  f o r  p r o t e c t i o n  

a g a in s t  f r o s t  damage, as  a  l a r g e  p a r t  o f  t h e i r  a g r i c u l t u r a l  

in d u s t r y  i s  d ev o ted  t o  t r u c k  g a rd e n in g  and com m ercial f lo w er  

and f r u i t  grow ing; a l a r g e  p a r t  o f  which cannot be  contam i­

n a te d  a s  would r e s u l t  from th e  p r e s e n t  o rc h a rd  h e a t e r s .  The 

problem  o f  f r o s t  damage, w h i le  alw ays im p o r ta n t ,  became more 

so d u r in g  World War I I  when th e  crop  v a lu e s  in c r e a s e d .

By 1945 th e  problem  o f  f r o s t  p r o t e c t i o n  had  become so 

a c u te  t h a t  th e  M ichigan A g r i c u l t u r a l  Experim ent S t a t i o n  was 

asked  t o  d ev e lo p  a  p r a c t i c a l  means f o r  c o n t r o l l i n g  f r o s t  

fo rm a t io n .  The problem  was su b se q u en tly  r e f e r r e d  t o  th e  

A g r i c u l tu r a l  E n g in ee rin g  D epartm en t.
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As a f i r s t  s te p ,  an  i n t e n s i v e  s tudy  was made t o  de­

te rm in e  t h e  r e l a t i v e  ad v a n tag e s  and d is a d v a n ta g e s  o f  a l l  

known a t t e m p ts  t o  c o n t r o l  f r o s t ,  Methods t h a t  appeared  t o  

b e  p r a c t i c a l  were g iv e n  c a r e f u l  c o n s id e r a t i o n ,  and some of 

t h e s e  m ethods were t e s t e d  by th e  A g r i c u l t u r a l  E n g in ee rin g  

D epartm ent. In  one in s t a n c e  t h e  U n ited  S t a t e s  Army A ir  

F o rc es  s e n t  a  h e l i c o p t e r  t o  th e  C o lleg e  t o  be  u sed  i n  c i r ­

c u la t in g  th e  a i r  by f l y in g  a t  low a l t i t u d e s  over th e  a r e a s  

t o  be  p r o t e c t e d .  I t  was concluded  t h a t  w h ile  some o f  th e s e  

p r a c t i c e s  were e f f e c t i v e  u n d e r  s e l e c t e d  c o n d i t io n s ,  th ey  

vjould be i m p r a c t i c a l  f o r  t h e  c o n d i t io n s  su rro u n d in g  M ichigan 

a g r i c u l t u r e .

C a re fu l  s tu d y  showed t h a t  convec ted  h e a t  was l i m i t e d  

i n  t h a t  i t  i s  dep en d en t upon t h e  a tm o sp h e r ic  c o n d i t io n s .

In  th e  f a l l  o f  1945, A. W. F a r r a l l ,  Head o f  t h e  Departm ent 

o f  A g r i c u l t u r a l  E n g in e e r in g  a t  M ich igan  S t a t e  C o l le g e ,  proposed  

t h e  use  o f  i n f r a r e d  r a d i a n t  energy  a s  th e  p r i n c i p a l  sou rce  

o f  a d d i t i o n a l  h e a t  f o r  a s o l u t i o n  t o  t h i s  p rob lem .

In  o r d e r  t o  t e s t  t h i s  method, an  e l e c t r i c a l l y - p o w e r e d  

r a d i a n t - t y p e  u n i t  was d e s ig n ed  and c o n s t ru c te d  a t  M ichigan 

S t a t e  C o lle g e  i n  th e  s p r in g  o f  1946 w i th  t h e  c o o p e ra t io n  of 

t h e  Research' Committee o f  t h e  D e t r o i t  Board of.- Commerce. 

In fo rm a t io n  was needed  a s  t o  th e  e f f e c t iv e n e s s ,  o f  r a d i a n t
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h e a t  i n  p r e v e n t in g  f r o s t  damage, t h e  r a d i a t i o n  in te n s i ty -  

r e q u i r e d  p e r  u n i t  s u r f a c e  a r e a ,  and th e  c o s t  o f  c o n s t ru c t in g  

and o p e ra t in g  a  p r a c t i c a l  u n i t .

T h is  u n i t  was d e s ig n e d  t o  cover a p l o t  f o r t y  f e e t  sq u a re . .  

The h e a t in g  u n i t  c o n s i s te d  o f  ro d - ty p e  chromolox e lem en ts  w i th  

an in p u t  o f  tw en ty  K.W.. W ith t h e  u se  o f  s ta n d a rd  r e f l e c t o r  

d e s ig n  te c h n iq u e s ,  t h i s  u n i t  was so c o n s t ru c te d  t h a t  p r a c t i ­

c a l l y  a l l  o f  t h e  h e a t  b e in g  r a d i a t e d  was u n ifo rm ly  d i s t r i b u t e d  

over th e  d e s ig n a te d  a r e a  (9 ) .

T e s t s  were made d u r in g  n a t u r a l  r a d i a t i o n - t y p e  f r o s t s  (7 ) .  

A lthough  a c t u a l  t e m p e r a tu r e s  o f  t h e  v e g e ta t io n  and su rround ing  

a i r  were n o t  re c o rd e d ,  t h e  t e s t s  i n d i c a t e d  t h a t  a  r a d i a t i o n  

i n t e n s i t y  o f  t h r e e  w a t t s  p e r  sq u a re  f o o t  would a d e q u a te ly  

p r o t e c t  v e g e t a t i o n  from  f r o s t  u n d e r  th e  c o n d i t io n s  most 

l i k e l y  t o  occur d u r in g  t h e  sp r in g  and e a r ly  f a l l  (10 ).

A lthough  t h i s  e l e c t r i c a l l y  h e a te d  u n i t  was e x c e l l e n t  f o r  

t e s t i n g  p u rp o s e s ,  and s u p p l ie d  th e  n e c e s s a ry  b a s ic  d a t a ,  i t  

would be to o  c o s t l y  t o  be com m ercia lly  f e a s i b l e .  F u rtherm ore , 

p r e s e n t  e l e c t r i c  l i n e s  a r e  o f  i n s u f f i c i e n t  c a p a c i ty  t o  p ro ­

v id e  p r o t e c t i o n  f o r  a p p r e c ia b l e  a r e a s .  The n e x t  s te p  was t o  

deve lop  a  r a d i a n t  h e a t  so u rce  t h a t  would be p r a c t i c a l .
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Two f a c t o r s  l e d  t o  th e  u s e  o f  o i l - b u r n in g  equipm ent. 

F i r s t ,  on a  BTU b a s i s  o i l  i s  in e x p e n s iv e ;  second , i t  was 

f e l t  t h a t  o i l - h e a t e d  r a d i a t i o n  u n i t s  could  be  c o n s t ru c te d  

a t  a  r e a s o n a b le  c o s t .

The a v e ra g e  n e t  h e a t  l o s s  from  th e  s u r f a c e  o f  t h e  e a r t h  

by r a d i a t i o n  a t  n ig h t  has  been  found  t o  be a t  t h e  r a t e  o f  

ap p ro x im a te ly  one m i l l i o n  BTU p e r  h o u r  p e r  a c re  (8 ) .

Using t h i s  a s  a b a s i s  from which t o  s t a r t ,  an  o i l - b u r n in g  

u n i t  was c o n s t ru c te d  t h a t  would b u rn  f u e l  a t  th e  r a t e  o f  

a p p ro x im a te ly  seven  g a l lo n s  p e r  h o u r .  The r a d i a t i n g  s u r fa c e  

was made of t h r e e  s t e e l  o i l  drums w elded end to  end. Aluminum 

r e f l e c t o r s  were p o s i t io n e d  around t h e  b a r r e l s  i n  an a t te m p t  

t o  d i r e c t  t h e  r a d i a t i o n  downward. A co m m erc ia l- ty p e  p r e s s u r e  

v a p o r iz in g  b u r n e r  was u se d .  T h is  u n i t  was t e s t e d  d u r in g  th e  

f a l l  o f  1946 u n d e r  n a t u r a l  f r o s t i n g  c o n d i t io n s .  The r e s u l t s  

were c o n c lu s iv e  i n  e s t a b l i s h i n g  t h e  e f f e c t i v e n e s s  o f  t h e  

p r i n c i p l e  o f  f r o s t  c o n t ro l  th ro u g h  th e  use  o f  r a d i a n t  h e a t .

The a r e a  covered  was g r e a t l y  expanded and t h e  o r i g i n a l  f i g u r e  

o f  t h r e e  v /a t ts  p e r  sq u a re  f o o t  was found t o  be th e  a v e ra g e  

i n t e n s i t y  r e q u ire m e n ts  f o r  p r o t e c t i o n  a g a i n s t  norm al f r o s t i n g  

c o n d i t io n s  d u r in g  th e  f a l l .
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Theoiy  of t h e  E m iss io n , T ra n sm iss io n , and A b so rp tio n  

o f  I n f r a r e d  o r  Thermal R a d ia t io n

There a r e  t h r e e  v/ell-known means by which h e a t  i s  t r a n s ­

f e r r e d  from a h o t  t o  a c o ld e r  body. They a r e  c o n v e c t io n ,  

c o n d u c tio n ,  and r a d i a t i o n ,  and a l l  t h r e e  a r e  g e n e r a l ly  i n ­

v o lv e d  or a s s o c i a t e d  i n  any one p r o c e s s .  The t h i r d  method, 

r a d i a t i o n ,  i s  u n iq u e  i n  t h a t  i t  in v o lv e s  no m a t e r i a l  means 

o f  t r a n s f e r ,  and f o r  t h i s  r e a s o n  t h e r e  a p p a r e n t ly  a r e  

a d v a n ta g e s  and j u s t i f i c a t i o n  f o r  e x p e r im e n ta l  work i n  e v a lu ­

a t in g  t h i s  means as  a f r o s t  c o n t r o l  m easure . R a d ian t energy 

i s  t r a n s f e r r e d  a s  e le c t ro m a g n e t ic  r a d i a t i o n  and i s  found to  

t r a v e r s e  a vacuum w i th o u t  a t t e n u a t i o n ,  b u t  w i l l  be abso rbed  

t o  some e x te n t  by g a s e s  o r  v a p o rs .

As t o  t h e  so u rce  o f  th e rm a l  r a d i a t i o n ,  i t  was f i r s t  

advanced by P re v o s t ,  i n  1792, t h a t  a l l  m a t te r  above a b s o lu te  

ze ro  te m p e ra tu re  e m it te d  energy  i n  th e  form o f  r a d i a t i o n .  

S in ce  a l l  m a t t e r  ab so rb s  such e le c t ro m a g n e t ic  r a d i a t i o n  a t  

some wave l e n g th ,  i t  would seem t h a t  th e  second law  had 

been  i n v a l i d a t e d  by t h i s  h y p o th e s i s ;  however, even though 

a h o t  body may r e c e iv e  energy  from a c o ld e r  body, t h e r e  i s  

e x p e r im e n ta l  ev id en ce  t o  th e  f a c t  t h a t  th e  n e t  exchange 

w i l l  i n v a r i a b ly  show a g a in  f o r  th e  c o ld e r  body. T h is  i s  

b e s t  i l l u s t r a t e d  by p la c in g  o b je c t s  a t  v a ry in g  te m p e ra tu re s
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w ith in  an i n s u l a t e d  v a c u a te d  c o n ta in e r  and n o t in g  t h a t  th e  

o b je c t s  app roach  an  equa l te m p e ra tu r e ,  th e  te m p e ra tu re  o f  

th e  c o n t a in e r .

Q u a n t i t a t i v e  lav/s f o r  "b lackbody" r a d i a t i o n  fo l lo w ;  

however, a few e x p la n a to ry  rem arks a b o u t t h i s  s p e c i a l  c l a s s i ­

f i c a t i o n  o f  r a d i a t i o n  i s  i n  o rd e r .  There  a r e  s e v e r a l  d e f in in g  

f e a t u r e s  w hich c h a r a c t e r i z e  "b lack b o d y " r a d i a t i o n .  The 

im p o r ta n t  f e a t u r e s  a r e :  (1) a  b lack b o d y  ab so rb s  a l l  t h e

r a d i a n t  energy  which f a l l s  upon i t ;  (2 ) no body p o s s e s s e s  

a r a d ia n c y  g r e a t e r  th a n  t h a t  o f  a  b lackbody ; and , (5 ) b la c k -  

b o d ie s  obey L a m b e r t 's  C osine Law w h ile  n o n -b la c k b o d ie s  do 

n o t ,  which means t h a t  th e  i n t e n s i t y  a t  any d i r e c t i o n  from 

th e  norm al e q u a ls  t h e  p ro d u c t  o f  t h e  norm al i n t e n s i t y  tim es  

th e  c o s in e  o f  th e  a n g le  t h a t  t h e  d i r e c t i o n  i n  q u e s t io n  makes 

w ith  th e  n o rm a l.  As a  consequence o f  (3 ) ,  t h e  s te r a d ia n c y  

o r  b r ig h tn e s s  o f  a  s u r f a c e  i s  t h e  same from a l l  d i r e c t i o n s  

o f  v iew . These t h r e e  c o n d i t io n s  or c h a r a c t e r i s t i c s  h o ld  

f o r  s p e c t r a l  v a lu e s  a s  w e l l  a s  t o t a l  e m iss iv e  v a l u e s .

As p r e v io u s ly  s t a t e d ,  t h e  d e r i v a t i o n s  o f  q u a n t i t a t i v e  

law s a r e  b ased  on "b lackbody" r a d i a t i o n  and s in c e  i t  i s  

a d m itte d  t h a t  t h e r e  a r e  no s u r f a c e s  o f  m a t te r  w hich co rrespond  

p e r f e c t l y  t o  a b lackbody  (even though  such m a t e r i a l s  as  

carbon b l a c k ,  p la tin u m  b la c k ,  z in c  b la c k ,  and carborundum a r e
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among th e  b e s t  a p p ro x im a t io n s ) ,  t h e r e  seems l i t t l e  j u s t i ­

f i c a t i o n  or e x p e r im e n ta l  p ro o f  t o  w a r ra n t  such d e r i v a t i o n s .  

However, f o r  t h e o r e t i c a l  c o n s id e r a t i o n s  and c a l i b r a t i o n  

p u rp o se s ,  a t r u e  source  o f  "b lackbody" r a d i a t i o n  i s  a t t a i n e d  

sim ply  by s tu d y in g  s o - c a l l e d  c a v i ty  r a d i a t i o n .  T h is  i s  th e  

r a d i a t i o n  e m it te d  from a  sm all a p e r t u r e  i n  th e  s id e  o f  a  

u n ifo rm ly  h e a te d  e n c lo s u re  o f  opaque w a l l s .  I t  i s  u n d e r­

s ta n d a b le  t h a t  t h i s  a p e r t u r e  w i l l  ab so rb  a l l  t h e  im pinging  

r a d i a t i o n ,  f o r  once i t  g e t s  w i th in  th e  c a v i ty  t h e r e  i s  only  

a  rem ote p r o b a b i l i t y  t h a t  i t  w i l l  come ou t a g a in .  The second 

c o n d i t io n  i s  s a t i s f i e d  s in c e  th e  r a d i a t i o n  d e n s i t y  i s  a 

maximum (which can be shown t h e o r e t i c a l l y )  f o r  t h e  g iv e n  

e n c lo s u re  te m p e ra tu r e ,  and s in c e  t h e  a p e r t u r e  i s  e s s e n t i a l l y  

th e  i n s i d e  s u r f a c e ,  t h i s  c o n s id e r a t i o n  g iv e s  th e  r a d i a t i o n  

i n t e n s i t y  f o r  th e  a p e r tu r e  a  maximum v a lu e  f o r  t h a t  te m p e ra tu r e .  

As t h e  r a d i a t i o n  from th e  a p e r t u r e  i s  u n ifo rm  i n  a l l  d i ­

r e c t i o n s  ( in  th e  outw ard h e m isp h e re ) ,  t h e  i n t e n s i t y  w i l l  

vary  a s  th e  c o s in e  o f  th e  a n g le  w i th  t h e  n o rm al; th u s  s a t i s ­

fy in g  t h e  t h i r d  c o n d i t io n .

In  t h i s  s tudy  o x id iz e d  s h e e t  s t e e l  was g e n e r a l ly  used  

f o r  t h e  r a d i a t i n g  s u r f a c e .  T his  s u r f a c e  h a s  t o t a l  e m is s iv i ty  

v a lu e s  ran g in g  from .8  t o  .95 (18) w hich i s  th e  r a t i o  o f  i t s  

t o t a l  e m is s iv e  power t o  t h a t  o f  a b lackbody  a t  th e  same 

te m p e ra tu r e .  A lso , t h e  v a r i a t i o n  o f  t h i s  s u r f a c e  from L a m b e r t 's
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Cosine Law i s  i l l u s t r a t e d  i n  F ig .  1 ,  and i t  i s  n o te d  t o  

compare v e ry  c lo s e ly  w i th  a b lackbody  e m i t t in g  s u r f a c e .

S ince  t h e  t o t a l  em iss iv e  power and h e m is p h e r ic a l  d i s t r i b u t i o n a l  

c h a r a c t e r i s t i c s  approach  t h a t  o f  a  b lackbody  t h e  q u a n t i t a t i v e  

r e l a t i o n s h i p s  f o r  b lackbody c o n d i t io n s  a r e  a p p l i c a b le  t o  a 

f i r s t  o r d e r  o f  a p p ro x im a tio n  f o r  th e  r e a l  s u r f a c e s .  T h ere ­

f o r e ,  t h e  fo l lo w in g  r e l a t i o n s h i p s  a r e  in c lu d e d  t o  f u r t h e r  

an u n d e rs ta n d in g  o f  t h e  a p p l i c a t i o n  t o  b e  made.

Q u a n t i t a t iv e  law s f o r  b lackbody  r a d i a t i o n  (24)

A t te n t io n  i s  f i r s t  d i r e c t e d  t o  th e  s p e c t r a l  energy  

d i s t r i b u t i o n  o r  s p e c t r a l  e m is s iv e  power o f  t h e  r a d i a t i o n  as  

a f u n c t io n  o f  wave l e n g th  and te m p e ra tu r e  (F ig .  2 ) .  T h is  

p lo t  i s  p o s s i b l e  th ro u g h  t h e  a p p l i c a t i o n  o f  P la n c k ’ s a n a ­

l y t i c a l  e x p re s s io n  f o r  th e  s p e c t r a l  energy  d i s t r i b u t i o n  of 

"b lackbody" r a d i a t i o n .  P lanck  was a b l e  t o  d e r iv e  t h i s  

r e l a t i o n s h i p ,  w hich i s  i n  ag reem ent w ith  e x p e r im e n ta l  r e s u l t s ,  

by in t ro d u c in g  t h e  quantum th e o r y  i n  c o n ju n c t io n  w ith  t h e  

c l a s s i c a l  s t a t i s t i c a l  th e o ry  ( th e o ry  o f  e l a s t i c  or e l e c t r o n i c  

v i b r a t i o n s ) .  E i n s t e i n  and Bose each have su b se q u en tly  

d e r iv e d  th e  same r e l a t i o n s h i p  th ro u g h  th e  u se  o f  s t a t i s t i c a l  

m echan ics . W ithout c a r r y in g  th ro u g h  t h e  d e r i v a t i o n ,  t h e  

r e s u l t  i s  g iv e n  i n  th e  fo l lo w in g  e q u a t io n :

=  3.740*/Q~s _/7
Sec. I— J
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Based on t h i s  r e l a t i o n s h i p  t h e  curves ( f o r  1000°F. and 

1 5 0 0 ° F .) in  F ig .  S were d eve loped .

Follow ing P la n c k 's  d e r i v a t i o n  o f  th e  s p e c t r a l  energy  

d i s t r i b u t i o n  f o r  "blackbody" r a d i a t i o n ,  t h r e e  im p o r ta n t  

r e l a t i o n s h i p s  were d i r e c t l y  d e r i v a b l e .  The f i r s t  t o  be 

in c lu d e d  h e re  g iv e s  an e x p re s s io n  f o r  th e  t o t a l  e m iss iv e  

power. T h is  i s  found by i n t e g r a t i n g  th e  s p e c t r a l  energy  

e q u a t io n  betw een  th e  wave l e n g th  l i m i t s  o f  0 and o o  , g iv in g

9\
O

— S  «y« ^
= S .6 7 Z  X /&  ££22 .-------2 7

o ? , * S ee. •/? *

For a 1500°F. e m i t t in g  s u r fa c e  (assuming "blackbody" 

r a d i a t i o n )  t h i s  e q u a t io n  g iv e s  a t o t a l  e m iss iv e  power equa l 

t o  2 5 ,6 0 0  B T U /H r ./ f t2 .

As a  com parison t h e  a r e a  u n d e r  th e  curve  was m easured 

w ith  a p la n im e te r  from which th e  t o t a l  e m iss iv e  power was 

c a lc u l a t e d  a s  29 ,000  B T U /H r . / f t2 . i t  i s  p o s s i b l e  t h a t  a  

b e t t e r  agreem ent would be o b ta in e d  by p l o t t i n g  th e  energy  

d i s t r i b u t i o n  t o  a l a r g e r  s c a l e .
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Figure 2. S pectra l  energy d i s t r ib u t io n  as a funct ion  
of  temperature. I
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A g ra p h  o f  th e  t o t a l  e m is s iv e  power a s  a  f u n c t io n  o f  

te m p e ra tu re  i s  i l l u s t r a t e d  i n  F ig .  3 .

