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FOREWORD 

The work repor ted  h e r e i n  i s  an accumulation of  s e v e r a l  small 
r e l a t e d  e f f o r t s  over t h e  p a s t  two years ,  some i n  AXC programs, some 
supported by t h e  Department of  Housing and Urban Development but 

mostly t h e  resulk of t h e  personal  efforts of t h e  au thors  i n  prepar ing  

an e n t r y  f o r  t h e  1970 con tes t  o f  t h e  Swedish Assoc ia t ion  of' Engineers 

and A r c h i t e c t s  "Energy a t  a Bargain P r i ce . "  
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THE USE OF WARM WATER FOR HZATIPG AND COOLIBG 
P W T  AI'?D ANIMAL FiWCZOSURES 

S. E.  B e a l l  and G. Samuels 

ABSTRACT 

A method of u t i l i z i n g  t h e  warm water from t h e  condenser of a powel. 

p l a n t  t o  h e a t  and cool greenhouses and animal enc losures  i s  described. 

Most of t h e  hea t  i s  exchanged by d i r e c t  contac t  between a i r  and t h e  con- 

denser cool ing  vjater i n  fibrous pads wi th  t h e  remainder be ing  t r a n s f e r r e d  

t o  t h e  a i r  from f inned tubes  for humidity cont ro l .  A s  t h i s  method w a s  

a l s o  used t o  cool t h e  enc losures  i n  t h e  summer, t h e  system can be used 

a s  t h e  power p l a n t  hea t  r e j e c t i o n  system. 

Using t h e  F o r t  S t .  Vrain Nuclear Generat ion S t a t i o n  (which uses 

cool ing  towers t o  r e j e c t  500-fi h e a t )  of t h e  Colorado Pub l i c  Serv ice  

Company of Colorado a s  a s i t e  f o r  study, it was found t h a t  t h e  c o s t  o f  

t h e  equipment r equ i r ed  t o  u t i l i z e  t h e  warm water ),vas i n  t h e  range o f  the 

cos t  of hea t ing  systems for  convent ional  greenhouses. Since t h e  cos t  of' 

hea t ing  greenhouses i n  t h e  Denver a r e a  i s  over $5,000 per ac re  per  year ,  

t h e  p o t e n t i a l  value of t h e  hea t  be ing  wasted from t h e  p l a n t  i s  g r e a t e r  

t han  $1,000,000 pe r  year .  

Keywords : G r  e enhous e s 
Animal Enclosures  
Waste Heat 
Con t r o 11 e d E nv i r onm e ut 





INTRODUCTIODI 

The growing concern over thermal  p o l l u t i o n  has  a t t r a c t e d  a t t e n t i o n  

t o  t h e  importance of making some use  of t h e  hea t  i n  water  being d iscarded  

by i n d u s t r i a l  processes ,  e s p e c i a l l y  s t eam-e lec t r i c  genera t ing  s ta t for i s  

Since 1968, t h e  Oak Ridge n a t i o n a l  Laboratory has s tud ied  

s i b l e  uses  ( inc luding  lrlunicipal, i n d u s t r i a l ,  ag r i  c u l t u r a l  and aquacult,ural) 

for w a r m  waters .  Th i s  document r epor t s  t h e  r e s u l t s  of t h e  a g r i c u l t x r a l  

a p p l i c a t i o n ?  fox. c o n t r o l l e d  environment s t r u c t u r e s .  

1 s e v e r a l  pos- 

It i s  a happy coincidence t h a t  t h e  temperatures  of  rridny i n d u s t r i a l  

e f f l u e n t  waters  a r e  i n  t h e  rar@ which most p l a n t s  and a n i m a l s  f ir id corn- 

f o r t a b l e ,  t h a t  i s ,  60 t o  90°F. 
coincidence, we have developed a conceptual  design of a hea t ing-cool ing  

sys-tera which makes use of warm water  t o  c o n t r o l  temperatures  i t 1  greennouses 

and animal enc losures .  I n  t h i s  des ign  the peenhouses ,  e t c . ,  perform a s  