A nother d e r i v a t i o n  based  on P la n c k 's  s p e c t r a l  energy 

d i s t r i b u t i o n  g iv e s  t h e  r e l a t i o n  t h a t  t h e  modal wave l e n g th  

o f  th e  r a d i a t i o n  ( th e  wave l e n g t h  f o r  which t h e  monochromatic, 

e m iss iv e  power o f  t h e  b lackbody i s  a maximum) i s  in v e r s e ly  

p r o p o r t i o n a l  t o  th e  a b s o lu te  te m p e ra tu re  o f  t h e  b lack b o d y . 

T h is  i s  found  by d i f f e r e n t i a t i n g  P la n c k 's  e q u a t io n  w ith  

r e s p e c t  t o  th e  wave l e n g t h ,  and so lv in g  f o r  t h e  wave l e n g th  

which makes th e  r e s u l t i n g  e x p re s s io n  eq u a l t o  z e ro ,

T his  e x p re s s io n  i s  known a s  W ien 's  D isp lacem ent Lav; s in c e  

he had  r e a l i z e d  t h e  r e l a t i o n s h i p  and d e te rm in e d  th e  c o n s ta n t ,  

e x p e r im e n ta l ly ,  a t  an  e a r l i e r  d a t e .

From t h i s  e q u a t io n  th e  wave l e n g th  a t  which th e  mono­

ch ro m a tic  em iss iv e  power i s  a  maximum f o r  a 1500°F. 

te m p e ra tu re  so u rc e  i s  2 .658  m ic ro n s .



BT
U 

/ 
(H

RJ
 

(S
Q

.F
T.

)

3 2 X 1 0  .

2 4X 10 '

I 6 X

ex

u
u

14 00 1500 1600'13008 0 0 ' 1100'
T E M P E R A T U R E - 0 E 6 R E E S  FAHRENHEIT

120090 0 ' 1000 '✓

Figure 3. Tota l  r a d ia t io n  as a fun ct ion  o f  temperature.



20

The t h i r d  d ep enden t r e l a t i o n s h i p  s t a t e s  t h a t  t h e  

maximum monochromatic e m iss iv e  power o f  a b la ck b o d y , v iz . . , ,  

t h a t  w ith in , th e  w a v e - le n g th  i n t e r v a l  d N a t  th e  modal wave 

l e n g th  A/», i s  p r o p o r t i o n a l  t o  th e  f i f t h  power o f  i t s  abso ­

l u t e  te m p e ra tu re .  The d e r i v a t i o n  sim ply r e q u i r e s  th e  

s u b s t i t u t i o n  of th e  v a lu e  o f  i n t o  P la n c k 's  e q u a t io n ,  

g iv in g
0 - t *

T ra n sm is s io n  o f  i n f r a r e d  r a d i a t i o n

The q u a n t i t a t i v e  lav/s d e a l  w ith  t h e  so u rce  o f  r a d i a t i o n  

only and t h e r e  a r e  o th e r  im p o r ta n t  f a c t o r s  w hich in f lu e n c e  

th e  amount o f  energy  t h a t  i s  t r a n s m i t t e d .

One o f  th e s e  f a c t o r s ,  which i s  by f a r  t h e  most im p o r ta n t ,  

i s  t h a t  r e s u l t i n g  from  th e  s o - c a l l e d  In v e r s e  Square Law o f  

R a d ia t io n .  This lav/ i s  i l l u s t r a t e d  i n  F ig .  4 from which i t  

i s  n o ted  t h a t  th e  r a d i a t i o n  from a  p o in t  so u rce  co v e rs  f o u r  

t im e s  a s  much a r e a  a t  two f e e t  a s  compared t o  th e  a r e a  a t  

one f o o t ;  g iv in g  th e  r e l a t i o n s h i p  t h a t  t h e  i n t e n s i t y  i s  

i n v e r s e ly  p r o p o r t i o n a l  to  t h e  sq u a re  o f  th e  d i s t a n c e .



)

Figure 4 .  Diagram showing the p r in c ip le  o f  the inverse  
square law of  ra d ia t io n  d i s t r ib u t io n  from a 
p oint  source o f  o r i g in .

The o th e r  f a c t o r  t o  be c o n s id e re d  i s  t h e  a b s o r p t io n  o f  

th e  r a d i a n t  energy by t h e  atm osphere o r  th e  a t t e n u a t i o n  o f  

th e  i n t e n s i t y  a s  th e  r a d i a t i o n  t r a v e r s e s  t h e  d i s t a n c e  from 

so u rce  t o  p l a n t .  T h e re fo re ,  i t  i s  e r ro n e o u s  t o  a c c la im  t h a t  

t h i s  form o f  h e a t in g  can be t r a n s f e r r e d  d i r e c t l y  t o  th e  

v e g e ta t io n  in d ep en d en t o f  t h e  in te rv e n in g  medium. The e x t e n t  

o f  t h i s  f a c t o r  on th e  i n t e n s i t y  of r a d i a t i o n  from a  g iv e n  

so u rce  a t  a  chosen p o in t  i s  dependen t on th e  components o f  

th e  a tm osphere . S ince  w a te r  v ap o r  i s  e s s e n t i a l l y  t h e  only



v a r i a b le  com ponent, i t  i s  l o g i c a l  t o  assume t h a t  th e  r e l a t i v e  

h u m id ity  i s  a  f a c t o r  in  d e te rm in in g  th e  e f f ic ie n c y  o f  r a d ia n t  

energy  t r a n s m is s io n .

The B eer-L am bert Law o f A b so rp tio n  w hich e x p re s s e s  th e  

fo llo w in g  r e l a t i o n s h i p  i s  a p p l ic a b le  f o r  c a lc u l a t i n g  th e  

r e s u l t i n g  i n t e n s i t y  (2 5 ):

I / I 0 = e“k x , w here I  s i n t e n s i t y  a t  x , I 0 -  i n i t i a l  

i n t e n s i t y ,  x  = d i s t a n c e  th ro u g h  a b so rb in g  medium, 

k  = a b s o rp t io n  c o e f f i c i e n t ,  and i s  a  f u n c t io n  o f 

b o th  wave le n g th  and d e n s i ty  o f  w a te r  v ap o r.

I t  h a s  been  observed  s p e c t r o s c o p ic a l ly  t h a t  th e r e  a re  

w ide ran g es  o f wave le n g th s  w hich a r e  n o t a f f e c te d  by th e  

atm osphere w h ile  o th e r s  a r e  a b s o rb te d  a t  v a ry in g  d e g re e s ; 

some wave le n g th s  a r e  t o t a l l y  a b s o rb te d  by a  s h o r t  d is ta n c e  

o f t r a v e l  i n  th e  a tm o sp h ere . T h is  f a c t o r  h as  n o t b een  g iv en  

s u f f i c i e n t  s tu d y  to  w a r ra n t  f u r t h e r  d i s c u s s io n  in  t h i s  p a p e r; 

how ever, s in c e  th e  d a ta  a r e  a v a i l a b le  i n  p h y s ic s ' jo u r n a ls ,  

f u tu r e  in v e s t i g a t io n  o f t h i s  p rob lem  shou ld  p ro v e  s ig n i f i c a n t  

in  co n n e c tio n  w ith  th e  u se  o f  r a d i a n t  energy  f o r  f r o s t  c o n t ro l .

A b so rp tio n  o f r a d i a t i o n  by v e g e ta t io n

A f te r  th e  e le c tro m a g n e t ic  r a d i a t i o n  o f  i n f r a r e d  energy 

im pinges upon th e  s u r f a c e  o f v e g e ta t io n  o r o th e r  m a t te r ,
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th e r e  i s  th e  phenomenon o f t r a n s fo rm a tio n  to  s e n s ib le  h e a t .

To form an an a lo g y  w ith  e le c tro m a g n e tic  r a d i a t i o n  o f r a d io  

f re q u e n c y , th e  v e g e ta t io n  m ust a c t  a s  a  " ra d io  r e c e iv e r " .

As would be ex p ec ted  from  t h i s  an a lo g y , th e  v e g e ta t io n  sh o u ld  

e x h ib i t  s e l e c t i v e  a b s o rp t iv e  p r o p e r t i e s  o r be  more r e c e p t iv e  

t o  d i f f e r e n t  f r e q u e n c ie s  o r  wave l e n g th s .  T h is  i s  e x a c tly  

th e  ca se  and th e  phenomenon i s  e x p la in e d  e i t h e r  on th e  

c l a s s i c a l  wave th e o ry  o r th e  more modern quantum th e o ry  

which we w i l l  n o t  a t te m p t to  e x p la in  i n  t h i s  p a p e r . However,, 

t h i s  p ro p e r ty  i s  e a s i ly  e v a lu a te d  e x p e r im e n ta lly  w ith  th e  

sp e c tro p h o to m e te r  o r s p e c tro g ra p h . G e n e ra lly , a s id e  from  

i s o l a t e d  i n t e r v a l s  th ro u g h o u t th e  i n f r a r e d  spectrum , i t  h a s  

been  found t h a t  tr a n s m is s io n  and r e f l e c t i o n  o f r a d i a t i o n  by 

g re e n  v e g e ta t io n  in c r e a s e s  w ith  wave le n g th  i n  go ing  from  

v i s i b l e  l i g h t  in to  th e  n e a r  i n f r a r e d  spectrum  (5 ) , w hich 

means i n  f a c t  t h a t  th e  a b s o rp t io n  o r h e a tin g  e f f e c t  d e c re a s e s  

w ith  t h i s  change in  wave le n g th .  T h is  f a c t  i s  o f  im p o rtan ce  

in  c o n s id e r a t io n  o f  th e  e f f i c i e n c y  o f  a so u rc e  o f  r a d ia n t  

energy  a s  a f r o s t  c o n t ro l  m easu re .
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P re v io u s  Work and P re s e n t  S ta tu s  o f th e  U t i l i z a t i o n  

o f I n f r a r e d  R a d ia n t Energy f o r  th e  P ro te c t io n  

o f  V e g e ta tio n  from  F ro s t  Damage

O r ig in a l  in v e s t ig a t io n s

As d e s c r ib e d  e a r l i e r  i n  t h i s  p a p e r, th e  i n i t i a l  work 

in  th e  in v e s t i g a t io n  o f th e  a p p l i c a t io n  o f i n f r a r e d  energy 

a s  a f r o s t  c o n t ro l  m easure  was c a r r ie d  ou t w ith  an  e l e c t r i ­

c a l ly  pow ered so u rc e . At t h a t  tim e  th e  m a jo r em phasis was 

p la c e d  on th e  v i s i b l e  e v a lu a t io n  o f  th e  e x te n t  o f  p r o te c t io n  

or a r e a  t h a t  was k e p t f r e e  from f r o s t  fo rm a tio n  u n d er f r e e z in g  

te m p e ra tu re s  a t  th e  g round  l e v e l .  The te m p e ra tu re  was 

m easured  w ith  a  chem ica l o r m e rc u ry - in -g la s s  therm om eter.

From t h i s  i t  was found t h a t  in f r a r e d  e n e rg y , a p p lie d  w ith  

s u f f i c i e n t  i n t e n s i t y ,  would a f f o r d  f r o s t  p r o te c t io n  to  vege­

t a t i o n .  L a te r  i t  was found  t h a t  a r a d i a t i o n  i n t e n s i t y  o f 

10 B T U /s q .f t /H r . , m easured  norm al to  th e  d i r e c t i o n  o f p ro p a ­

g a t io n ,  would p r o te c t  a  heavy s ix - in c h  b lu e g ra s s  sod u n d er 

m od era te  to  se v e re  f r o s t i n g  c o n d i t io n s .

The in t e n s i t y - p r o t e c t i o n  r e l a t i o n s h i p  was found t o  ho ld  

t r u e  f o r  t e s t s  u n d er s im i la r  c o n d i t io n s  w ith  th e  o r ig in a l  

o i l - b u rn in g  u n i t ; th e  on ly  e x c e p tio n  b e in g  t h a t  th e  i n t e n s i t y  

r e q u ir e d  v a r ie d  somewhat w ith  th e  ty p e  and amount o f f o l i a g e
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i n  t h a t  a  lo w er i n t e n s i t y  s a f e ly  p ro te c te d  s p a rs e  v e g e ta t io n  

w hich was growing a p p re c ia b ly  above th e  ground l e v e l .

L a b o ra to ry  e x p e rim e n ta tio n  was c a r r ie d  ou t i n  1947 (11) 

to  i n v e s t i g a t e  th e  p la n t  te m p e r a tu r e - r a d ia t io n  i n t e n s i t y  

r e l a t i o n s h i p .  The t e s t s  w ere made a t  b o th  room te m p e ra tu re  

and w ith in  a c o ld  s to r a g e  w here th e  am bient te m p e ra tu re  was 

h e ld  a t  35°F . The r e s u l t s  o f  t h i s  work in d ic a te d  t h a t  w ith in , 

th e  l e a f  o f an  exposed p la n t  a  r a d ia t io n  i n t e n s i t y  o f 10 

B T U /S q .ft/H r. r a i s e d  i t s  te m p e ra tu re  ap p ro x im a te ly  2°F .

T h is h e ld  t r u e  in  b o th  en v ironm en ts in d ic a t in g  t h a t ,  w ith in  

th e  te m p e ra tu re  i n t e r v a l  t e s t e d ,  th e  p la n ts  f a i l e d  to  e x h ib i t  

p h y s io lo g ic a l  changes to  r e g u la te  t h e i r  te m p e ra tu re  when 

b e in g  h e a te d  by in f r a r e d  e n e rg y . S ince  th e  n e t  g a in  in  p la n t  

te m p e ra tu re  i s  d i r e c t l y  p r o p o r t io n a l  to  th e  d i f f e r e n c e  in  

te m p e ra tu re  betw een th e  p la n t  and su rro u n d in g s , th e  only  

f a c t o r  t h a t  would change th e  i n t e r v a l  o f te m p e ra tu re  in c re a s e  

would l o g i c a l l y  be o f  p h y s io lo g ic a l  o r ig in .  A lso , i t  was. 

f o u n d 'th a t  a  shaded o r  s h ie ld e d  l e a f ,  even though  i t  was 

a d ja c e n t  to  an  exposed l e a f ,  f a i l e d  to  in d ic a t e  an  a p p re c i­

a b le  in c r e a s e  i n  te m p e ra tu re .

Even though  th e r e  was no  a tte m p t made to  d e te rm in e  th e  

te m p e ra tu re  o f  th e  s u r fa c e  w hich was i r r a d i a t e d ,  i t  i s  l o g i c a l  

t o  assum e t h a t  t h i s  te m p e ra tu re  would have been  c o n s id e ra b ly
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i n  e x c e s s  o f th e  i n t e r i o r  te m p e ra tu re . T h is i s  founded  on 

th e  h y p o th e s is  t h a t  th e  g r e a t e r  p a r t  o f th e  t r a n s fo rm a tio n  

o f r a d ia n t  energy  to  h e a t  ta k e s  p la c e  in  a co m p ara tiv e ly  

th in  l a y e r  o f p la n t  t i s s u e .

The assu m p tio n  t h a t  th e  i r r a d i a t e d  s u r fa c e  o f th e  p la n t  

has a  c o n s id e ra b ly  g r e a t e r  in c re a s e  in  te m p e ra tu re  g iv e s  

e x p la n a tio n  to  th e  f a c t  t h a t  f r o s t  f a i l s  to  form  on a  s u r fa c e  

w hich i s  exposed t o  a r a d i a t i o n  i n t e n s i t y  o f on ly  10 BTU/Sq. 

f t / H r .  a t  an am bien t a i r  te m p e ra tu re  o f  25°F . S in ce  th e  

s u r fa c e  te m p e ra tu re  i s  above 52°F . and i f  th e  p la n t s  a r e  

exposed to  s u f f i c i e n t  r a d i a t i o n  i n t e n s i t y  b e fo re  th e  p la n t  

te m p e ra tu re  h a s  f a l l e n  t o  3 2 ° F . , th e n , i n  v iew  o f th e  f a c t  

t h a t  h e a t  flo w s from  a h o t t e r  to  a c o o le r  r e g io n , th e  

te m p e ra tu re  o f  th e  i n t e r i o r  o f th e  p la n t  sh o u ld  be m ain­

ta in e d  a t  a l l  tim e s  above t h i s  c r i t i c a l  te m p e ra tu re . T h is 

would em phasize th e  im p o rtan ce  o f applj^ing th e  r a d ia t io n  

b e fo re  th e  p la n t s  had  f a l l e n  t o  th e  c r i t i c a l  te m p e ra tu re .

The above f a c to r s  a r e  o f  p rim ary  im p o rta n c e , e s p e c ia l ly  

where p r o te c t io n  i s  c a r r ie d  ou t th ro u g h  th e  a p p l i c a t io n  o f 

in f r a r e d  en e rg y .

J
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S tu d ie s  to  d ev e lo p  a h ig h  c a p a c ity  non-pow ered l i q u i d  

p e tro leu m  f u e l  b u rn e r

F o llow ing  th e  p re lim in a ry  in v e s t ig a t io n s  w ith  th e  u se  

o f e l e c t r i c i t y  a s  th e  so u rce  o f  power th e  n e x t  move was to  

d e s ig n  an o i l - b u rn in g  ‘u n i t .  T h is was deemed n e c e s s a ry  i f  

th e  m ethod o f f r o s t  c o n t ro l  by r a d ia n t  energy  was to  a t t a i n  

p r a c t i c a l  a p p l i c a t io n .  From th e  s ta n d p o in t o f  c o s t ,  a v a i l a ­

b i l i t y ,  and b u rn in g  c h a r a c t e r i s t i c s ,  k e ro se n e  7/as b e l ie v e d  

to  be  th e  b e s t  f u e l  f o r  t h i s  u s e .  S e v e ra l  e x p e rim e n ta l 

u n i t s  w ere c o n s tru c te d  and t e s t e d  on a  co m p ara tiv e  b a s i s  

to  e v a lu a te  th e  ad v a n tag e s  o f  each (1 2 ) . As a  r e s u l t ,  one 

p a r t i c u l a r  d e s ig n  was s e le c te d  w ith  th e  i n t e n t io n  o f  

i n t e r e s t i n g  a m an u fac tu rin g  company who would make and 

d i s t r i b u t e  a l im i te d  number o f  such  u n i t s  f o r  f u r t h e r  ex­

p e r im e n ta t io n  and e v a lu a t io n  o f th e  p r a c t i c a b i l i t y  o f  i t s  

u s e .  T h is  p la n  was c a r r ie d  th ro u g h  and th e  d i s t r i b u t i o n  

in c lu d e d  n o t only M ichigan b u t many o th e r  s t a t e s .  The 

p r in c ip a l  a p p l ic a t io n  was on t r u c k  and f lo w er c ro p s .

The r e s u l t s  o f th e s e  o p e ra t io n s  g e n e ra l ly  s u b s ta n t ia te d  

th e  f in d in g s  o f th e  o r ig in a l  work a t  th e  A g r ic u l tu r a l  

E n g in ee rin g  D epartm ent o f M ichigan S ta te  C o lleg e  which a r e  

summ arized as  f o l lo v /s :

1 . For a r a d ia t io n - ty p e  f r o s t  where th e  f r o s t  l i n e
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d id  n o t ex ten d  h ig h e r  th a n  s ix te e n  in c h e s ,  each  u n i t  p ro ­

te c te d  ou t t o  n in e ty  f e e t .

2 . For th e  m ost s e v e re  r a d ia t io n - ty p e  f r o s t  m ost l i k e l y  

to  occur d u r in g  th e  norm al grow ing seaso n  ( a g a in s t  w hich th e  

u n i t  must p r o te c t  to  be  p r a c t i c a l )  th e  f r o s t  l i n e  was a p p ro x i­

m a te ly  s i x t y - f i v e  f e e t  from  th e  u n i t .

3 . For co ld  w ind-blow n f r e e z e s  th e  u n i t s  p r o te c te d  a  

v e ry  sm a ll a r e a .

4 . U n its  would n o t o p e ra te  s a t i s f a c t o r i l y  i n  wind in  

e x c e ss  o f f i v e  m ile s  p e r  h o u r.

5 . The b u rn e r  was found  e r r a c t i c  in  i t s  o p e ra t io n  u n d er 

a l l  c o n d i t io n s ,  and cou ld  be c o r r e c te d  only by an  ex p e rien ce d  

o p e ra to r .

T his l a s t  f a c t o r  was o f g ra v e  consequence s in c e  s a t i s ­

f a c to ry  o p e ra t io n  a t  a l l  tim es  was e s s e n t i a l  i f  a  crop  was 

to  be a s s u re d  p r o te c t io n  from  a l l  p o s s ib le  f r o s t s  th ro u g h o u t 

th e  grow ing seaso n .

The r e s u l t s  a l s o  in d ic a te d  th e  l i m i t a t i o n  o f  a p p l ic a t io n  

o f  t h i s  m ethod o f  f r o s t  c o n t r o l .  I t  was found  t h a t  only  

th o se  c ro p s o f h ig h e r  v a lu e  cou ld  eco n o m ica lly  su p p o rt th e  

i n i t i a l  and o p e ra t io n a l  c o s t .
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R e f le c to r  s tu d ie s

E x te n s iv e  e x p e rim e n ta l work and s tu d y  h as  b een  done on 

r e f l e c t o r s  f o r  i n f r a r e d  energy  in  c o n n e c tio n  w ith  t h i s  

a p p l i c a t io n  (13) a s  r e f l e c t o r s  a r e  one proved m ethod o f 

red u c in g  th e  a d v e rse  e f f e c t  o f  th e  in v e r s e  sq u a re  lav/ o f  

r a d i a t i o n  from  a  r e l a t i v e l y  sm all so u rce  o f r a d i a t i o n .

As p re v io u s ly  p o in te d  o u t ,  a  p lo t  o f th e  i n t e n s i t y  from  a 

f l a t  s u r fa c e  d e s c r ib e s  a  sp h e re  (e x a c t f o r  a  b la ck b o d y ) in  

w hich th e  i n t e n s i t y  in  any d i r e c t i o n  e q u a ls  th e  p ro d u c t of 

th e  norm al i n t e n s i t y  tim e s  th e  c o s in e  o f th e  a n g le  w hich 

th e  d i r e c t i o n  in  q u e s t io n  makes w ith  th e  norm al t o  t h a t  

s u r f a c e .  F ig . 5 i l l u s t r a t e s  an  a p p l i c a t io n  o f r e f l e c t o r s  

f o r  a id in g  in  th e  e f f e c t i v e  d i s t r i b u t i o n  o f r a d ia n t  energy  

f o r  f r o s t  c o n t r o l .  I n  c o n t r a s t  F ig . 6 b r in g s  o u t th e  l i t t l e  

ad v an tag e  o f  u s in g  a co m p a ra tiv e ly  sm all r e f l e c t o r  in  con­

ju n c t io n  w ith  a l a r g e  so u rc e  o f r a d ia t io n . .

The r e f l e c t o r  s tu d ie s  i n  co n n e c tio n  w ith  t h i s  problem  

w ere: (1 ) th e  s e l e c t io n  o f th e  b e s t  m a te r ia l  from  th e  s ta n d ­

p o in t o f  c o s t ,  a v a i l a b i l i t y ,  and d u r a b i l i t y ;  (2 ) th e  m ost 

e f f e c t i v e  shape and arrangem ent o f  r e f l e c t o r s  and r a d ia t in g  

s u r f a c e s ;  and , (3) an o v e r a l l  v ie w p o in t tow ard k eep in g  th e  

m a te r ia l  and f a b r i c a t i o n  c o s t  to  a  minimum.
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The r e s u l t s  o f th e s e  s tu d ie s  a r e  summarized a s  fo llo w s

1 . Anodized aluminum i s  p r e s e n t ly  th e  b e s t  m a te r i a l .

2 . The l a r g e r  th e  r e f l e c t o r  i n  r e l a t i o n  to  th e  r a d i ­

a t in g  s u r f a c e ,  th e  b e t t e r  th e  d i s t r i b u t i o n .

3 . In  o rd e r  to  o f f s e t  th e  in v e r s e  sq u a re  law  to  a 

re a s o n a b le  d e g re e , th e  p ro p e r  r e f l e c t i o n  o f  a  la r g e  p a r t  

o f th e  r a d i a t i o n  i s  r e q u ir e d .

4 . Curving th e  r a d ia t in g  s u r fa c e  a n d /o r  th e  r e f l e c t o r  

gave p o s i t iv e  ev id en ce  o f a id in g  in  th e  d i s t r i b u t i o n  o f th e  

r a d i a t i o n ,  b u t th e  g a in  i n  e f f e c t iv e n e s s  a p p a re n t ly  would 

n o t o f f s e t  th e  added c o s t  o f  c o n s t ru c t io n .
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EXPERIMENTAL
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S tu d ie s  to  Im prove th e  Evans F ro s tg u a rd

As s t a t e d  i n  th e  in t r o d u c t io n  (P .2 7 ) , th e  d e s ig n  o f a 

p e tro leu m  f u e l  (k e ro se n e )  b u rn e r  f o r  th e  g e n e ra t io n  o f 

r a d ia n t  energy  f o r  f r o s t  c o n t r o l ,  th e  " F ro s tg u a rd " , F ig . 7 , 

was r e le a s e d  t o  Evans P ro d u c ts  Company o f Plym outh, M ichigan, 

f o r  m an u fac tu re  and d i s t r i b u t i o n  on a  l im i te d  s c a le .  T his 

was deemed n e c e s s a ry  i n  o rd e r  t o  g a in  f u r t h e r  in fo rm a tio n  

a s  t o  i t s  o p e ra t io n  u n d er v a r io u s  f i e l d  and f r o s t i n g  con­

d i t i o n s .  The r e s u l t s  o f  th e s e  t e s t s  p la c e d  th e  p r a c t i c a l  

u se  o f  t h i s  ty p e  o f u n i t  f o r  f r o s t  c o n tro l  in  a  l im i te d  

ca te g o ry  o r o th e rw ise  r e s t r i c t e d  i t s  u s e  to  c e r t a in  a re a s  

and p a r t i c u l a r  c ro p s .

There w ere two p r in c ip a l  f a c t o r s  which l im i te d  th e  u se  

o f t h i s  h e a te r :  (1) i t s  f a i l u r e  t o  o p e ra te  s a t i s f a c t o r i l y

a t  a l l  t im e s , i . e .  la c k  o f  d e p e n d a b i l i ty ;  and (2) i n  view  o f 

th e  i n i t i a l  and o p e ra tin g  c o s t s ,  i t  was found to  be im p r a c t ic a l  

from  an econom ical s ta n d p o in t ex c ep t f o r  c ro p s  o f  compara­

t i v e l y  h ig h  v a lu e .  T h e re fo re , th e  n e x t move was tow ard  

im provem ent, and th e  work t h a t  was done in  th e  A g r ic u l tu r a l  

E n g in ee rin g  D epartm ent fo l lo w s .

A s tu d y  o f l i q u i d  p e tro leu m  f u e l s  (k ero sen e  and No. 1 f u e l  

o i l )
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B efo re  a t te m p tin g  m o d if ic a t io n s  o f th e  F ro s tg u a rd  u n i t ,  

i t  was n e c e s s a ry  t o  make a  f u r th e r  s tu d y  o f th e  p h y s ic a l  

and chem ical p r o p e r t i e s  o f  th e  f u e l  u sed , and to  study  th e  

fu n d am en ta l p r i n c i p l e s  u n d e r ly in g  l i q u i d  p e tro leu m  f u e l  

b u rn e r s .  A b r i e f  d is c u s s io n  o f  th e  fundam en ta l p r in c ip l e s  

o f  com bustion w i l l  se rv e  to  b r in g  ou t th e  b a s ic  re q u ire m e n ts  

f o r  a l l  b u rn e r s .

Com bustion o f f u e l  o i l  may be d e f in e d  a s  th e  chem ical 

com bination  o f th e  component e lem e n ts  (p r im a r i ly  carbon  and 

hyd rogen ) w ith  oxygen, r e s u l t i n g  in  th e  e v o lu t io n  o f  h e a t . .

The r a t e  o f an  exo therm ic  r e a c t io n ,  such a s  th e  b u rn in g  o f 

h y d ro ca rb o n s , in c r e a s e s  w ith  te m p e ra tu re . U n less th e  oxygen 

i s  made a v a i la b le  i n  c lo s e  p ro x im ity  to  th e  e lem en ts  carbon  

and hydrogen , d e lay ed  b u rn in g  w i l l  r e s u l t .  A lso , any p h y s ic a l  

b a r r i e r s ,  such  a s  th e  p re se n c e  o f i n e r t  g a s e s  o r i f  th e s e  

e lem en ts  a re  b u r ie d  w ith in  a com plex m o lecu le , w i l l  cause  

d e lay ed  b u rn in g . R egarding  te m p e ra tu re , each  f u e l  h as  i t s  

own c h a x 'a c te r i s t i c  i g n i t i o n  te m p e ra tu re —t h i s  b e in g  th e  

te m p e ra tu re  (o f  th e  oxygen and f u e l  m o le c u le s )  a t  w hich th e  

chem ical p ro c e s s  o f  com bustion  ta k e s  p la c e .  T h is  ig n i t i o n  

te m p e ra tu re  ran g es  from  over 1200°F . f o r  n a tu r a l  g a s  down 

to  a s  low  a s  550°F . f o r  f u e l  o i l s .  An e x p la n a t io n  o f t h i s  

v a r i a t i o n  i s  found in  th e  f a c t  t h a t  n a tu r a l  g as  i s  made up 

o f  s a tu r a te d  h y d rocarbon  m o lecu les  w hich r e q u i r e  g r e a t e r



37

h e a t  energy  to  b re a k  down th e  bond betw een  th e  carbon  and 

hydrogen  th a n  t h a t  f o r  u n s a tu r a te d  h y d rocarbon  m o le c u le s— 

th o s e  found  in  k e ro se n e  and f u e l  o i l s .  T h e re fo re , a lo w er 

te m p e ra tu re  w i l l  cause b u rn in g  to  s t a r t  i n  th e  u n s a tu ra te d  

h y d ro ca rb o n s , su b se q u e n tly  r e le a s in g  h e a t  w hich p roduces 

th e  te m p e ra tu re  and h e a t  en e rg y  to  su p p o rt a  " c h a in - re a c t io n "  

f o r  co n tin u ed  com bustion  o f  a l l  o th e r  m o le cu le s  i n  t h a t  f u e l .

In  a d d i t io n  to  r a i s i n g  th e  te m p e ra tu re  o f th e  r e a c ta n t s  

in  th e  com bustion  p ro c e s s  t o  a s  h ig h  a  te m p e ra tu re  a s  p r a c t i ­

c a l  (bu t below  th e  i g n i t i o n  te m p e ra tu re ) ,  any means o f 

p rom oting  in t im a te  m ix ing  o f th e  a i r  fo r  com bustion  w ith  th e  

e lem en ts t o  be o x id iz e d , ca rb o n  and hydrogen , w i l l  enhance 

th e  r a t e  o f th e  com bustion  r e a c t i o n .  T h is p ro v es  to  be  th e  

ad v a n tag e  e x h ib i te d  i n  th e  ea se  w ith  w hich a n a t u r a l  g aseo u s 

f u e l  can b e  b u rn ed  q u ic k ly  and c le a n ly ,  f o r ,  s in c e  th e s e  

m o le cu le s  a r e  r e l a t i v e l y  sm all and w id e ly  s e p a ra te d , th e  a i r  

i s  e a s i l y  mixed to  p roduce  an a i r - v a p o r  m ix tu re  which b u m s  

r e a d i ly  once th e  p ro p e r  te m p e ra tu re  i s  re a c h e d . The d i f f e r ­

ence betw een g a se o u s  f u e l s  and l i q u i d  f u e l s  i s  a p p re c ia te d  

when one c o n s id e rs  th e  problem  o f h av in g  f i r s t  to  b re a k  up 

th e  l i q u i d  f u e l  i n to  i t s  component m o lecu les  ( to  v a p o r iz e  

them ) b e fo re  o th e r  th a n  s u p e r f i c i a l  m ixing w ith  th e  a i r  w i l l  

ta k e  p la c e .  A nother prob lem  e n te r s  in  t h a t ,  i f  h e a t  i s  u sed  

to  v a p o r iz e  th e s e  m o le c u le s , and i f  th e  lo w e s t i g n i t i o n
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te m p e ra tu re  f o r  t h i s  g roup  o f m o lecu le s  i s  reac h ed  d u rin g  

t h i s  v a p o r iz a t io n ,  b u rn in g  i s  i n i t i a t e d  w hich sp rea d s  to  o th e r  

m o le c u le s ; th u s ,  i n h i b i t i n g  f u r t h e r  m ixing o f  a i r  w ith  th e  

f u e l  m o le c u le s . As a  r e s u l t ,  carbon  atoms w i l l  c o a le sc e  

g iv in g  body to  th e  f lam e , w hich p ro d u ce  a lum inous flam e 

i f  th e y  b u rn  o r p a s s  o f f  a s  smoke i f  th e y  f a i l  to  bu rn  

c o m p le te ly .

G aseous f u e l s  a r e  th o u g h t o f  a s  in h e re n t ly  b u rn in g  w ith  

a  non -lu m in o u s f la m e , and l i q u i d  p e tro le u m  f u e l s  a s  g iv in g  

a  lum inous f la m e . T his i s  p u re ly  a m easure o f th e  com­

p le te n e s s  o f th e  m ixing o f th e  a i r  and f u e l  vapor (p r im a r ily  

b e fo re  b u rn in g  s t a r t s ) .  T here a r e  in  u se  s o - c a l le d  " o i l - t o -  

g as"  c o n v e r te r  b u rn e rs  w hich ta k e  th e  h e a v ie r  f r a c t io n s  o f  

f u e l  o i l  and b u rn  them w ith  th e  flam e c h a r a c t e r i s t i c s  o f 

g aseo u s  f u e l s ;  t h i s  em phasizes th e  im p o rtan ce  o f p ro p e r  a l r -  

f u e l  m ix in g .

The f u e l  u n d e r c o n s id e ra t io n  f o r  t h i s  a p p l ic a t io n  was 

s t r a i g h t - r u n  k e ro se n e  o r No. 1 h o u se h ea tin g  f u e l  o i l .  S ince  

th e s e  two f u e l s  have l i t t l e  d i f f e r e n c e  in  t h e i r  b o i l in g  p o in t

te m p e ra tu re s , th e y  a re  v ery  n e a r ly  i d e n t i c a l  i n  th e  p re s e n t-  

day r e f in in g  p ro c e s s .  The e x i s t in g  demand r e g u la te s  th e  

c l a s s i f i c a t i o n ,  r a th e r  th a n  th e  sm all d i f f e r e n c e  in  p r o p e r t i e s .  

T h is same f r a c t i o n  i s  r e p r e s e n te d  in  cracked  p e tro leu m ;



how ever, c rack ed  p e tro le u m  y ie ld s  a f r a c t i o n  w hich i s  con­

s id e ra b ly  m ore d i f f i c u l t  t o  b u rn  and shou ld  n o t  be u sed  in  

t h i s  a p p l ic a t io n .

A ty p i c a l  f u e l  u sed  i n  t h i s  a p p l ic a t io n  i s  c h a ra c te r iz e d  

by th e  fo llo w in g  a n a ly s i s  o f r e c e n t  h e a te r  o i l  a s  m an u fac tu red  

by S tan d a rd  O il Company ( In d ia n a )  (4 ) :
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From th e s e  d a ta  i t  i s  p o s s ib le  to  d e te rm in e  o th e r  

p h y s ic a l  and chem ical p r o p e r t i e s  w hich a re  p e r t in e n t  to  th e  

problem  o f b u rn e r  d e s ig n . B ecause o f th e  d i f f e r e n c e  in  th e
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crude p e tro leu m  ( p a r a f f in s ,  n ap h th en es , and a ro m a tic s )  and 

th e  w ide ran g e  o f  ty p e s  and s iz e s  o f m o lecu les w hich make 

up any one f r a c t i o n ,  th e  d e r iv e d  e m p ir ic a l  r e l a t io n s h i p s  

e x p re s s in g  th e s e  p r o p e r t i e s  a r e  ap p ro x im a tio n s  w hich have 

proved  to  b e  s u f f i c i e n t l y  a c c u ra te  to  s a t i s f y  th e  p e tro leu m  

in d u s try  and consum ers o f  p e tro le u m  p ro d u c ts .  These r e l a t i o n ­

s h ip s  a r e  b ased  on th e  s p e c i f i c  g r a v i ty  and a v e ra g e  b o i l in g  

p o in t  o f th e  p e tro leu m  f r a c t i o n .

The fo llo w in g  p r o p e r t i e s  o f th e  above f u e l  were d e te rm in ed  

by th e  l a t e s t  a c c e p te d  g r a p h ic a l  m ethods (1 5 ):

S p e c i f ic  G ra v ity  = 0 .325

A verage B o ilin g  p o in t  = 459°F . (19)

A verage M o le cu la r  w eigh t r  186

C r i t i c a l  T em peratu re = 780°F .

Hydrogen c o n te n t ,  $  by w eig h t = 13 .5$

A verage s p e c i f i c  h e a t  o f  l i q u i d  a t  c o n s ta n t p re s s u re
(Cp ) = 0 .575  B T U /°F /lb .

H eat o f v a p o r iz a t io n  (1 a tm .)  = 108 BTU/lb.

H ig h er H eat v a lu e  o f f u e l  = 1 9 ,7 2 0  BTU/lb.

T h e o r e t i c a l  Amount o f  a i r  f o r  com bustion  = 1 4 .5  l b s  o f
a i r / l b .  o f  f u e l

I g n i t io n  T em pera tu re  = 563°F . (20)
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An a n a ly s i s  o f  th e  b u rn in g  c h a r a c t e r i s t i c s  o f  th e  F ro s tg u a rd

Using th e  f u e l  d is c u s s e d  in  t h e  p re v io u s  s e c t io n ,  th e  

n e x t c o n s id e r a t io n  was i t s  u s e  a s  f u e l  f o r  t h e  F ro s tg u a rd  

b u rn e r .  T h is  b u rn e r ,  i l l u s t r a t e d  i n  F ig . 8 i s  o f  th e  p re s s u re  

h e a t-v a p o r iz in g  ty p e  w hich o p e ra te s  on a f u e l  p re s s u re  o f  

from  50 t o  80 p s ig .  The l i q u i d  f u e l  (k e ro se n e )  i s  s e l f ­

v a p o r iz e d  and t h r o t t l e d  th ro u g h  th e  n o z z le  o r  j e t ,  and i s  

ig n i t e d  a s  i t  e n te r s  t h e  com bustion cham ber, th e  s u r fa c e  of 

w hich s e rv e s  a s  th e  so u rce  o f  r a d ia n t  e n e rg y . T h is  p r in c ip l e  

i s  th e  same a s  t h a t  o f  a  common blow  to r c h  and r e q u ir e s  an 

e x te r n a l  so u rce  o f h e a t  f o r  s t a r t i n g .  A re a s o n a b le  tim e  la g  

must be  a llo w ed  b e fo re  th e  b u rn e r  ta k e s  h o ld  and becomes 

s e l f - g e n e r a t i n g , w hich i s  a  d is a d v a n ta g e  i n  t h i s  a p p l ic a t io n ;  

and i t  h a s  been found g e n e r a l ly  t h a t  t h i s  ty p e  o f b u rn e r  i s  

s u b je c t  t o  c o n s id e ra b le  v a r i a t i o n  in  i t s  c a p a c i ty .  I t  was 

hoped t h a t  th ro u g h  c a r e f u l  s tu d y , t h i s  v a r i a t i o n  o r  la c k  of 

d e p e n d a b i l i ty  co u ld  b e  c o r re c te d  and a t  th e  same tim e  d e ­

c re a s e  th e  flam e volume r e q u ir e d  f o r  th e  o r i g i n a l  r a t e  o f  

b u rn in g .

I f  com bustion  cou ld  be  accom plished  w ith in  a  s m a lle r  

flam e volum e, th e n  e i t h e r  o f  th e  fo llo w in g  two im provem ents 

cou ld  be em ployed: (1) th e  r a t e  o f  b u rn in g  cou ld  be in c re a s e d

f o r  th e  same s i z e  com bustion cham ber, th u s  in c re a s in g  th e
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Figure S. Pressure  h ea t -vap or iz in g  type kerosene burner.
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s u r fa c e  te m p e ra tu re  o f  th e  p r e s e n t  u n i t ;  o r , (2 ) th e  s iz e  

could  be reduced  as  w e ll  a s  r a i s in g  th e  s u r fa c e  te m p e ra tu re . 

R e f le c to r  d e s ig n s  would th e n  be more p r a c t i c a l  f o r  a id in g  in  

th e  p ro p e r  d i s t r i b u t i o n  o f th e  r a d ia n t  energy . S in c e  th e  

t o t a l  r a d i a t i o n  i s  p r o p o r t io n a l  to  th e  fo u r th  power o f  th e  

a b s o lu te  te m p e ra tu re  o f th e  so u rc e , i t  i s  e v id e n t  t h a t  any 

in c r e a s e  in  s u r fa c e  te m p e ra tu re  would b e  a c o n s id e ra b le  

im provem ent.

Through m ethods u sed  in  th e  p e tro le u m  in d u s t ry  (2 1 ), 

th e  s a tu r a te d  vapo r te m p e ra tu re  a t  80 p s ig  was found to  be  

655°F . w hich i s  s i g n i f i c a n t  in  t h a t - i t  i s  above th e  ig n i t io n ,  

te m p e ra tu re  (563°F) o f  t h i s  f u e l .

From th e  s p e c i f i c  h e a t  o f  th e  l i q u i d  f u e l  and i t s  h e a t  

o f  v a p o r is a t io n  a t  80 p s ig  (which was found t o  be  o f  n e g l i ­

g ib le  d i f f e r e n c e  from  t h a t  a t  1 4 .7  p s ig ) ,  i t  was found  th a t  

th e  h e a t  r e q u ir e d  to  r a i s e  th e  f u e l  from  50°F . to  a  s a tu r a te d  

v ap o r te m p e ra tu re  o f  655°F. i s  ap p ro x im a te ly  452 B T U /lb ..

The u se  o f  t h i s  f u e l  in  a p r e s s u re  h e a t-v a p o r iz in g  ty p e  

o f b u rn e r  b ro u g h t up th e  im p o r ta n t p o in t  as  t o  th e  te m p e ra tu re  

o f th e  f u e l  v ap o r a f t e r  i t  was t h r o t t l e d  th ro u g h  th e  b u rn e r  

j e t .  C o n s id e ra tio n s  were g iv e n  to  methods f o r  making t h i s  

c a lc u la t io n ;  how ever, s in c e  th e r e  were no p u b lis h e d  works on
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th e  e q u a tio n  o f s t a t e  o r  M o ll ie r  C h a rts  f o r  t h i s  ty p e  o f 

f u e l ,  i t  was im p o s s ib le  t o  make a d i r e c t  d e te rm in a t io n  of th e  

te m p e ra tu re  drop  a s  th e  v ap o r was a d i a b a t i c a l l y  expanded 

from  80 p s ig  and 6 5 5 ° F ., t o  1 4 .7  p s i a .  From th e  assum ption  

t h a t  th e  vapor h ad  th e  p r o p e r t i e s  o f a  p e r f e c t  g as  and u sin g  

th e  b e s t  o b ta in a b le  v a lu e s  f o r  th e  s p e c i f i c  h e a ts  a t  c o n s ta n t 

volume and p re s s u re  (1 ) ,  i t  was found  th a t  th e  te m p e ra tu re  

drop  was l e s s  th a n  10°F .

Through p ro p e r  o p e ra t io n  o f t h i s  b u rn e r  u n d er norm al 

c o n d i t io n s ,  i t  was found t h a t  a b u rn in g  r a t e  o f e ig h t  g a l lo n s  

p e r  h o u r cou ld  b e  a t t a i n e d  w ith in  a  flam e volume o f te n  cub ic  

f e e t .  T h is  r a t e  o f  e f f i c i e n t  b u rn in g  p roved  ad eq u a te  f o r  

m a in ta in in g  th e  av e rag e  te m p e ra tu re  o f th e  r a d i a t i n g  s u r fa c e  

a t  a p p ro x im a te ly  1400°F . The o p e ra t io n  o f th e  b u rn e r  was 

g e n e ra l ly  s t a b l e  in  wind o f  l e s s  th a n  f i v e  m ile s  p e r  h o u r; 

how ever, i f  th e  wind v e lo c i ty  exceeded  t h i s  f i g u r e ,  even f o r  

s h o r t  g u s ty  p e r io d s ,  th e  b u rn e r  r e q u ir e d  c o n s ta n t a t t e n t i o n  

f o r  s a t i s f a c t o r y  o p e ra t io n .  F a c to rs  such a s  f u e l  te m p e ra tu re , 

su rro u n d in g  a i r  te m p e ra tu re , and c l e a n l in e s s  o f v a p o r iz in g  

c o i l  were found  t o  reduce  th e  b u rn in g  e f f i c i e n c y .  T h is 

cou ld  b e  c o r r e c te d  only  by red u c in g  th e  r a t e  o f  b u rn in g .
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E x p erim en ta l t r i a l s  t o  Im prove t h e  F ro s tg u a rd

The o r ig in a l  b u r n e r . The r e l a t i o n s h i p  o f th e  b u rn e r  

t o  th e  u n i t  p ro p e r  i s  i l l u s t r a t e d  i n  F ig . 9 . The a i r  i s  

in tro d u c e d  a t  two p la c e s — th e  p rim ary  a i r  a t  th e  b ase  o f  th e  

b u rn e r  and th e  secondary  a i r  i s  b ro u g h t i n  a t  th e  b a se  o f 

th e  u n i t .  Through a  f l u e  g a s  a n a ly s i s  i t  was found  t h a t  

u n d er f a v o ra b le  c o n d i t io n s  e ig h t  g a l lo n s  o f k e ro se n e  p e r  

h o u r co u ld  b e  b u rn ed  co m p le te ly  w i th in  th e  com bustion chamber. 

T h is  was c a r r ie d  ou t w ith  3 ($  e x c e ss  a i r  and a  f l u e  g a s  

te m p e ra tu re  o f 2 0 0 0 °F .; g iv in g  a  r a d ia n t  s u r fa c e  te m p e ra tu re  

o f  ap p ro x im a te ly  1300°F .

The te m p e ra tu re  o f  th e  f u e l  v ap o r was m easured a s  660°F. 

a t  th e  p o in t  j u s t  b e fo re  i t  was t h r o t t l e d  th ro u g h  th e  j e t .

T h is  m easurem ent was ta k e n  by means o f  a  therm ocoup le  i n  a 

te m p e ra tu re -w e ll  e x ten d in g  i n t o  th e  v a p o r s tre a m . T herefore ., 

th e  m easured te m p e ra tu re  checks w ith  th e  c a lc u la te d  te m p e ra tu re  

o f 655°F. f o r  th e  s a tu r a te d  v a p o r .

B ecause o f u n fa v o ra b le  a i r - f u e l  v ap o r m ix ing  and th e  

s h o r t  p a th  o f t r a v e l  f o r  th e  f lam e , th e  h ig h  p e rc e n t o f  ex cess 

a i r  was r e q u ir e d  to  in s u r e  com plete  b u rn in g . The a i r  was 

fo rc e d  in  a lm o st e n t i r e ly  th ro u g h  th e  e f f e c t  o f  a  sev en -fo o t 

s ta c k  and had v e ry  l i t t l e  v e lo c i ty  o r tu rb u le n c e .
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Figure 9. The arrangement o f  the burner and combustion 
chamber o f  the 3vans Frostguard.
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The req u irem e n t f o r  a  h ig h  s u r fa c e  te m p e ra tu re  demanded. 

a h ig h  f l u e  g a s  te m p e ra tu re ;  th u s ,  g iv in g  r i s e  to  th e  ex­

c e p t io n a l ly  h ig h  lo s s  in  s e n s ib le  h e a t  ou t th e  s ta c k .

However, t h e  n a tu re  o f  u t i l i z a t i o n ,  w hich means a com para­

t i v e l y  few h o u rs  o f o p e ra t io n  p e r  y e a r , does n o t  r e q u ir e  a 

h ig h  o v e r a l l  o p e ra t in g  e f f i c i e n c y ;  b u t  r a t h e r ,  a  h ig h  

r a d i a t i o n  i n t e n s i t y .  For t h i s  re a so n  th e  r a t e  o f b u rn in g  

was n o rm a lly  t e n  g a l lo n s  p e r  h o u r , a llo w in g  d e lay e d  b u rn in g  

to  fo llo w  th e  f l u e  g a s e s  o u t th e  s ta c k .  However, b u rn in g  

h a s  to  b e  n e a r ly  com plete t o  p re v e n t an  a p p re c ia b le  amount 

o f  smoke fo rm a tio n . These c o n d itio n s  w ere e a s i ly  met u n d er 

norm al o p e ra t in g  c o n d i t io n s  w hich a re  c h a r a c te r iz e d  by w ea th e r 

c o n d i t io n s  w ith  a su rro u n d in g  minimum a i r  te m p e ra tu re  o f  52°F . 

and a wind v e l o c i t y  n o t  i n  e x c e ss  o f 6 kPH. C o ld er a i r  

red u ced  th e  v a p o r iz in g  c a p a c ity  o f  th e  b u rn e r  c o i l  by d i r e c t  

c o n ta c t  and i n d i r e c t l y  th ro u g h  th e  c o o lin g  o f th e  flam e 

te m p e ra tu re . Wind i n  ex c ess  o f th e  c r i t i c a l  v e l o c i t y  o f  6 MPH 

a p p a re n t ly  reduced  t h e  te m p e ra tu re  o f th e  com bustion  chamber 

by re d u c in g  th e  r a t e  o f  incom ing a i r  t o  th e  p o in t  w here i t  

was n o t  a d e q u a te  f o r  th e  s e le c te d  r a t e  o f  b u rn in g . T h is 

a f f e c t e d  th e  v a p o r iz in g  c a p a c ity  o f th e  c o i l s  such t h a t  l i q u id  

f u e l  was e j e c te d  from  th e  b u rn e r  j e t .

The above c o n d i t io n s  e i t h e r  red u ced  th e  b u rn in g  c a p a c ity  

o r cau sed  a f l u c tu a t i o n  in  th e  o p e ra t io n  w hich re q u ire d
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c o n s ta n t  a t t e n t i o n .

F i r s t  m o d if ic a t io n . The f i r s t  ap p ro ach  tow ard  im­

provem ent of th e  F ro s tg u a rd  was d e s ig n e d  to  in c r e a s e  th e  

a i r - v a p o r  m ixing  b e fo re  b u rn in g  s t a r t e d ,  fo llo w e d  by th e  

p ro p e r  in t r o d u c t io n  o f  secondary  a i r  to  com plete com bustion 

i n  a s  s h o r t  a  tim e  as  p o s s ib le .

C o n c e n tr ic  h o le s  w ere d r i l l e d  i n  th e  b a s e  o f  th e  b u rn e r  

a s  i n l e t s  f o r  t h e  p rim ary  a i r ,  w h ile  l a r g e r  h o le s  w ere d r i l l e d  

i n  th e  b a se  o f  th e  u n i t  a s  i n l e t s  f o r  th e  secondary  a i r ,

F ig .  1 0 . Each group o f  h o le s  was f i t t e d  w ith  a cover by w hich 

t h e  s iz e  o f o pen ings co u ld  b e  v a r ie d .

An in s p i r a t in g - m ix in g  v e n t u r i  was shaped  from  tw o -in ch  

copper tu b in g  and p o s i t io n e d  r e l a t i v e  t o  th e  b u rn e r  j e t  to  

i n s p i r a t e  a i r  and  f a c i l i t a t e  a  b e t t e r  m ixing  o f th e  a i r  and 

f u e l  v a p o r . The o u t le t  from  t h i s  i n s p i r a t o r  was d i r e c te d  

tow ard  a  ceram ic t a r g e t ,  mounted a t  t h e  to p  o f th e  v a p o r iz in g  

c o i l s ,  t o  se rv e  b o th  a s  a flam e r e t a i n e r  and to  d iv e rg e  th e  

flam e so  th a t  more h e a t  would be d i r e c t e d  a g a in s t  th e  v a p o r­

iz in g  c o i l s .

The r e s u l t s  o f th e  o p e ra t io n  o f  t h i s  b u rn e r  a s  m o d ified  

gave ev id en ce  t h a t  no im provem ent had been  made. A f te r  th e
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Figure 10. I l l u s t r a t in g ,  the f i r s t  m od if ica t ion  of  tile Frostguard
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b u rn e r  became s e l f - g e n e r a t i n g  and reached  e q u i l ib r iu m  o th e r ­

w ise ,  t h e  f u e l  vapor s t a r t e d  b u rn in g  w i th in  th e  i n s p i r a t o r ,  

t h u s  e l im in a t in g  any chance f o r  im proving t h e  a i r - f u e l  vapor 

m ix in g .

Fo llow ing  th e  a d ju s tm e n t  o f  t h e  a i r  i n l e t  o p en in g s ,  th e  

b u rn in g  c h a r a c t e r i s t i c s  (as  r e l a t e d  t o  wind e f f e c t  and ca ­

p a c i t y )  were no d i f f e r e n t  from t h a t  o f  th e  o r i g i n a l  b u rn e r  

a r ra n g e m e n t .

Second m o d i f i c a t i o n . I n  p la c e  o f  th e  copper i n s p i r a t o r  

a  l a r g e  i n d u s t r i a l  in s iD ira to r  was p o s i t io n e d  a s  i l l u s t r a t e d  

by F ig .  11. T h is  had th e  same d is a d v a n ta g e  as  t h e  copper 

i n s p i r a t o r  i n  t h a t  b u rn in g  s t a r t e d  w i th in  t h e  i n s p i r a t o r ;  

t h u s ,  a g a in  e l im in a t in g  any p o s s i b i l i t y  f o r  im proving  th e  

a i r - f u e l  v ap o r  m ixing.

Fo llow ing  t h i s  t e s t  i t  was concluded  t h a t  s in c e  t h e  

s a t u r a t e d  v ap o r  te m p e ra tu re  o f  t h e  f u e l  was h ig h e r  th a n  i t s  

i g n i t i o n  te m p e ra tu re ,  l i t t l e  could  be  done tow ard  m ixing 

t h e  v apo r w i th  t h e  a i r  w ith o u t  b u rn in g  t a k in g  p la c e ;  p a r t i c u ­

l a r l y  w i th in  t h e  c o n f in e s  of an  i n s p i r a t o r  which m a in ta in ed  

th e  v ap o r  r e l a t i v e l y  c lo s e  t o  th e  te m p e ra tu re  a t  w hich i t  was 

e j e c t e d  from th e  j e t ,  f o r  a s  soon a s  m ixing reached  a  com­

b u s t i b l e  c o n c e n t r a t io n ,  b u rn in g  would i n v a r i b l y  s t a r t .  A lso ,



51

&

Figure 11. I l l u s t r a t i n g  tne 3ocond :nodif i c a t io n  of tne Frostguard.
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re g a rd in g  th e  v a p o r  te m p e ra tu r e ,  i t  must b e  r e a l i z e d  t h a t  

b ec au se  o f  th e  a rran g em en t o f  t h e  c o i l s  f o r  v a p o r iz in g  th e  

f u e l ,  t h e r e  w i l l  s u re ly  be  s u p e rh e a t in g  o f  t h e  f u e l  vapor 

d u r in g  p a r t  o f  th e  o p e ra t io n ;  t h i s  was found to  b e  t r u e  by 

a c t u a l  te m p e ra tu re  m easurem ents ( P .4 5 ) .  T h e re fo re  th e  a i r -  

f u e l  v ap o r  m ix tu re  w i l l  b e  above i t s  i g n i t i o n  te m p e ra tu re  

even a f t e r  c o n s id e r a b le  a i r  h a s  b ee n  added; a t  l e a s t ,  a f t e r  

enough h a s  been  added t o  p roduce a  c o m b u s tib le  m ix tu re .

T h ird  m o d i f i c a t i o n . The f a c t  t h a t  b u rn in g  to o k  p la c e  

w i th in  each  o f  th e  e x p e r im e n ta l  i n s p i r a t o r s  r u le d  ou t t h i s  

approach  a s  a  l i k e l y  improvement t o  t h e  e x i s t i n g  b u r n e r .

R e a l iz in g  t h e  a d v e rs e  e f f e c t  t h a t  th e  wind h a s  i n  r e ­

ducing  th e  c a p a c i ty  o f t h e  u n i t ,  i t  seemed a d v i s a b le  to  

p o s i t i o n  wind d e f l e c t o r s  o r  scoops which would t a k e  c a re  o f  

a  r e a s o n a b le  v e l o c i t y  ran g e  o f  con tinuous  w ind . However, 

g u s ty  c o n d i t io n s  would s t i l l  have  t h e  e f f e c t  o f u p s e t t i n g  

s t a b l e  or e q u i l ib r iu m  b u rn in g  s in c e  g u s ty  wind c o n d i t io n s  

had been  found t o  reduce  th e  a i r  supp ly  r e q u i r e d  f o r  a 

s u i t a b l e  r a t e  o f  b u rn in g .  T h is  c o n d i t io n  lo w ered  th e  f lam e 

te m p e ra tu re  w hich r e s u l t e d  i n  in c o m p le te  v a p o r i z a t i o n  o f  th e

f u e l  f o r  t h a t  p r e s s u r e ;  t h u s ,  ca u s in g  th e  b u rn e r  t o  go ou t 

u n le s s  n e c e s s a ry  p r e s s u r e  a d ju s tm e n ts  were made. I t  was. 

b e l i e v e d  t h a t  t h i s  f a c t o r  could  be  c o r r e c te d  by su rro u n d in g  

th e  v a p o r iz in g  c o i l  w ith  a ceram ic which would h o ld  th e  h e a t
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ancl g iv e  s u f f i c i e n t  th e rm a l  i n e r t i a  t o  c o r r e c t  f o r  th e  

f l u c t u a t i o n s  i n  t h e  flam e te m p e ra tu re  caused by th e  g u s ty  

wind c o n d i t i o n s .

T h is  id e a  o f  p ro v id in g  th e rm a l  i n e r t i a  was ta k e n  i n t o  

c o n s id e r a t i o n  and t h e  u n i t  was m o d if ie d  as  i l l u s t r a t e d  i n  

F ig .  1 2 .  In  a d d i t i o n ,  wind d e f l e c t o r s  were p o s i t io n e d  a t  

t h e  to p  and b o tto m  o f  th e  u n i t  t o  o f f s e t  t h e  e f f e c t  o f 

co n tin u o u s  wind upon t h e  a i r  supp ly  f o r  com bustion .

The m o d if ie d  u n i t  v/as t e s t e d  and th e  fo l lo w in g  d a ta  

a r e  t y p i c a l  o f  th e  o p e ra t in g  c h a r a c t e r i s t i c s :

A ir  t e m p e r a t u r e  5 8 ° F . , H u m id i ty  50/t

Wind c o n d i t io n  —  v a r i e d  i n  v e l o c i t y  betv/een 5 and 
15 MPH

F u e l consum ption ----  1 2 .5  g a l lo n s /h o u r

F u e l  v a p o r  te m p e ra tu re  ----  670°F. ( therm ocouple)

Exhaust f l u e  g as  te m p e ra tu re  ----  2100°F. ( therm ocouple)

S u rfa c e  t e m p e r a t u r e   1450°F. 50°F. ( " t e m p i l - s t i c k s " )

E xcess a i r  f o r  com bustion ----  2 5 # (o rs a t  a n a l y s i s )

The r e s u l t s  o f  t h i s  m o d i f i c a t io n  showed a  d ec id ed  

improvement i n  th e  b u r n e r .  The b u rn in g  o f  1 2 .5  g a l lo n s  o f  

f u e l  p e r  hour to o k  p la c e  co m p le te ly  w i th in  t h e  u n i t  p ro p e r
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Showing the p o s i t io n  of the oeramic m ater ia l  
to  s tabi l ize  the burner fo r  the Frostguard.
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which was much b e t t e r  th a n  th e  c a p a c i ty  o f  th e  o r i g i n a l  u n i t .  

T h is  r e s u l t e d  in  a h ig h e r  s u r f a c e  te m p e ra tu r e —g iv in g  a  con­

s i d e r a b l e  i n c r e a s e  i n  t h e  t o t a l  e m iss iv e  power o f  th e  u n i t .

D uring  t h e  i n t e r v a l s  o f  g u s ty  wind t h e  b u rn in g  became 

somewhat in c o m p le te .  However, i n  a l l  ca se s  t h e  v a p o r i z a t io n  

o f  th e  f u e l  gave  no  ev idence  o f  b e in g  a f f e c t e d  and t h e  b u rn e r  

would r e g a in  i t s  e q u i l ib r iu m  a s  soon a s  t h e  wind dropped  t o  

i t s  norm al v e l o c i t y  and a l lo w e d  t h e  p ro p e r  in t a k e  o f  a i r  

f o r  com plete  com bustion ..

D is c u s s io n  o f  r e s u l t s

The re q u ire m e n t t h a t  t h e  F ro s tg u a rd  o p e ra te  s a t i s f a c t o r i l y  

u n d e r  a  wide v a r i a t i o n  i n  w ea th er  c o n d i t io n s  imposed a  d i f f i ­

c u l t  problem  i n  c o n s id e r a t i o n  o f  t h e  ty p e  o f  b u r n e r  employed. 

The p r e s s u r e  h e a t - v a p o r i z in g  ty p e  b u r n e r ,  o p e ra t in g  on. 

k e ro s e n e ,  h a s  been found  t o  be  c o m p a ra t iv e ly  e r r a t i c  even 

u n d er  c o n s ta n t  b u rn in g  c o n d i t i o n s ,  such a s  e x p e r ie n c e d  i n s i d e  

a  b u i ld i n g .  The u s e  o f  t h i s  ty p e  o f  b u rn e r  out i n  t h e  w ea ther  

i s  a f a r  removed c o n d i t io n  from t h e  more or l e s s  i d e a l  con­

d i t i o n  i n s i d e  an e n c lo s u r e .  For t h i s  r e a s o n  t h e r e  seemed 

l i t t l e  j u s t i f i c a t i o n  f o r  c o n s id e r in g  m o d i f ic a t io n s  which 

gave on ly  m a rg in a l  improvements a t  optimum c o n d i t io n s  f o r  

b u rn in g  •.
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The m o d i f i c a t i o n s  t r i e d  and t e s t e d  were founded  on t h e  

fo l lo w in g  two p r i n c i p l e s :  (1) f a c i l i t a t i n g  b e t t e r  a i r - f u e l

v ap o r  m ix ing  b e f o r e  b u rn in g  s t a r t s ;  and (2) a id in g  th e  

v a p o r i z a t i o n  o f  t h e  f u e l  by add ing  th e rm a l i n e r t i a  t o  o f f s e t  

t h e  l u l l s  i n  th e  b u rn in g  r a t e  a s  a  r e s u l t  o f  g u s ty  wind con­

d i t i o n s .

The f i r s t  two m o d i f i c a t io n s  w ere a t t e m p ts  a t  p r i n c i p l e  

number one i n  t h a t  an  i n s p i r a t o r - m i x e r  was p la c e d  r e l a t i v e  

to  th e  f u e l  j e t  t o  draw a i r  i n  by th e  v e n t u r i  a c t i o n  o f  th e  

a r ra n g e m e n t .  T h is  f a i l e d  due t o  t h e  f u e l  i g n i t i n g  w i th in  

th e  c o n f in e s  o f  th e  i n s p i r a t o r  w hich g r e a t l y  red u ced  th e  

a i r  drawn i n .  T h is  was more or l e s s  s u sp e c te d  upon l e a r n in g  

t h a t  t h e  i g n i t i o n  te m p e r a tu r e  o f  k e ro s e n e  was 565°F. The 

l a s t  t e m p e r a tu r e  was m easured and found t o  b e  670°F. which 

would i n d i c a t e  t h a t  th e  v ap o r  was s u p e rh e a te d  and th u s  more 

s u b je c t  t o  p r e - i g n i t i o n .

I t  i s  p o s s i b l e  t h a t ,  th ro u g h  p ro p e r  d e s ig n  and a d ju s tm e n t ,  

t h e  i g n i t i o n  o f  t h e  f u e l  v ap o r  co u ld  be  d e lay ed  u n t i l  a f t e r  

p a s s in g  th ro u g h  th e  i n s p i r a t o r ;  how ever, t o  make t h i s  

p r i n c i p l e  work s a t i s f a c t o r i l y  f o r  an a p p r e c ia b l e  v a r i a t i o n  

i n  t h e  w ea th e r  c o n d i t io n s  seems h ig h ly  im p r a c t i c a l .

The t h i r d  m o d i f i c a t i o n ,  which e x e m p li f ie d  t h e  ad v an tag es

I
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of t h e  a d d i t i o n a l  th e rm a l  i n e r t i a  th ro u g h  th e  u s e  of ce ram ic , 

o f f e r s  an econom ical and p r a c t i c a l  method f o r  im proving th e  

s t a b i l i t y  o f  o p e r a t io n  and th e  t o t a l  e m is s iv e  power o f  th e  

F ro s tg u a rd .  In  c o n ju n c t io n  w ith  t h e  a i r  scoop and d e f l e c t o r  

a t  t h e  bo ttom  and to p  r e s p e c t i v e l y ,  t h i s  in n o v a t io n  was found  

to  i n c r e a s e  t h e  s u r f a c e  t e m p e r a tu r e  by a t  l e a s t  100°F. and 

a l lo w ed  t h e  u n i t  t o  o p e ra te  s a t i s f a c t o r i l y  u n d e r  a co n t in u o u s  

v/ind o f  5 HPK w ith  f l u c t u a t i o n s  a s  h ig h  a s  15 MPH.
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S tu d ie s  t o  Develop a H igh C ap ac ity  Won-pov;ered 

L iq u id  P e tro leu m  F u e l B u rn er

The v a r io u s  f i e l d  t e s t s  o f  th e  F ro s tg u a rd  p roved  t h a t  

i n f r a r e d  energy  would p r o t e c t  v e g e t a t i o n  from  f r o s t  damage 

i f  t h e  i n t e n s i t y  was s u f f i c i e n t l y  h ig h .  The r e q u i r e d  magni­

tu d e  o f  t h i s  i n t e n s i t y  depends on t h e  minimum a i r  te m p e ra tu re ,  

th e  accompanying w e a th e r  c o n d i t io n s ,  and th e  ty p e  o f  vege­

t a t i o n  t o  b e  p r o t e c t e d .  For t h e  f r e e z i n g  c o n d i t io n s  most 

l i k e l y  to  be  e n c o u n te re d  d u r in g  th e  tim e  when c ro p s  a r e  

v u ln e r a b le ,  and f o r  th o s e  p l a n t s  which have  t h e i r  f o l i a g e  

v /e ll  exposed, such a s  s t r a w b e r r i e s ,  to m a to es , e t c . ;  th e  

r e q u i r e d  r a d i a t i o n  was d e te rm in ed  t o  be  betw een  n in e  and te n  

BTU's p e r  h o u r  p e r  sq u a re  f o o t —m easured p e r p e n d ic u la r  t o  

th e  d i i 'e c t i o n  of t h e  r a d i a t i o n .

The F ro s tg u a r d  g e n e r a l l y  m a in ta in s  t h i s  i n t e n s i t y  a t  

se v e n ty  f e e t  from t h e  u n i t .  S in c e  r e f l e c t o r s  o f  p r a c t i c a l  

l e n g t h  and shapes do n o t  o f f s e t  a p p r e c ia b ly  th e  d e c r e a s e  i n  

i n t e n s i t y  w i th  d i s t a n c e  ( t h i s  r e l a t i o n s h i p  i s  a c c u r a te ly  

e x p re s s e d  by th e  I n v e r s e  Square Law o f  R a d ia t io n  from  a 

p o in t  s o u r c e ) ,  t h e r e  i s  an  e x c e ss  o f  energy  im pinging  upon 

th e  v e g e ta t io n  w i t h i n  t h e  c i r c l e  o f  a  s e v e n ty - fo o t  r a d iu s ,  

w ith  t h e  v e g e t a t i o n  in  c lo s e  t o  th e  u n i t  r e c e iv in g  energy 

g r e a t l y  i n  e x c e s s  o f  t h a t  r e q u i r e d  f o r  s a fe  p r o t e c t i o n .
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Of c o u r s e ,  t h e  e f f e c t i v e  d i s t a n c e  o f  se v e n ty  f e e t  co u ld  

b e  in c re a s e d  by  b u i ld in g  t h e  u n i t s  l a r g e r  o r  in c r e a s in g  th e  

s u r f a c e  te m p e ra tu r e ;  how ever, t h i s  would n e c e s s a r i l y  in c r e a s e  

th e  a l r e a d y  e x c e ss  ene rgy  f o r  c l o s e r  v e g e t a t i o n .  T h is  would 

s u re ly  make t h e  a p p l i c a t i o n  o f  t h i s  u n i t  q u e s t io n a b le  from  

an econom ical s t a n d p o in t ,  even f o r  t h e  h ig h e r - v a lu e d  c ro p s .

The a l t e r n a t i v e  was t o  c o n s id e r  s m a l le r  u n i t s  (reduced  

em iss iv e  pow er) spaced c l o s e r  t o g e t h e r .  T h is  i s  t h e  s o lu t i o n  

used  by i l l u m i n a t i o n  e n g in e e r s  i n  o r d e r  to  ac co m p lish  s a t i s ­

f a c t o r y  l i g h t  d i s t r i b u t i o n  where r e f l e c t o r s  a r e  n o t  p r a c t i c a l .  

However, t o  make u se  o f  s m a l le r  u n i t s  r e q u i r e s  t h a t  t h e  

i n i t i a l  m a in te n an ce  and o p e r a t in g  c o s t  b e  p r o p o r t i o n a l l y  

re d u c e d .

O b je c tiv e

The smudge p o t s  and  s o - c a l l e d  o rc h a rd  h e a t e r s  w hich  a r e  

p r e s e n t ly  u sed  i n  th e  c i t r u s  f r u i t  a r e a s  a r e  one answer t o  

th e  u se  of sm a ll  b u rn e r  u n i t s  f o r  f r o s t  c o n t r o l .  (As a  f a c t  

o f  h i s t o r i c a l  i n t e r e s t  t h e s e  same u n i t s  were u se d  i n  

M ichigan d u r in g  th e  t w e n t i e s ) .  These h e a t e r s  u n q u e s t io n a b ly  

a r e  a  source  o f  c o n s id e r a b le  i n f r a r e d  energy  i n  a d d i t i o n  to  

th e  s e n s ib l e  h e a t  t r a n s f e r r e d  t o  th e  a i r .  They have been  

proven  to  b e  an  e f f e c t i v e  f r o s t  c o n t r o l  m easu re . Trie
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g r e a t e s t  o b j e c t i o n  t o  t h e  u s e  o f  th e s e  h e a t e r s ,  p a r t i c u l a r l y  

i n  t h e  c i t r u s  a r e a s  o f  C a l i f o r n i a ,  i s  t h a t  th e  g enerous  

amount o f  smoke g iv e n  o f f  c o n tam in a te s  h o u se h o ld s  i n  th e  

su r ro u n d in g  u rb a n  a r e a s ,  which a r e  g e n e r a l ly  l o c a t e d  i n  th e  

v a l l e y s .  T h is  f a c t o r  d o es  n o t  a p p e a r  t o  be o f  p r im ary  

im p o rtan ce  i n  M ich igan  due t o  t h e  ad v a n tag e  o f  more l e v e l  

to p o g rap h y  and t h e  w ide s e p a r a t io n  o f  t h e  farm  and u rb a n  

a r e a s .  However, t h e  smoke c o n ta m in a t io n  would a f f e c t  th e  

com m ercial v a lu e  o f  some c ro p s .

O ther c i t r u s  a r e a s  have  found  t h e  smudge p o t  and o rch a rd  

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

co ld  w ind-blovjn f r e e z e s  and f o r  t h i s  r e a s o n  fa rm e rs  a r e  n o t  

to o  a n x io u s  t o  s to c k  them a s  a  f r o s t  c o i i t r o l  m easure .

From t h i s  d i s c u s s io n  i t  i s  obvious t h a t  any developm ents 

w i l l  have t o  b e  a t  l e a s t  an improvement over t h e  e x i s t i n g  

s m a l l - ty p e  h e a t e r s .  Improvements v/hich reduce  th e  e x c e s s iv e  

amount o f  smoke l i b e r a t e d  w i l l  s u r e ly  b e  welcomed. A lso , 

any means o f  i n c r e a s in g  th e  i n f r a r e d  e m iss iv e  power o f  sm all 

u n i t s  w i l l  i n c r e a s e  t h e i r  e f f e c t i v e n e s s  f o r  f r o s t  c o n t r o l  

u nder  a l l  c o n d i t i o n s .

Hie o b je c t  o f  t h i s  i n v e s t i g a t i o n  was t o  deve lop  a  non- 

uowered b u rn e r  o f  sm a ll  s i z e  w hich gave  a r a d i a t i o n  i n t e n s i t y
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o f 10 B T U /f t^ /H r. a t  25 f e e t ,  b u rn in g  no more th a n  1 .5  

g a l lo n s  o f  k e ro se n e  p e r  hour w ith  l e s s  t h a n  one gram o f  smoke 

p e r  m in u te .

P rocedu re

The p r im ary  re q u ire m e n t  was t o  d e s ig n  a  k e ro se n e  b u rn e r  

which would a c co m p lish  t h e  above s p e c i f i c a t i o n s .  I t  may 

ap p ea r  from  a  c a s u a l  o b s e r v a t io n  t o  be a r a t h e r  s im ple  

problem ; how ever, a f t e r  a  few a t t e m p ts ,  i t  became c e r t a i n  

t h a t  f a i l u r e s  w ere  th e  r u l e  i n s t e a d  o f  t h e  e x c e p t io n .  I t  

i s  t r u e  t h a t  t o  i n c r e a s e  t h e  o u tp u t  o r r a t e  o f  b u rn in g  o f  a 

l i q u i d  f u e l  b u r n e r  r e q u i r e s  on ly  t h a t  more f u e l  be tu rn e d  

on, f o r  t h e  l i g h t e r  f r a c t i o n s  w i l l  bu rn  r e a d i l y  and p e r ­

p e tu a te  an  e v e r  in c r e a s in g  r a t e  o f  b u rn in g .  However, a t  th e  

same tim e t h e r e  w i l l  be  a g r e a t e r  in c r e a s e  i n  t h e  smoke 

o u tp u t .  A lso , i t  h as  b een  proven th ro u g h  th e  v a r io u s  ty p e s  

o f com m erc ia lly  a v a i l a b l e  b u r n e r s ,  t h a t  v a p o r iz in g ,  e i t h e r  

th e rm a l ly  or m e c h a n ic a l ly ,  i n  com bina tion  wTi t h  a b l a s t  of 

a i r  from  an  e x t e r n a l l y  powered f a n  w i l l  f a c i l i t a t e  c l e a n  

e f f i c i e n t  b u rn in g  a t  p r a c t i c a l l y  any chosen r a t e .  T h is ,  

how ever, i s  f a r  removed from  th e  r e q u ire m e n ts  t h a t  no pov/er 

so u rce  be  u sed  and t h a t  th e  c o n d i t io n s  u n d e r  which th e  

b u r n e r  wri l l  o p e ra te  a r e  s u b je c t  to  wide v a r i a t i o n s .
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The problem  i s  a l s o  co m p lica te d  by  hav ing  t o  i n c o r p o r a te  

t h e  re q u ire m e n t  f o r  p ro p e r  d i s t r i b u t i o n  o f  t h e  g e n e ra te d  

r a d i a n t  e n e rg y .  T h is  means t h a t  th e  s u r f a c e  w hich i s  t o  

p roduce  t h e  r a d i a t i o n  m ust be s i z e d ,  shaped , and  h e a te d  so 

t h a t  t h e  b e s t  p r a c t i c a l  d i s t r i b u t i o n  o f  t h e  r a d i a n t  energy  

can b e  ac co m p lish ed  w i th  t h e  l e a s t  r e f l e c t o r  c o s t .

B ased on t h e s e  c o n s i d e r a t i o n s ,  i t  was a d v i s a b l e  t o  con­

s t r u c t  b u rn e r  d e s ig n s  w hich  seemed t o  o f f e r  t i ie  g r e a t e s t  

p o s s i b l e  chance t h a t  t h e  l i q u i d  f u e l  would b e  v a p o r iz e d ,  

mixed w i th  s u f f i c i e n t  a i r ,  and th e n  b u rn ed  w ith  t h e  g r e a te s t^  

p o s s i b l e  e f f i c i e n c y  w ith  a  minimum o f  smoke fo rm a t io n .

Other th a n  s tu d y in g  t h e  b a s i c  r e q u ir e m e n ts  f o r  b u rn in g  a 

f u e l  o f  known p h y s i c a l  and chem ical p r o p e r t i e s ,  t h i s  was a 

t r i a l  and e r r o r  method o f  deve lopm en t.

S e v e r a l  d i f f e r e n t  b u r n e r s  were b u i l t  and  in  o rd e r  to  

f a c i l i t a t e  a  co m p ara t iv e  t e s t  o f  t h e s e  b u rn e rs  and t o  s tudy  

th e  r e l a t i v e  a d v a n ta g e s  o f  subsequen t m o d i f ic a t i o n s  on each  

b u r n e r ,  a  t e s t i n g  arrangem en t v;as assem bled  whereby con­

t r o l l e d  c o n d i t io n s  co u ld  b e  m a in ta in e d .  In  a d d i t i o n  t o  

a f f o r d in g  a co m p ara tiv e  t e s t  t o  enhance deve lopm en t, t h e  

s ta n d a r d  t e s t  p ro v id e d  a b s o lu te  d a t a  which en a b led  an ev a lu ­

a t i o n  o f  th e  b u rn e r  f o r  f i e l d  a p p l i c a t i o n s .
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F ig .  1 3 .  Arrangem ent f o r  T e s t in g  Non-powered L iq u id  

P e tro leu m  B u rn e rs .

The com plete t e s t i n g  arrangem en t i s  i l l u s t r a t e d  i n  F ig .  

15. m i s  i s  e s s e n t i a l l y  an  ex h a u s t  s ta c k  w i th  t h e  n e c e s s a ry  

a t ta c h m e n ts  and  o u t l e t s  t o  a f f o r d  a  com plete a n a l y s i s  o f  t h e  

e x h a u s t  g a s e s  from each  o f  t h e  s e v e r a l  b u rn e r s  t e s t e d .  T his  

in c lu d e d  a m easure o f  th e  co m p o sit io n  o f  t h e  g a s e s  v/ith a
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c o n v e n t io n a l  o r s a t ;  e x h a u s t  gas  te m p e ra tu re  w i th  a  chrom el- 

a lu m el th e rm o co u p le ;  and f i b e r g l a s s  f i l t e r s  f o r  c a tc h in g  th e  

smoke which gave a  m easu re  o f  t h e  t im e  r a t e  o f  smoke l i b e r ­

a t i o n .  To a c co m p lish  t h e  l a t t e r ,  t h e  e x h a u s t  s ta c k  was 

b ran ch e d  i n t o  two s e p a r a t e  p ip e s  w i th  p r o v i s io n s  f o r  i n s e r t i n g  

f i b e r g l a s s  f i l t e r p a c k s  a c r o s s  each  o f  t h e  b ran ch  p ip e s ,  and 

w ith  t h e  u s e  o f  a  f l u e  d i v e r t e r ,  t h e  e x h a u s t  g a s e s  were 

a l lo w ed  t o  p a s s  th ro u g h  e i t h e r  o f  t h e  f i l t e r s  f o r  a  m easured 

i n t e r v a l  o f  t im e .  T h is  a rran g em en t p ro v ed  in a d e q u a te  f o r  an 

a c c u r a te  a b s o l u t e  m easurem ent o f  t h e  smoke g iv e n  o f f ;  how ever, 

an  a p p ro x im a t io n  was p o s s i b l e  w hich a l lo w e d  a  r e l a t i v e  com­

p a r i s o n  f o r  t h i s  f e a t u r e  o f  t h e  b u r n e r s .

The d r a f t  was induced  by b o th  t h e  chimney e f f e c t  and a  

s u c t io n  f a n .  T h is  f a n  a id e d  i n  sm oothing out v a r i a t i o n s ,  

and i n  c o n ju n c t io n  w ith  t h e  d r a f t  r e g u l a t o r  o r  b a l a n c e r ,  i t  

was p o s s i b l e  t o  m a in ta in  a  v e ry  n e a r ly  c o n s ta n t  d r a f t  o f 

0.?." H2 0.

The r a d i a n t  energy  d i s t r i b u t i o n  was d e te rm in e d  w ith  a  

c a l i b r a t e d  th e rm o p i le  a t  t h e  end o f  a s e v e n - fo o t  arm which 

was p iv o te d  a t  t h e  c e n t e r - l i n e  o f  t h e  r a d i a t i n g  s u r f a c e ,

F ig .  1 4 .  At th e  p iv o te d  end a p o i n t e r  moved on a c a l i b r a t e d  

a r c  t o  g iv e  t h e  a n g u la r  p o s i t i o n  o f  t h e  th e rm o p i le  above and 

below t h e  h o r i z o n t a l .
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F ig .  14 . A ppara tu s  f o r  M easuring t h e  R a d ia n t

Energy D i s t r i b u t i o n  from  H e a te r  U n i t s .

The f u e l  consum ption  r a t e  was m easured  d i r e c t l y  by 

hav ing  t h e  f u e l  c o n ta in e r  r e s t i n g  on s e n s i t i v e  p la t fo rm  s c a l e s  

(2 oz. p e r  d i v i s i o n ) .

The r e s u l t s  from  t h i s  t e s t  arrangem ent co u ld  b e  d u p l i ­

c a te d  v jith  s u f f i c i e n t  a c c u ra c y ;  such  t h a t ,  w i th  t h e  e x c e p t io n  

o f  t h e  smoke m easurem ent, t h e  d a t a  a f f o r d  a m easure o f  t h e  

a b s o lu te  v a lu e s  a s  w e l l  a s  g iv in g  a  r e l a t i v e  com parison f o r
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t h e  d i f f e r e n t  b u r n e r s .

The b u r n e r s  w ere  n o te d  t o  have  a  h ig h e r  r a t e  o f  f u e l  

consum ption  (a p p ro x im a te ly  a  tw e lv e  p e r c e n t  i n c r e a s e )  when 

b u rn in g  in d o o r s  u n d e r  t h e  t e s t i n g  a p p a ra tu s  a s  compared t o  

f r e e  b u rn in g  o u t s id e  th e  b u i l d i n g .  The 0 .2 "  HgO d r a f t  t h e  

b u rn e r s  e x p e r ie n c e d  u n d e r  t e s t  i s  somewhat h ig h e r  th a n  t h e  

d r a f t  p roduced  by t h e  same b u r n e r  when o p e r a t in g  f r e e l y ,  

and t h i s ,  coup led  w i th  a  s t i l l  am bien t a i r  te m p e ra tu re  o f  

7 0 ° F . , e x p l a in s  t h e  d i f f e r e n c e  i n  f u e l  consum ption . As a  

r e s u l t ,  t h e  t o t a l  e m is s iv e  power o f  a  b u r n e r  u n i t  was 

somewhat h ig h e r  f o r  t h e  in d o o r  c o n d i t io n s  a s  compared t o  

ou tdoor c o n d i t i o n s .

Hot a l l  th e  d i f f e r e n t  b u r n e r s  c o n s t r u c t e d  were t e s t e d ,  

n o r  a l l  th e  t e s t s  r e c o rd e d  i n  t h i s  p a p e r .  A considerab3 .e  

p a r t  o f  t h e  work was c u t - a n d - t r y  r e s u l t i n g  i n  m o d i f i c a t io n s  

which p roved  t o  be  o f  no a p p a re n t  v a lu e  f o r  t h e  i n v e s t i g a t i o n  

o r  t o  be  o f  no consequence i n  f u t u r e  work a lo n g  t h i s  l i n e .

Only th o s e  u n i t s  c o n s t r u c te d  a lo n g  d i f f e r e n t  b a s i c  a r ran g em en ts  

f o r  c a r ry in g  ou t t h e  p ro c e s s  o f  com bustion  a r e  r e c o rd e d  h e r e i n  

and  th e s e  a r e  b e l i e v e d  t o  be d ev e lo p ed  a s  f a r  a s  p r a c t i c a l .

E x i s t i n g  non-pow ered l i q u i d  p e tro leu m  f u e l  b u rn e r s

The s im p le s t  o f  a l l  ty p e s  o f  b u r n e r s  u se d  f o r  f r o s t



67

F ig .  1 5 . Open Pot B u rn e r s .

c o n t r o l  i s  t h e  "sm u d g e-p o t" , which may be any open-top  con­

t a i n e r  such a s  a l a r d  p a i l ,  b u c k e t ,  o r  o th e r  in e x p e n s iv e  

c o n ta in e r  o f  s i m i l a r  ty p e .  T h is  h e a t e r  h as  had  e x te n s iv e  

u se  i n  t h e  c i t r u s  a r e a s ;  how ever, t h e  n u is a n c e  o f  th e  smoke 

and th e  l a b o r  r e q u i r e d  t o  m a in ta in  and s e r v ic e  them h as  p r a c t i ­

c a l l y  e l im in a te d  t h e i r  a p p l i c a t i o n .  U n ited  S tove  Company o f  

Y p s i l a n t i ,  U ic h ig a n  a t te m p te d  an  improvement by f i t t i n g  t h e  

to p  o f  th e  c o n t a i n e r  w ith  a  s p e c i a l  l i d  w hich would p re ­

sumably in c r e a s e  t h e  b u rn in g  e f f i c i e n c y ,  th u s  re d u c in g  th e  

smoke p rob lem , F ig . 15 . F o r  p u rp o ses  o f  com parison ,
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p a r t i c u l a r l y  w i th  o p e n - to p  c o n t a i n e r s ,  t h i s  h e a t e r  was t e s t e d  

a n d . t h e  r e s u l t s  a r e  g iv e n  i n  F ig .  1 6 .

A s i m i l a r  t e s t  was made o f  th e  b u rn in g  c h a r a c t e r i s t i c s  

o f an  o p en - to p  f i v e - g a l l o n  p a i n t  b u c k e t .  The r e s u l t s  o f  t h i s  

t e s t  a r e  g iv e n  i n  F ig .  17.

For f u r t h e r  p u rp o se s  o f  com parison , t h e  " R e tu rn -S ta c k 11 

o ic h a rd  h e a t e r ,  d e v e lo p e d  a t  t h e  U n iv e r s i t y  o f  C a l i f o r n i a ,  

F ig .  18, was t e s t e d  and th e  r e s u l t s  a r e  g iv e n  i n  F ig .  19 .

T h is  h e a t e r  u s e s  th e  th e rm a l s ip h o n in g  e f f e c t  o f  t h e  s ta c k -  

g as  r e t u r n  tu b e  t o  d i l u t e  t h e  c o n c e n t r a t i o n  o f  f u e l  v a p o r  

w i th in  t h e  bov/1 o f  th e  h e a t e r .  T h is  d i l u t i o n  re d u c e s  t l ie  

r a t e  o f  fo rm a t io n  of f r e e  ca rbon  d u r in g  t h a t  p a r t  o f  th e  

bu rn in g  p ro c e s s  when t h e r e  i s  i n s u f f i c i e n t  oxygen f o r  com­

p l e t e  b u rn in g  (1 7 ) .  Then, a s  t h e  d i l u t e d  v a p o r  p a s s e s  up 

th e  s t a c k ,  t h e  a d d i t i o n a l  a i r  r e q u i r e d  i s  in t ro d u c e d  th ro u g h  

lo u v re s  i n  t h e  s ta c k ;  a s  a r e s u l t ,  t h e  b u rn in g  i s  p r a c t i c a l l y  

com ple te .

F i r s t  t r i a l  b u r n e r

E f f o r t s  w ere  made t o  ap p ro ac h  th e  e f f i c i e n c y  o f  t h e  

r e t u r n - s t a c k  o rc h a rd  h e a t e r  and  a t  t h e  same t im e  t o  in c r e a s e  

t h e  b u rn in g  c a p a c i ty  i n  o rd e r  t o  p r o v id e  a h ig h  te m p e ra tu re
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Figure 16. Burning c h a r a o t e r i s t i c s  and radiant energy d i s t r ib u t io n
fo r  the United s to ^ e  Company Orchard Heater.
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Figure 17. Burning o h a r a o t e r i s t i o s  and rad iant  energy d i s t r i b u t io n
fo r  an open-topped co n ta in er .
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Figure  18. The R eturn-s tack  Orchard :Ieater developed at  
the U n iv e r s i ty  o f  C a l i f o r n ia .
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Figure 19. Burning c n u r u c t e r i s t i c s  and radiant energy d i s t r ib u t io n
f o r  the R eturn-stack  Orchard Heater.
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i î jj k  aj J  i. l w , .  .c .

F ig .  20. F i r s t  T r i a l  B u rn e r ,  

s u r f a c e  a s  a so u rce  o f  i n f r a r e d  en e rg y .

R e a l i z in g  t h e  need  f o r  v a p o r iz in g  t h e  f u e l  i n  t h e  p re se n c e  

o f  s u f f i c i e n t  a i r  t o  a l lo w  a d e q u a te  in te rm ix in g  or a e r a t i o n ,  

i n  a l a r g e  p a r t  b e f o r e  b u rn in g  h a s  p ro g re s s e d  a p p r e c ia b ly ,  

t h e  f i r s t  a t te m p t  was a  d e s ig n  w hich would p resum ab ly  s a t i s f y  

t h i s  c o n d i t i o n .

F ig .  20 g i v e s  an  o v e r a l l  v iew  o f  th e  b u r n e r  and th e
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fo l lo w in g  d i s c u s s i o n  sh ou ld  make c l e a r  t h e  id e a s  w hich were 

tak en  u n d e r  c o n s id e r a t i o n  a t  t h a t  t im e .  The bo ttom  p o t ­

shaped s e c t i o n  w i l l  be r e c o g n iz e d  a s  th e  v a p o r iz in g  bowl o f  

a s t a n d a r d  b u rn e r  u sed  e x t e n s iv e ly  f o r  d o m es tic  h e a t i n g ,  

e i t h e r  w i th  or w ith o u t  a  f a n .  For t h e  a p p l i c a t i o n  a t  hand 

t h i s  p a r t  o f  t h e  u n i t  f u r n i s h e d  t h e  h e a t  to  v a p o r iz e  t h e  

b u lk  o f  t h e  f u e l  from  a  s p e c i a l  pan l o c a t e d  up i n  t h e  main 

p a r t  o f  t h e  com bustion chamber. A ir  i s  in t ro d u c e d  th ro u g h  

th e  s id e s  o f  b o th  t h e  b o tto m  s e c t io n  and th e  com bustion  

chamber. These open ings  a r e  i l l u s t r a t e d  i n  t h e  accompanying 

f i g u r e .  As n o te d ,  t h i s  u n i t  r e q u i r e s  t h e  f u e l  t o  be  i n  a 

s e p a r a te  c o n ta in e r  e l e v a t e d  a t  l e a s t  t h r e e  f e e t  and f e d  i n  

th ro u g h  a  f l o a t  v a lv e  i n  o rd e r  t o  m a in ta in  a  c o n s ta n t  r a t e  

o f f u e l  f lo w .

The e x t r a  p a r t  shown i n  t h e  f i g u r e  i s  an  e n c lo se d  con­

t a i n e r ,  ex c ep t  f o r  a  sm a ll  opening a t  t h e  t o p ,  w hich was 

t r i e d  i n s i d e  th e  chamber a s  th e  c o n ta in e r  f o r  v a p o r iz in g  th e  

b u lk  o f  t h e  f u e l .  T his  was an a t te m p t  t o  p r e v e n t  b u rn ing  

on to p  o f  th e  l i q u i d  f u e l ;  however, i t  was proven  t h a t  th e  

open d i s h - t y p e  c o n ta in e r  was b e t t e r  f o r  t h i s  p u rp o se .

The t e s t  r e s u l t s  a r e  g iv e n  i n  F ig .  21. These d a ta  show 

a  c o m p a ra t iv e ly  h ig h  r a t e  o f  b u rn in g  (1 .8  g a l l o n s / h r . )  which 

s u p p o r ts  a h ig h  e m is s iv e  power f o r  t h e  r a d i a t i n g  s u r f a c e .
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Figure 21.  Burning c h a r a c t e r i s t i c s  and radiant  energy d i s t r i b u t i o n  
fo r  the F i r s t  T r i a l  Burner.
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F ig .  22. Second T r i a l  B u rn e r .

The smoke o u tp u t  o f  1 .4  gram s/m in . i s  n o t  n e c e s s a r i l y  h ig h  

f o r  th e  r a t e  o f  b u rn in g ,  b u t  c o n s id e r a b ly  h ig h e r  th a n  t h a t  

f o r  th e  R e tu r n - s t a c k  h e a t e r .  N e v e r th e le s s ,  f o r  most a p p l i ­

c a t io n s  t h e  o b je c t i o n  t o  th e  smoke p lu s  t h e  co m p ara tiv e ly  

h ig h  m a n u fa c tu r in g  c o s t  would p re v e n t  i t s  u s e .

Second t r i a l  b u r n e r

The second t r i a l  b u rn e r  u n i t  i s  i l l u s t r a t e d  i n  F ig .  22, 

and th e  b a s i c  p r i n c i p l e  i s  t o  droD t h e  f u e l  from  th e  to p  down

1
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th ro u g h  th e  i n s i d e  o i  t h e  s ta c k  and com bustion  chamber t o  

s t r i k e  a t a r g e t  t h r e e  in c h e s  above th e  b a se  o f  t h e  u n i t .

There a r e  a i r  h o l e s  a lo n g  th e  s lo p in g  p a r t  o f  t h e  chamber a s  

w e l l  a s  i n  th e  b o tto m  and  s id e s  o f  t h e  lo w e s t  s e c t i o n ;  t h e  

id e a  b e in g  t o  have t h e  f u e l  v a p o r iz e  a s  i t  f e l l  th rough  th e  

in t e n s e  h e a t  o f  th e  e n c lo s u r e ,  and  a t  th e  same t im e  p ro v id e  

s u f f i c i e n t l y  d i s t r i b u t e d  a i r  t o  b r in g  ab o u t e f f i c i e n t  b u rn in g .  

S in ce  te m p e r a tu r e  i n c r e a s e s  t h e  r a t e  o f  a  com bustion  r e a c t i o n ,  

t h i s  a r ran g em en t a p p a r e n t ly  h as  m e r i t  a s  a means of in c r e a s in g  

th e  r a t e  o f  b u r n in g .

F ig .  23 in c lu d e s  t h e  t e s t  d a ta  f o r  t h i s  u n i t  and a g a in  

t h e  b u rn in g  r a t e  (1 .5  g a l l o n s / h r . )  i s  c o m p a ra t iv e ly  h ig h  

which i s  r e f l e c t e d  i n  t h e  r a d i a t i o n  i n t e n s i t y .  However, th e  

smoke o u tp u t  i s  in c re a s e d  over t h e  f i r s t  t r i a l  b u rn e r  even 

though  t h e  b u rn in g  r a t e  i s  l e s s .  I t  was o bse rved  t h a t  heavy 

or l a r g e  p a r t i c l e s  o f  ca rb o n  form ed a lo n g  t h e  d escen d in g  

s tream  o f  l i q u i d  th ro u g h o u t  t h e  e n t i r e  d ro p . T h is  i n d i c a t e s ,  

a  h ig h  c o n c e n t r a t io n  o f  f u e l  v a p o r  i n  t h e  ab sen c e  o f  ad eq u a te  

a i r  which e v id e n t ly  a c c o u n ts  f o r  t h e  i n c r e a s e  i n  smoke 

o u tp u t .

I t  i s  o f  i n t e r e s t  t h a t  th e  r a d i a t i o n  i n t e n s i t y  of t h i s  

u n i t  i s  c o n s id e r a b ly  h ig h e r  th a n  f o r  t h e  R e tu r n - s t a c k  h e a t e r  

even th ough  t h e i r  b u rn in g  r a t e s  a r e  i d e n t i c a l .  In  c o n n e c tio n
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w ith  t h i s ,  i t  was found t h a t  th e  exhaust g a s  te m p e ra tu r e  was 

h ig h e r  f o r  t h e  R e tu r n - s t a c k  h e a t e r  (1470°F. compared t o  

1 2 8 0 ° F .) .  The ev id en c e  i n d i c a t e s  t h a t  d e la y e d  b u rn in g  was 

ta k in g  p la c e  i n  t h e  ca se  o f  t h e  R e tu r n - s t a c k  ty p e ,  a t  l e a s t  

more so th a n  t r i a l  b u r n e r  No. 2; t h i s  re d u c e s  t h e  maximum 

flam e te m p e ra tu r e  w i th in  t h e  com bustion chamber s in c e  a  

s i g n i f i c a n t  p a r t  o f  t h e  h e a t  i s  l i b e r a t e d  o u ts id e  th e  c o n f in e s  

of t h e  u n i t .  As a  r e s u l t ,  l e s s  h e a t  i s  t r a n s f e r r e d  t o  the. 

s u r f a c e  t o  be  d is c h a rg e d  a s  r a d i a n t  e n e rg y . The R e tu r n - s t a c k  

h e a t e r  was e v i d e n t l y  o p e ra te d  c o n s id e ra b ly  above i t s  r a t e d  

c a p a c i ty  w h ile  b u r n e r  No. 2 d id  a f a i r l y  com plete  job o f  

bu rn in g  w i t h i n  t h e  b u rn e r  p ro p e r .

T h ird  t r i a l  b u rn e r

As an e f f o r t  t o  s o lv e  t h e  smoke p roblem  a s s o c i a t e d  w ith  

non-powered b u r n e r  d e s ig n s ,  th e  p r i n c i p l e  o f  th e  old 

f a s h io n e d  k e ro se n e  cooking s to v e  was bo rrow ed . T h is  w i l l  be 

re c o g n iz e d  from F ig .  24 by t h e  c o n c e n t r ic  r i n g s  o f  p e r f o r a t e d  

sh e e t  s t e e l  which make up t h e  c h a n n e ls  f o r  e f f e c t i n g  b u rn in g  

c o n d i t i o n s .  P ie c e s  o f  f i r e  b r i c k  were c u t  t o  t h e  p ro p e r  

shape and p la c e d  a t  t h e  b o tto m  of th e s e  c h a n n e ls  t o  s e rv e  a s  

a w ick  f o r  t h e  k e ro se n e  w hich was m a in ta in e d  a t  a  c o n s ta n t  

l e v e l  by th e  f l o a t  v a lv e .

Hi i s  a r ran g em en t nroved t o  g iv e  com plete  com bustion  and

I
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F ig .  24. T h ird  T r i a l  B u rner .-

t h e  f lam e  was n on -lum inous o r  b lu e  i n  c o lo r  w i th  v e ry  l i t t l e  

v o lu m e --c o n s id e r in g  th e  r a t e  o f  b u rn in g .  However, s a t i s ­

f a c t o r y  o p e r a t io n  was s e n s i t i v e  t o  wind c o n d i t io n s  and p o s i t i o n  

w ith  r e g a rd  t o  b e in g  l e v e l .  To approach  a  p r a c t i c a l  c a p a c i ty  

o f  h e a t  l i b e r a t i o n  an  u n u s u a l ly  l a r g e  amount o f  ch an n e l would 

be n e c e s s a r y ,  r e q u i r i n g  a  h ig h  m a t e r i a l  and l a b o r  c o s t  f o r  

m a n u fa c tu re ;  t h u s ,  e l im in a t in g  t h i s  ap p ro ach  from  p r e s e n t  

c o n s id e r a t i o n s  i n  c o n n e c tio n  w i th  th e  f r o s t  c o n t r o l  problem .

1
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D is c u s s io n  of r e s u l t s

The two methods o f  add ing  h e a t  t o  v e g e ta t i o n ,  d i r e c t  

r a d i a t i o n  and c o n v e c t io n  o f  s e n s i b l e  h e a t ,  f o r  i t s  p r o t e c t i o n  

from f r o s t  damage have been  p roven  e f f e c t i v e .  B oth  a r e  

employed t o  a  more o r  l e s s  d eg ree  depend ing  upon t h e  h e a t  

so u rc e ,  w e a th e r  c o n d i t io n s ,  and ty p e  of v e g e t a t i o n .  Each h as  

m e r i t  o r  a d v a n ta g e s  over t h e  o th e r ;  e . g .  r a d i a n t  energy  shows 

more e f f e c t  d u r in g  windy c o n d i t io n s  and on low  grow ing vege­

t a t i o n ,  w h i le  b u r n e r  d e s ig n s  which r e l e a s e  t h e  g r e a t e r  p a r t  

o f  t h e  ene rgy  th ro u g h  s e n s i b l e  h e a t  a r e  n o t  only  ch eap e r  b u t  

more p r a c t i c a l  f o r  s t i l l  c o n d i t io n s  on t r e e - t y p e  v e g e ta t i o n  

when t h e r e  i s  a  c o m p a ra t iv e ly  h ig h  te m p e ra tu r e  g r a d i e n t  w ith  

e l e v a t i o n .

T h is  i n v e s t i g a t i o n  was aimed t o  i n c r e a s e  t h e  p e r c e n t  o f  

h e a t  l i b e r a t e d  th ro u g h  r a d i a n t  energy  from sm a ll  non-pow ered 

l i q u i d  f u e l  b u r n e r s .  The re q u ir e m e n ts  were t h a t  t h i s  be 

acco m p lish ed  w i th o u t  a p p r e c ia b l e  smoke r e l e a s e  ( l e s s  th a n  

1-gram p e r  m in u te ) ,  and t h a t  t h e  i n i t i a l  c o s t  be  k e p t  s u f ­

f i c i e n t l y  low t o  a l lo w  c o m p a ra t iv e ly  c lo se  sp a c in g  d u rin g  

o p e r a t io n  (10 t o  15 p e r  a c r e ) .

The r e s u l t s  o r  f i n d in g s  may be a d e q u a te ly  summarized 

a s  f o l lo w s :

1 .  The 11 sm udge-pot" ty p e  h e a t e r  deve loped  by U nited

1
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S to v e  Company gave no  ev id en ce  o f  a d v a n tag e s  over any o rd in a ry  

open -topped  c o n t a in e r .  The l i d  does  slow down th e  r a t e  o f  

b u rn in g ,  b u t  t h i s  can b e  ac co m p lish ed  w ith  a  co v e r  of any 

k in d .

2 . The f i r s t  arid second t r i a l  b u rn e r s  had s u f f i c i e n t l y  

h ig h  b u rn in g  r a t e s  t o  su p p o r t  an  in c r e a s e d  r a d i a t i o n  i n t e n s i t y .  

However, th e y  gave  o f f  c o m p a ra t iv e ly  l a r g e  amounts o f  smoke 

and would b e  somewhat h ig h e r  i n  i n i t i a l  c o s t .

3 . The t h i r d  t r i a l  b u rn e r  had  i d e a l  b u rn in g  c h a ra c ­

t e r i s t i c s  i n  r e g a rd  to  co m p le ten ess  w i th in  a  sm all f lam e 

volum e; however, t o  a t t a i n  s u f f i c i e n t  h e a t  r e l e a s e  c a p a c i ty ,  

an  e l a b o r a t e  u n i t  b o th  i n  s i z e  and c o s t  would be r e q u i r e d .

A lso , th e  b u rn in g  was found  t o  be to o  s e n s i t i v e  f o r  t h i s  

a p p l i c a t i o n .

4 .  The R e tu r n - s t a c k  o rcha i 'd  h e a t e r  was found  t o  meet 

th e  a d v e r t i s e d  s p e c i f i c a t i o n s ;  t h u s ,  making t h i s  b u rn e r  very  

u s e f u l  f o r  t h i s  a p p l i c a t i o n  i n  view  o f  th e  low i n i t i a l  and 

o p e ra t in g  c o s t .  The r a d i a t i o n  i n t e n s i t y  i s  lo w e r  th a n  t h a t  

d e s i r e d ,  how ever, t h i s  can be o f f s e t  by spac ing  them c l o s e r  

to g e th e r  w hich i s  p o s s i b l e  b ec au se  o f  i t s  low  c o s t .
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Development o f  a  L i q u i f i e d  P e tro leu m  Gas B urner f o r  t h e  

G e n e ra t io n  o f  R ad ian t Energy f o r  F r o s t  C o n tro l

The i n c r e a s in g  a v a i l a b i l i t y  and  commercial d i s t r i b u t i o n  

o f  l i q u i f i e d  p e t ro le u m  g a s e s  (LPG) d e f i n i t e l y  p la c e s  t h i s  

f u e l  on t h e  l i s t  o f  p o s s i b l e  so u rc e s  o f  e n e rg y . I t s  in h e re n t  

h ig h  f lam e te m p e r a tu r e ,  and t h e  e a se  o r  s i m p l i c i t y  w i th  which 

c l e a n  e f f i c i e n t  b u rn in g  i s  a c co m p lish e d ,  malces i t  e v id e n t  

t h a t  t h i s  f u e l  o f f e r s  a d v a n ta g e s  n o t  r e a l i z e d  i n  o th e r  f u e l s .  

A lso , s in c e  t h i s  f u e l  h a s  a h ig h  v ap o r  p r e s s u r e  a t  norm al 

te m p e ra tu re s  and  b e c a u se  o f  th e  l i g h t  m o lecu les  o f  h y d ro ­

ca rb o n s , i t  i s  e a s i l y  mixed w ith  a i r  t o  form  an  i d e a l  

c o m b u s tib le  m ix tu r e .  Hi i s  r e s u l t s  i n  s im p le r  b u r n e r s ,  malting 

th e  u s e  o f  s m a l le r  u n i t s  p la c e d  c l o s e r  to g e th e r  eco n o m ica lly  

f e a s i b l e ;  th u s ,  p ro v id in g  p r o t e c t i o n  a g a i n s t  more a d v e rs e  

c o n d i t io n s  o f  f r o s t  fo rm a t io n .  A lso ,  t h e  s m a l le r  u n i t s  

sh o u ld  f a v o r  t h e  sm a ll  o p e r a to r  who w i l l  be  more a b l e  t o  

s a t i s f y  h i s  r e q u i r e m e n ts — t h a t  f o r  which t h e  l a r g e r  more 

ex p e n s iv e  u n i t s  would be  i m p r a c t i c a l .

The tu rn -dow n o r  v a r i a t i o n  i n  b u rn in g  r a t e  o f  an LPG 

b u rn e r  g e n e r a l l y  h a s  a  wide r a n g e — from  p r a c t i c a l l y  o f f  t o  

f u l l  c a p a c i ty —w hich can  be c o n t r o l l e d  a c c u r a t e ly  and a u t o ­

m a t i c a l l y .  T h is  a l lo w s  f o r  t h e  a d ju s tm e n t  o f  th e  b u rn in g  

r a t e  to  s a t i s f y  t h e  p r e v a i l i n g  f r o s t i n g  c o n d i t io n s ;  t h u s ,
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a f f e c t i n g  a sav in g  i n  t h e  f u e l  con sum ption  'which i s  e i t h e r  

im p o s s ib le  o r  i m p r a c t i c a l  w i th  th e  l i q u i d  p e tro le u m  f u e l  

b u r n e r s .  A no ther  a d v a n ta g e  i s  r e a l i z e d  i n  t h a t  th e  f u e l  i s  

u n d e r  c o n s id e r a b le  p r e s s u r e  o f  i t s  ov.n a c c o rd ,  making p o s s i b l e  

th e  u s e  o f  c e n t r a l  s t o r a g e  ta n k s  v ;ith  sm a ll  p ip e s  a s  d i s t r i ­

b u t io n  l i n e s .  T h is  would be  an  i d e a l  a rran g em en t f o r  l a r g e r  

a r e a s  and c rops  o f  a  perm anent n a t u r e  o r  f o r  th o s e  p l o t s  on 

which th e  same ty p e  o f  crop  i s  grov.n y e a r  a f t e r  y e a r .

The d is a d v a n ta g e  comes i n  t h e  c o s t  o f  t h e  f u e l  w hich a t  

p r e s e n t  p r i c e s  i s  c o n s id e r a b ly  h ig h e r  t h a n  t h e  l i q u i d  f u e l s .  

T h is  i s  due i n  g r e a t  p a r t  t o  t h e  sm all t o t a l  amount d i s ­

t r i b u t e d  and th e  sm a ll  l o t s  in  which r e t a i l e d .  T his  f u e l  i s  

b e in g  lo a d e d  a t  t h e  p r e s e n t  t im e  in  t h e  o i l  f i e l d s  a t  from  

t h r e e  t o  t h r e e  and one h a l f  c e n t s  p e r  g a l lo n  i n  ta n k  c a r  

l o t s ,  w hich compares f a v o r a b ly  w ith  l i q u i d  f u e l s .  T h e re fo re ,  

i t  i s  assumed t h a t  c r e a t i n g  a demand i n  any p a r t i c u l a r  a r e a  

i s  t h e  re q u ire m e n t  f o r  r e d u c in g  t h e  c o s t ;  an d , i f  an i n d i ­

v i d u a l  co n su m er 's  demand w a r r a n t s ,  he  would a f f e c t  a 

c o n s id e r a b le  sav in g  by buy ing  i n  ta n k  c a r  l o t s .

The above comments p o in t  up t h e  a d v a n tag es  w hich LPG 

o f f e r s  a s  a p o s s i b l e  f u e l  v /i th  which t o  g e n e r a te  i n f r a r e d  

energy  f o r  f r o s t  c o n t r o l ;  and f o r  c e r t a i n  a p p l i c a t i o n s  th e s e  

a d v a n ta g e s  w i l l  d e f i n i t e l y  outw eigh th e  d i s a d v a n ta g e - - c o s t .
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For t h i s  r e a s o n  work was s t a r t e d  on th e  developm ent o f  a  

p r a c t i c a l  p ropane b u rn in g  u n i t  which would se rv e  a s  a so u rce  

o f  i n f r a r e d  energy  f o r  f r o s t  c o n t r o l .

O b jec tiv e

B ecause o f  th e  p r e s e n t  c o s t  o f  propane a s  d i s t r i b u t e d  

i n  100# c o n ta in e r s  (ap p ro x im a te ly  5 0 ^ /g a l lo n ) ,  i t  was a d ­

v i s a b l e  t o  work f i r s t  on d e s ig n s  w hich would a d e q u a te ly  

s e rv e  t h e  g row ers  o f  f lo w e r s ,  s t r a w b e r r i e s ,  and o th e r  h ig h e r  

v a lu ed  t r u c k  c ro p s .  Then, a s  i t s  u se  expanded o r  a s  t h e  

fa rm er  became conv inced  of i t s  v a l u e ,  t h e  a p p l i c a t i o n  m igh t 

w e l l  sp re a d  t o  o th e r  ty p e s  o f  c ro p s  a s  th e  f u e l  c o s t  was 

red u ced .

S in c e  c e n t r a l  s to r a g e  ta n k s  w i th  pe rm an en tly  i n s t a l l e d  

fe e d  l i n e s  a r e  ex p e n s iv e , i t  was c e r t a i n  t h a t  t h e  i n i t i a l  or 

e x p e r im e n ta l  h e a t e r s  would have  t o  o p e ra te  i n d i v i d u a l l y  a s  a 

u n i t .  T h is  i n d i c a t e d  t h a t  each  b u rn e r  would have to  be  sup­

p l ie d  from  a t a n k  a t  i t s  p o s i t i o n .  In  d i s c u s s in g  t h i s  problem  

w ith  t h e  l la n ag e r  of S h e l l  O i l ’ s LPG b o t t l i n g  p l a n t  a t  L an s in g ,  

L ic h ig a n ,  i t  was l e a r n e d  t h a t  t h e  r e t a i l e r s  would make th e  

i n s t a l l a t i o n s  f o r  a p p ro x im a te ly  $ 6 / u n i t .  T h is  in c lu d e s  a 

p r e s s u r e  r e g u l a t i n g  v a lv e ,  two 100# c o n t a i n e r s ,  and th e  

n e c e s s a ry  c o n n e c t io n s .  The m a in te n an ce  of t h i s  se tu p  would
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b e  a r e s p o n s i b i l i t y  o f  th e  r e t a i l e r ,  who would d e l i v e r  th e  

p ropane  a t  oOp a  g a l l o n  t h e r e a f t e r .

Fo llow ing  t h i s  en co u rag in g  in f o r m a t io n  t h e  o b je c t  was 

t o  d e s ig n  a h e a t e r - u n i t  o f  minimum c o s t  which p r o te c te d  s u f ­

f i c i e n t  a r e a  t o  make t h e  s e tu p  a s  econom ical a s  p o s s i b l e .

W ith t h e s e  c o n s i d e r a t i o n s  i n  mind, p lu s  a knowledge o f  t h e  

energy  r e q u i r e d  t o  p r o t e c t  a g a i n s t  th e  m ost l i k e l y  f r o s t ,  

t h e  fo l lo w in g  s p e c i f i c a t i o n s  were drawn up w hich , i f  m et, 

would make t h i s  a p p l i c a t i o n  p r a c t i c a l  on th e  h ig h e r  v a lu e d  

c ro p s— even u n d e r  t h e  p r e s e n t  r e t a i l  c o s t  o f  p ropane:

1 .  A h e a t e r  u n i t  t h a t  cou ld  be  p r a c t i c a l l y  su p p o rted  

e i g h t  f e e t  above th e  g round  which would produce a r a d i a t i o n  

i n t e n s i t y  o f  9 B T U /s q . f t . /H r .  a t  25 f e e t  from th e  b a se  o f  th e  

u n i t  (m easured p e r p e n d ic u la r  t o  t h e  d i r e c t i o n  o f  p r o p a g a t io n ) .

2 . Burn l e s s  th a n  1 .5  g a l l o n s  o f  propane p e r  h ou r  a t  

a p r e s s u r e  l e s s  th an  26 p s i g .

o . Cost no  more th a n  85 p e r  h e a t e r  u n i t .

4 .  E a s i l y  l i g h t e d  and d ep en d ab le  in  o p e r a t io n .

P ro ced u re

Due t o  t h e  r e l a t i v e l y  few h o u r s  o f  o p e r a t io n  r e q u i r e d  

p e r  y e a r  in  l l i c h ig a n  and su r ro u n d in g  a r e a s ,  t h e  in v es tm en t 

c o s t  f o r  any h e a t e r  u n i t  i s  t h e  p r im ary  c o n s id e r a t i o n .  There­

f o r e ,  t h e  d e s ig n  must be cheap i n  m a t e r i e l  c o s t  a s  w e l l  a s  in

I
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s i m p l i c i t y  01' f a b r i c a t i o n  o r  c o n s t r u c t i o n .  For t h i s  r e a s o n  

th e  most e f f i c i e n t  d e s ig n ,  in  r e s p e c t  t o  optimum d i s t r i b u t i o n  

of maximum r a d i a n t  energy  p e r  u n i t  h e a t in g  v a lu e  o f  f u e l  

b u rn e d ,  would n o t  n e c e s s a r i l y  be th e  most p r a c t i c a l .

The above r e a s o n in g  l e d  t o  t h e  c o n c lu s io n  t h a t  r e f l e c t o r s  

would be e m it te d  and t h a t  a r i g h t  c i r c u l a r  cone o f  t h e  p ro p e r  

in c lu d e d  a n g le  (d e te rm in ed  from th e  geom etry  o f  t h e  r e l a t i o n ­

sh ip  b e tu e e n  th e  p o s i t i o n  o f  t h e  u n i t  above t h e  ground and 

th e  d i s t a n c e  from  i t s  b a s e )  would g iv e  th e  b e s t  p r a c t i c a l  

d i s t r i b u t i o n .  To d e te rm in e  th e  s i z e  o f  t h i s  cone i t  was 

assumed t h a t ,  s in c e  t h e  f lam e te m p e ra tu re  o f  p ropane i s  

c4S7°F. (1 6 ) ,  a s u r f a c e  te m p e ra tu re  o f  1600°F . cou ld  be main­

t a in e d .  T h is  was c o n s id e re d  t h e  maximum te m p e ra tu r e  f o r  which 

carbon s t e e l  would have a u s e f u l  l i f e .  I t  can be shov.n t h a t  

th e  norm al i n t e n s i t y  from a  u n i t  a r e a  o f  a  b la c k b o a y  i s  g iv e n  

as  a f u n c t io n  o f  th e  te m p e ra tu re  o f  th e  body by th e  fo l lo w in g  

r e l a t i o n s h i p  (2 ) :

I  = cr_T*J_ -  3 T U /f t ? / H r .
77

4  = 1 7 .5  x  lG/ 0 B fU /Ft5 T4 (S te fa n -S o l ts m a n n 1 s
c o n s t a n t )

g  -  t o t a l  e n i s s i v i t y  ( .3  f o r  o x id iz e d  s t e e l  s u r f a c e )  

T -  a b s o lu te  te m p e ra tu re  o f  b o d y ,

From t h i s ,  assum ing .3  as  t h e  t o t a l  e n i s s i v i t y  of a  s t e e l
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su r i 'a c e  and i o r  I„  = (25)2 x  9 ( i n t e n s i t y  r e q u i r e d  a t  one 

f o o t  iron : t h e  so u rce  t o  g iv e  an  i n t e n s i t y  o i  9 B T u /F t .^ /H r .  

a t  25 i e e t ) ,  th e  r e q u i r e d  c r o s s - s e c t i o n a l  o r  p r o j e c t e d  a r e a  

i c r  t h e  cone i s  g iv e n  a s ,

__ - f i t  _  9 k  g _______________ _   ̂ y  r r 2-

Ac ~ S T * € ~ / z 3 x/o~'°x Z o Z o \ . S
77

Vi'ith. t h e s e  d a t a  a s  a b a s i s  a  60° r i g h t  c i r c u l a r  cone 

n ic h  a s l a n t  h e ig h t  o i  one i o o t  mas iormed i r o n  13 gauge h o t -  

r o l l e d  ca rbon  s t e e l .  S i x t y - t h r e e  1 /4 "  h o le s  v;ere spaced  in  

che s u r i 'a c e  o i  t h i s  cone t o  s e rv e  as  e x h a u s t  p o r t s  ana  open­

in g s  i c r  d i r e c t  r a d i a t i o n  i r o n  th e  ilam e  and th e  ceram ic 

p la c e  mhich covers  cue  to p  o i  t h e  cone. T h is  d e s ig n  g iv e s  

a p r o je c te d  a r e a  o i  a p p ro x im a te ly  .45 sq u a re  i e e t  mhich i s  

.27 sq u a re  i e e t  l e s s  th a n  th e  t h e o r e t i c a l  r e q u i r e m e n t . 

cmever, s in c e  t h e r e  mas no  may o i  e v a lu a t in g  th e  added 

e i i e c t  o i  th e  h o le s  i n  t h e  s u r i a c e ,  i t  mas a d v i s a b le  t o  con­

s t r u c t  t h i s  sim ple u n i t  u n m il i u r t h e r  e x p e r im e n ta l  ev id en ce  

mould j u s t i i y  l a r g e r  d e s ig n s .  The norm al t o  th e  s u r i a c e  o i

t h i s  cone m i l l  i r e e r s e c t  t h e  g round  a t  14 i e e t  i r o n  i t s  base

mhen th e  cone i s  p o s i t i o n e d  8 i e e t  h ig h .

A 32° r i a n t  c i r c u l a r  cone mas i c r n e d  i r o n  th e  same ty p e

(
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and w eigh t m a t e r i a l  and w ith  t h e  same s u r f a c e  a r e a  ( s l i g h t l y  

l e s s  p r o j e c t e d  a r e a )  a s  t h e  60° cone . However, 141— 7 /3 2 "  

h o le s  were spaced  i n  th e  s u r f a c e  o f  t h i s  cone which r e p r e s e n t s

1 .7  t im e s  more p o r t  a r e a  th a n  t h a t  f o r  t h e  60° cone.

Each o f  t h e s e  cones were a t t a c h e d  t o  i n s p i r a t o r s  

(#70-2 -55) made by Worth American B urner  M an u fac tu r in g  Company. 

The g a s  spud or j e t  was d r i l l e d  w i th  a  #56 d r i l l .  A l l  th e  

a i r  f o r  com bustion  e n t e r s  th ro u g h  t h e  i n s p i r a t o r .  As an 

economy m easure a  p e r f o r a t e d  d i s k  was p la c e d  over t h e  d i s ­

ch a rg e  end o f  t h e  i n s p i r a t o r  i n  t h e  p la c e  of a  more ex­

p e n s iv e  b u r n e r  t i p .

F ig .  25 i l l u s t r a t e s  t h e s e  u n i t s  and t h e  method f o r  

co n n ec tin g  th e  f u e l  l i n e  from th e  p r e s s u r e  r e g u l a t o r  t o  th e  

5 /8"  s ta n d a r d  g a lv a n iz e d  p ip e  which s e rv e s  b o th  as  a su p p o r t  

and c o n d u it  f o r  t h e  g a s  su p p ly .

D isc u s s io n  o f  r e s u l t s

The two u n i t s  w ere t r i e d  and found  t o  o p e ra te  s a t i s ­

f a c t o r i l y .  S in ce  th e y  were n o t  t e s t e d  u n d er  f r o s t  c o n d i t io n s ,  

t h e  n e x t  b e s t  e v a lu a t io n  was-a—h e a t—b a la n c e  a n a l y s i s  i n  con­

j u n c t i o n  w ith  a m easure  o f  t h e  r a d i a n t  energy  d i s t r i b u t i o n  

v;hich i s  r e c o rd e d  in  F ig .  26 and F ig .  27. Based on p re v io u s  

f i n d i n g s  t h i s  a n a l y s i s  can b e  i n t e r p r e t e d  in  te rm s  o f  th e
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F ig .  25 . E x p e r im e n ta l  P ropane B urner  U n i t s .

p o s s i b le  p r o t e c t i o n  t h a t  may be  e x p e c te d  u n d e r  a c t u a l  f r o s t ­

ing  c o n d i t io n s .

The a i r  te m p e ra tu re  a t  t h e  t im e  o f  t h i s  t e s t  v;as 6 0 ° F . , 

c l e a r  and no  w ind. The h e a t e r  u n i t s  were t e s t e d  i n  s u c c e s s io n  

w'ith i d e n t i c a l  c o n d i t io n s  p r e v a i l i n g .

The t o t a l  e m is s iv e  power and th e  r a d i a t i o n  t h a t  f a l l s  

belov/ t h e  h o r i z o n t a l  v/ere c a l c u l a t e d  by W o h la u re 's  method 

(2 5 ) .  These r e s u l t s  a r e  re c o rd e d  on t h e  d a t a  s h e e t s .  I t  i s
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o f  i n t e r e s t  t o  n o te  t h a t  t h e  32° cone i n d i c a t e s  a  t o t a l  

r a d i a t i o n  1 .2 3  t im e s  g r e a t e r  th a n  t h a t  f o r  t h e  60° cone, 

even th o u g h  th e  s u r f a c e  te m p e ra tu re s  were a lm o s t  e q u a l a s  

m easured  w ith  an  o p t i c a l  p y ro m e te r .

The o r s a t  a n a l y s i s  i n d i c a t e d  in co m p le te  com bustion  i n  

r e g i s t e r i n g  2.5% CO. T h is  r e p r e s e n t s  a  -5.8%  ex cess  a i r  

over t h a t  r e q u i r e d  f o r  p e r f e c t  com bustion .

The g r o s s  o r  h igh  h e a t in g  v a lu e  f o r  p ro p an e  i s  g iv e n  

a s  2 1 ,6 9 0  BTU/lb. o f  v a p o r  (2 2 ) .  At th e  b u rn in g  r a t e  o f  

5 .9  l b s . / h r .  t h e  p o t e n t i a l  h e a t  r e l e a s e  i s  1 2 8 ,000  B T U /h r . ' 

However, b ec a u se  o f  t h e  l o s s  r e s u l t i n g  from in c o m p le te  

com bustion , w hich was c a l c u l a t e d  a s  14% o f  t h e  t o t a l  

p o s s i b l e  e n e rg y ,  th e  a c t u a l  h e a t  r e l e a s e d  amounted t o  110,000 

BTU/hr. From t h i s  d a t a  i t  i s  fou n d  t h a t ,  from th e  r a d i a t i o n  

m e te r  r e a d in g s ,  th e  60° cone r a d i a t e d  19.5% o f  th e  h e a t  

a c t u a l l y  l i b e r a t e d ,  w h ile  t h e  32° cone r a d i a t e d  24%.

T h is  a p p e a r s  t o  be somewhat l e s s  th a n  t h e  amount of 

energy t h a t  shou ld  h av e  been  r a d i a t e d ,  p a r t i c u l a r l y  f o r  a 

s u r f a c e  te m p e ra tu r e  o f  1500°F. There  was r e a s o n  t o  doubt 

th e  a c c u ra c y  o f  th e  r a d i a t i o n  m e te r  a t  th e  t im e  th e se .  

m easurem ents were ta k e n  due t o  t h e  f a c t  t h a t  some o f  th e  

th e rm o c o u p le s  had been  r e - a r r a n g e d  s in c e  th e  l a s t
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c a l i b r a t i o n .  A lso ,  s in c e  th e  th e rm o p i le  i s  covered  w ith  

l i t h iu m  f l u o r i t e ,  t h e  c a l i b r a t i o n  c o n s ta n t  i s  only  an 

a v e ra g e  v a lu e  which co u ld  be much d i f f e r e n t  th a n  th e  a c t u a l  

c a l i b r a t i o n  f o r  t h e  i n t e n s i t y  and te m p e ra tu re  u n d er  con­

s i d e r a t i o n .

F u r th e r  ev id en ce  t h a t  t h e  re c o rd e d  r a d i a t i o n  i n t e n s i t i e s  

were to o  low comes from a c o n s id e r a t i o n  o f  th e  o v e r a l l  h e a t  

b a l a n c e .  From t h e  l a t e s t  v a lu e s  f o r  t h e  s p e c i f i c  h e a t s  of 

th e  e x h a u s t  g a s e s  (14) t h e  s e n s i b l e  h e a t  d is c h a rg e d  by way 

o f t h e  exhaust g a s e s  ( te m p e ra tu re  o f  1 5 0 0 ° F .) was a p p ro x i­

m a te ly  54 ,000  BTU/hr. The r a t e  o f  c o n v e c tio n  from th e  

s u r f a c e  o f  th e  cone was c a l c u l a t e d  t o  be  a p p ro x im a te ly  20,000 

BTU/hr. (3 ) .  T h is  would l e a v e  a p p ro x im a te ly  36 ,000  BTU/hr. 

to  be  d is c h a rg e d  th ro u g h  r a d i a t i o n ,  w hich amounts t o  33^ o f  

th e  t o t a l  en e rg y .

A lso , from th e  i n t e n s i t y  r e l a t i o n s h i p  g iv e n  on page 87 

a s u r f a c e  te m p e ra tu re  o f  1515°F. and .8  e m is s iv i ty ,  th e  

i n t e n s i t y  i s  c a l c u l a t e d  t o  b e  2900 BTU/Ft2 . /H r .  This does 

n o t  a c c o u n t f o r  t h e  a d d i t i o n a l  e f f e c t  due t o  t h e  h o le s  in  

th e  s u r f a c e .  The c o lo r  te m p e ra tu re  o f  t h e s e  h o le s  was 1750°F. 

(as m easured w ith  th e  o p t i c a l  p y ro m e te r) .  A nother f a c t o r  

which f a v o r s  th e  re a s o n in g  t h a t  t h e  m e te r  c a l i b r a t i o n  was i n  

e r r o r  r e s u l t s  from t h e  g e n e r a l  c a se  t h a t  th e  te m p e ra tu re
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as measured v /ith  an o p t ic a l  pyrometer i s  somewhat l e s s  than  

th e  r e a l su rfa ce  tem perature (a t l e a s t  10°F .)«

t h a t  t h e  i n t e n s i t i e s  a s  r e c o rd e d  shou ld  be  in c r e a s e d  by 1 .3  

t im e s  t h e i r  g iv e n  v a l u e s .

To u se  t h e s e  energy  d i s t r i b u t i o n  p l o t s  f o r  f in d in g  th e  

i n t e n s i t y  a t  any p o i n t  on t h e  g round  i t  i s  only n e c e s s a r y  

t o  assume th e  h e a t e r  u n i t  t o  be lo c a t e d  a t  some s e l e c t e d  

h e i g h t  (8 - f e e t )  and by t r ig o n o m e try  f i n d  th e  a n g le  t h a t  th e  

d i r e c t i o n  to  t h e  p o in t  i n  q u e s t io n  makes v /ith  th e  0 o r  n a d i r  

(downward v e r t i c a l ) .  Read th e  i n t e n s i t y  a t  1 - f o o t  in  t h i s  

d i r e c t i o n  from th e  g ra p h ,  c a l c u l a t e  t h e  d i s t a n c e  t o  th e  

p o in t  by t r ig o n o m e try  and d iv id e  th e  i n t e n s i t y  by th e  sq u a re  

o f  t h i s  d i s t a n c e ;  t h u s ,  g iv in g  t h e  i n t e n s i t y  a t  t h a t  p o in t .

As an example th e  fo l lo w in g  problem  i s  assum ed:

F in d  th e  i n t e n s i t y  a t  20 f e e t  from e i t h e r  u n i t  when th ey  

a r e  8 - f e e t  h ig h ?

Angle from  n a d i r ,  0 » tan"-** 20 /8  = 6 8 .2 °

From energy d i s t r i b u t i o n  c u rv e s ,

F o r  60° cone — I^  ( i n t e n s i t y  a t  1 - f o o t )  = 2320 BTU/Ft2 . /H r .  

F o r  32° cone — I j  = ° r7° r' •Q'nTT/w2 /u "

In  view  o f  t h e  above c o n s id e r a t i o n s  i t  seems l o g i c a l

L ( d i s t a n c e  t o  p o in t on g round
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I n t e n s i t y  a t  20 f e e t  from 60° cone = 2320/L2 = 2320/4-64 =

5 BTU/Ft . /H r .  o r ,  by ap p ly in g  th e  su g g e s ted  c o r r e c t i o n ,

i n t e n s i t y  = 5 x  1 .5  s  6 .5  BTU/Ft2 . /H r .

I n t e n s i t y  a t  20 f e e t  from 32° cone = 2720/464 =

5 .8  BTU/Ft2 . /H r .  o r  = 5 .8  x  1 .3  = 7 .5 4  BTU/Ft2 . /H r .

These c a l c u l a t i o n s  show th e  a p p a re n t  a d v a n ta g e  o f  t h e  

52° cone over t h e  60° cone in  g iv in g  a  more f a v o r a b le  d i s ­

t r i b u t i o n  o f  th e  r a d i a n t  e n e rg y .

Making a l lo w a n c e  f o r  th e  p ro b a b le  e r r o r s  in  t h e  r a d i a t i o n  

i n t e n s i t y ,  t h e  ev id e n c e  f a v o r s  an  e x p e r im e n ta l  a p p l i c a t i o n  

o f  t h e  32° c o n e - ty p e  w ith  a s  many h o le s  a s  p o s s i b l e  th ro u g h  

i t s  s u r f a c e .  A lso , a ceram ic m a t e r i a l  shou ld  be a t t a c h e d  

t o  t h e  bo ttom  s id e  o f  t h e  ceram ic t o p ,  a l lo w in g  t h i s  a d d i t i o n  

to  p r o j e c t  down i n t o  th e  volume of t h e  cone. This would 

i n c r e a s e  t h e  r a d i a t i o n  th ro u g h  th e  h o le s  i n  t h e  s u r f a c e .

W ith t h e  above im provem ents t h i s  ty p e  o f  h e a t e r  u n i t  

sh ou ld  prove t o  p ro v id e  s u f f i c i e n t  p r o t e c t i o n  when spaced 

f i f t y  f e e t  a p a r t  a t  an  e l e v a t i o n  of e i g h t  f e e t .  I t  w i l l  r e ­

q u i r e  an o p e r a t io n  under  n a t u r a l  f r o s t i n g  c o n d i t io n s  t o  

d e te rm in e  t h e  r e a l  v a lu e  o f  t h i s  u n i t  and t h e  l a t e  blooming 

f lo w e rs  sh o u ld  p ro v id e  an  i d e a l  p rov ing  g ro u n d s .
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Summary

The p r i n c i p a l  cau se  of damage t o  a g r i c u l t u r a l  c ro p s  

by f r e e z i n g  r e s u l t s  from r a d i a t i o n - t y p e  f r o s t .  I t  was found 

t h a t  t o  u s e  r a d i a n t  energy  a lo n e  r e q u i r e s  a r a d i a t i o n  i n ­

t e n s i t y  o f  10 E T U / s q . f t . / h r .  t o  p r o t e c t  low growing v e g e t a t i o n  

a g a in s t  t h e  f r o s t i n g  c o n d i t io n s  most l i k e l y  t o  occur d u r in g  

t h e  growing s e a so n .  However, f o r  t h e  few co ld  w ind -bo rne  

f r e e z e s  w hich have o c c u r re d ,  th e  r a d i a t i o n  i n t e n s i t y  h a s  t o  

b e  in c r e a s e d  t o  a p p ro x im a te ly  65 B T U / s q . f t . / h r .

The u se  o f  co n v ec ted  o r  s e n s ib l e  h e a t  h a s  p roved  t o  

a f f o r d  p r o t e c t i o n  a g a i n s t  r a d i a t i o n - t y p e  f r e e z e s .  This 

method i s  p r a c t i c a l  p a r t i c u l a r l y  f o r  v e g e t a t i o n  two f e e t  or 

more above th e  ground, and when th e  te m p e r a tu r e  g r a d i e n t  i s  

s u f f i c i e n t l y  h ig h  ( te m p e ra tu re  i n v e r s i o n ) .  I n  c o n t r a s t ,  

u nder  c o n d i t io n s  o f  a p p r e c i a b l e  wind l i t t l e  can be done 

tow ard h e a t in g  th e  su rro u n d in g  a i r  t o  p ro v id e  p r o t e c t i o n  f o r  

v e g e t a t i o n  a g a in s t  f r e e z i n g .  However, i n  t h e  m a jo r i ty  o f  

ca ses  damaging f r e e z e s  do n o t  accompany a p p r e c i a b l e  w ind.

The F ro s tg u a rd ,  w hich was d e s ig n e d  t o  p ro v id e  p r o t e c t i o n  

e x c lu s iv e ly  th ro u g h  r a d i a n t  e n e rg y ,  was found  t o  be  ex p en s iv e  

i n  te rm s o f  t h e  amount o f  p r o t e c t i o n  a f f o r d e d .  A lso , t h e  

b u rn e r  was somewhat e r r a t i c  i n  i t s  o p e r a t io n .  T h is  s tudy

A
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on t h e  F ro s tg u a r d  was made w i th  two o b j e c t i v e s  i n  mind:

(1) t o  red u ce  t h e  f lam e volume so t h a t  th e  s i z e  o f  t h e  u n i t s  

cou ld  b e  made s m a l le r  i n  o rd e r  t h a t  p r a c t i c a l  r e f l e c t o r s  

would f a c i l i t a t e  b e t t e r  d i s t r i b u t i o n  o f  t h e  g e n e ra te d  r a d i a n t  

en e rg y , and (2) t o  in c r e a s e  t h e  d e p e n d a b i l i ty  or s t a b i l i z e  

t h e  b u r n in g .

F o llow ing  an a n a l y s i s  o f  t h e  p h y s ic a l  and chem ical 

p r o p e r t i e s  o f  k e ro se n e ,  e x p e r im e n ta l  a t t e m p ts  were made t o  

improve th e  F ro s tg u a rd  a lo n g  th e  above two l i n e s .  To reduce  

t i ie  f lam e  volume r e q u i r e d  a  b e t t e r  m ixing o f  t h e  a i r  and 

f u e l - v a p o r  b e f o r e  b u rn in g  s t a r t e d .  However, s in c e  th e  i g ­

n i t i o n  te m p e r a tu r e  o f  k e ro s e n e  i s  below  i t s  s a t u r a t e d  vapor 

te m p e ra tu r e  a t  80 p s i g ,  b u rn in g  would s t a r t  a s  soon a s  s u f ­

f i c i e n t  a i r  was e n t r a in e d  t o  g iv e  a c o m b u s tib le  m ix tu re .  

T h e re fo re ,  s in c e  t h e  b u rn e r  i s  o f  t h e  p r e s s u r e  h e a t - v a p o r iz in g  

ty p e ,  l i t t l e  cou ld  b e  done t h a t  would induce  a b e t t e r  a e r a t i o n  

o f  th e  f u e l  v apo r i n  o rd e r  t o  red u ce  th e  f lam e volume.

The reaso n  t h a t  th e  F ro s tg u a rd  f a i l e d  t o  o p e ra te  s a t i s ­

f a c t o r i l y  in  wind i n  e x c e s s  o f  5 KPH r e s u l t e d  from a l a c k  of 

s u f f i c i e n t  a i r  f o r  com bustion , which reduced  i t s  v a p o r iz in g  

c a p o .c i ty . T h is  problem  was so lv e d  t o  a  s a t i s f a c t o r y  d eg ree  

by p la c in g  a  wind d e f l e c t o r  and scoop a t  th e  to p  and bo ttom , 

r e s p e c t i v e l y ,  o f  t h e  u n i t ,  and by th e  a d d i t i o n  o f  a  ceram ic



m a t e r i a l  a ro u n d  t h e  v a p o r iz in g  c o i l .  The wind d e f l e c t o r  

and scoop to o k  c a r e  of t h e  s te a d y  wind 'while t h e  ceram ic 

h e ld  s u f f i c i e n t  h e a t  t o  c a r r y  t h e  v a p o r i z a t i o n  th ro u g h  t h e  

g u s ty  wind c o n d i t i o n s .  A lso ,  t h e  ceram ic p roduced  a  s u f ­

f i c i e n t l y  h ig h  te m p e ra tu r e  su rro u n d in g  a t  th e  i n i t i a l  p o in t  

of com bustion  t o  red u ce  t h e  f lam e  volume somewhat. As a 

r e s u l t  th e  s u r f a c e  te m p e ra tu re  was in c re a s e d  by ap p ro x im a te ly  

100°F . w i th  th e  same f lam e volume.

F o llow ing  t h e  c o n c lu s io n  t h a t  b e t t e r  r a d i a n t  energy  

d i s t r i b u t i o n  co u ld  be more p r a c t i c a l l y  c a r r i e d  out by th e  

u se  o f  s m a l le r  u n i t s  spaced  c l o s e r  t o g e t h e r ,  work was c a r r i e d  

on t o  d ev e lo p  a  sm all non-pow ered  l i q u i d  p e tro leu m  f u e l  

b u r n e r .  The o b j e c t i v e  was t o  ac co m p lish  a  h ig h  r a t e  o f  

b u rn in g  i n  o rd e r  t h a t  a  c o n s id e r a b le  p a r t  o f  t h e  t o t a l  h e a t  

l i b e r a t e d  would be  d is c h a rg e d  a s  r a d i a n t  en e rg y ; t h i s  had t o  

be c a r r i e d  ou t w i th  a minimum o f  smoke.

S e v e ra l  d i f f e r e n t  p r i n c i p l e s  w ere t r i e d  w i th  v a ry in g  

d e g re e s  o f  s u c c e s s .  However, i n  view  o f  th e  c o s t ,  o p e r a t io n ,  

and smoke o u tp u t ,  i t  was fou n d  t h a t  t h e  p r i n c i p l e  employed 

by t h e  R e tu r n - s t a c k  Orchard H e a te r  (a s  deve loped  by th e  

U n iv e r s i ty  of C a l i f o r n i a )  was t h e  b e s t .

The in c r e a s in g  d i s t r i b u t i o n  o f  l i q u i f i e d  pe tro leum  g a s e s



p la c e s  t h i s  f u e l  a s  a  p o s s i b l e  so u rce  o f  h e a t  energy f o r  

f r o s t  damage c o n t r o l .  The s i m p l i c i t y  v.ri t h  which t h i s  f u e l  

can be  b u rn ed  e f f i c i e n t l y  t o  g iv e  r a d i a n t  energy a s  w e l l  a s  

s e n s ib l e  h e a t  g iv e s  r i s e  t o  d e f i n i t e  a d v a n ta g e s .  P r e s e n t ly ,  

th e  c o s t  i s  a p p a r e n t ly  a  d is a d v a n ta g e ;  however, t h e  low 

f i r s t  c o s t  o f  b u r n e r  u n i t s ,  low m a in te n an ce  c o s t ,  cheapness  

w ith  which th e  r a t e  o f b u rn in g  f o r  such a  b u r n e r  can be 

m odu la ted  and a u t o m a t i c a l ly  c o n t r o l l e d ,  and th e  p o s s i b i l i t y  

o f  com bining such a  s e tu p  i n t o  a perm anent i n s t a l l a t i o n ;  may 

w e l l  outw eigh t h e  c o m p a ra t iv e ly  h ig h  f u e l  c o s t .  One of t h e  

o b j e c t i v e s  o f  t h i s  s tu d y  was t o  d e v e lo p  a  LPG b u r n e r - u n i t  

which would be p r a c t i c a l  f o r  t h e  g ro w ers  o f  f lo w e rs  and 

h ig h e r  v a lu e d  t r u c k  c r o p s .  Such a  u n i t  was d e s ig n e d  and 

t e s t e d  to  e v a lu a t e  i t s  o p e r a t in g  c h a r a c t e r i s t i c s .  The r e s u l t s  

o f  t h i s  t e s t  i n d i c a t e d  t h a t  th e  u n i t  was ready  t o  be t r i e d  

u n d e r  n a t u r a l  f r o s t i n g  c o n d i t io n s .  The ty p e  of v e g e t a t i o n  

and f r e e z i n g  c o n d i t io n s  w i l l ,  o f  c o u rs e ,  d e te rm in e  t h e  e x te n t  

o f  p r o t e c t i o n  a f f o rd e d ;  however, i t  i s  su g g e s te d  t h a t  th e s e  

u n i t s  be  spaced f i f t y  f e e t  a p a r t  and e i g h t  f e e t  h ig h .  The 

above sp a c in g  i s  s u g g e s te d  f o r  f a i r l y  w e l l  exposed v e g e ta t io n ,  

such a s  to m a to e s ,  s t r a w b e r r i e s ,  e t c . ,  and  f o r  t h e  f r o s t i n g  

c o n d i t io n s  most l i k e l y  t o  occur d u r in g  th e  norm al growing 

se a so n .  The c o s t  i s  e s t im a te d  a t  $10 p e r  u n i t  o r  $160 p e r  

a c r e .  T h is  c o s t  i n c lu d e s ,  (1 ) r e n t  on ta n k s  (two p e r  u n i t ) ,

(2) r e g u l a t o r s ,  and  (o) b u r n e r - u n i t s .
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C onclusions

Both r a d i a n t  energy and convec ted  or s e n s i b l e  h e a t  a r e  

used  in  v a ry in g  amounts f o r  t h e  p r o t e c t i o n  o f  v e g e ta t io n  from  

f r o s t  damage. R a d ia n t  energy i s  more e f f e c t i v e  on low 

growing v e g e t a t i o n ,  and i f  a p p l i e d  v /ith  s u f f i c i e n t  i n t e n s i t y  

w i l l  p r o t e c t  u n d e r  f r e e z in g  c o n d i t i o n s  which a r e  accompanied 

by a p p r e c ia b l e  w ind . Convected h e a t  i s  more p r a c t i c a l  f o r  

v e g e t a t i o n  above two f e e t  when t h e r e  i s  l i t t l e  or no wind 

and on c o m p a ra tiv e ly  l e v e l  g round  s u r f a c e .  Any b u rn e r  

d i s c h a r g e s  b o th  ty p e s  of h e a t  ene rgy ; how ever, th e  p a r t i c u l a r  

d e s ig n  d e te rm in e s  th e  r e l a t i v e  am ounts . B o th  methods a r e  

more e f f e c t i v e  when r e l e a s e d  a t  s e v e r a l  p la c e s  over a c e r t a i n  

a re a  th a n  from on ly  a few p la c e s — fa v o r in g  sm a ll  h e a t e r - u n i t s .

Large r a d i a t i o n  equipm ent i s  i n e f f i c i e n t  i n  i t s  d i s t r i ­

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

ex p e n s iv e —a f a c t o r  which r e s t r i c t s  i t s  a p p l i c a t i o n  t o  th e  

h ig h e r  v a lu e d  c ro p s .  The p r e s s u r e  h e a t - v a p o r i z in g  ty p e  o f  

b u rn e r  u sed  i n  t h e  p r e s e n t  u n i t  i s  i n h e r e n t ly  e r r a t i c  in  i t s  

o p e r a t io n  and r e q u i r e s  c o n s id e r a b le  m a in ten an ce  f o r  s a t i s ­

f a c to r y  o p e r a t io n .

The p r i n c i p l e  employed by t h e  R e tu r n - s t a c k  Orchard 

H e a te r  s e rv e s  v e ry  w e l l  t o  b r in g  a b o u t  th e  e f f i c i e n t  c le a n
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b u rn in g  o f  a  c o m p a ra tiv e ly  h ig h  f u e l  r a t e .  I t  i s  e v id e n t  

t h a t  t h i s  h e a t e r  v;as d e s ig n e d  p r im a r i ly  t o  h e a t  o rchard  ty p e  

c ro p s ;  how ever, by r e - d e s ig n in g  so t h a t  more o f  th e  r a d i a t i o n  

would be  d i r e c t e d  downward, t h i s  p r i n c i p l e  cou ld  be' u sed  f o r  

th e  p r o t e c t i o n  o f  low growing v e g e t a t i o n .  Because o f  th e  

low i n i t i a l  c o s t ,  l a c k  o f  need  f o r  m a in ten an ce , and low 

o p e r a t in g  c o s t ,  a h e a t e r  c o n s t ru c te d  on t h i s  p r i n c i p l e  could  

be  p o s i t i o n e d  c lo s e  enough to g e th e r  t o  a f f o r d  p r o t e c t i o n  

a g a i n s t  th e  most p ro b a b le  f r e e z e s .

The l i q u i f i e d  p e tro leu m  g as  b u r n e r - u n i t  o f f e r s  p r a c t i c a l  

f r o s t  damage c o n t r o l  on c ro p s  such a s  f lo w e rs  o r  o th e r  h ig h e r  

v a lu e d  c ro p s ,  and p a r t i c u l a r l y  th o s e  c ro p s  which may become 

con tam in a ted  by o th e r  b u r n e r s .  A lso , t h i s  ty p e  o f  b u rn e r  

co u ld  be  in c o r p o r a te d  i n t o  an  a u to m a t ic a l ly  c o n t r o l l e d  s e tu p ,  

which co u ld  be m odula ted  t o  a  r a t e  o f  b u rn in g  t h a t  would 

p r o t e c t  a g a i n s t  th e  p r e v a i l i n g  f r e e z in g  c o n d i t io n ;  th u s ,  

e f f e c t i n g  a  sav in g  i n  th e  f u e l  consum ption .
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