cool ing  towers t o  d i s c a r d  some o r  a l l  o€ t h e  h e a t  from t h e  power s t a t i o n  or  

o t h e r  hea t  producer,  while  ma in ta in ins  t h e  d e s i r e d  temperature  wi th in  t h e  

house. Althouyh t h i s  s tudy  examines the f e a s i b i l i t y  of using a l l  of t h e  

r e j e c t  hea t  from a medium-sized porrrer stbtior!, w e  recognize that f e w  pro- 

spec t ive  u s e r s  could cons ider  large complexes. However, whatever f r a c t i o n  

of t h e  hea t  can be used i n  such a f a sh ion  c-onserves t o t a l  energy r e -  

bowces ,  o f f e r s  an a t t r a c t i v e  sav ing  t o  t h e  grower, and could be prol’ i table  

t o  t h e  u t i l i t y .  

I n  exp1orin:i; ways t o  t a k e  advantage of  t h i s  

The p r a c t i c e  of growing f r u i t s  and vegetab les  i n  hea ted  greenhouses 

has  been pracl;ic:ed s ince  Roman t imes .  

cucumbers for Emperor T ibe r ius  Comrrrercial greenhouse f lower c u l t u r e  long 

bas been cornrrion throughout t h e  world, but only  i n  r e c e n t  yea r s  havt? vc’ge- 

t a b l e s  been cu l tu red  indoors  on 8 commercial s ca l e .  Undoubtedly, t h e  

r i s i n g  cos t  of  l abo r  and t r a n s p o r t a t i o n  and t h e  growing s c a r c i t y  of slit- 

ab le  l and  have con t r ibu ted  t o  t h e  risin:: p r i c e s  o€ veg‘rtables and t h e  i r n -  

proved prof i i ;  outlook f o r  indoor c u l t u r e .  Cornrrlercial ventures  oi consider-  

ab le  s i z e  have been Luccessful  i n  Sweden, Holland, Rumania aad I ce l and”  

In tkie United S t a t e s  t h e  largest area  under covered cul t ivat#ior-  i s  in the  

v i c i n i t y  of Cleveland, Ohio, where approximately 700 ~ c r i j s  a r e  in use €or 

ilowPr and vegetab le  product ion.  

Plin? recorded t h e  c u l t i v a t i o n  of 
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The product ion of b r o i l e r s  i n  enclosure:; i s  a very  l a r g e  indus t ry  i n  
t h e  United S t a t e s ,  b-dt i s  nea r ly  confined t o  t h e  mild sec t ions  of t h e  

country where hea t ing  c o s t s  a r e  minimum. Egg product ion i s  b e t t e r  d i s t r i -  

buted and, a l though n0.t a s  sens i t i .ve  t o  c l i m a t i c  condi t ions ,  r e q u i r e s  s i z e -  

a b l e  q u a n t i t i e s  of hea t  f o r  maximum product ion e f f i c i ency .  Few l a r g e r  ani.- 

mals a r e  grown i n  enc losures  a l though swine a r e  provided wi th  s h e l t e r  i n  

cold a reas .  

Enclosed product ion o f f e r s  s e v e r a l  oppoytuni t ies  f o r  h igher  y i e lds ,  

b e t t e y  use of  land,  automation Lo reduce labor, and. animal waste poll .utIon 

abatement. F igure  1. shows how t h e  growth of  gavcrab animals- can be j.rryroved 

by b e t t e r  environmental  cont ro l ,  and Table 1 i n d i c a t e s  how c a r e f u l  a t t enb ion  

t o  temperature  cart improve t h e  coriversion of  feed  t o  f l e s h .  P l a n t s  a,l.so pro- 

duce best when optirnixn temperatures  a r e  maintai-ned, a s  indi.cated i n  Fig. 2 -  

The cost of maintaining t h e  des i r ed  temperatures  i i i  w in te r  and swome:r 

i s  a p-riricipal element i n  t h e  product  food cos t .  Because of t h i s  expense, 

many warm-weather crops a r e  not  grown i n  the winter  and ma.ny cool-weather 

crops cannot be grown p r o f i t a b l y  duriilg the hot months. A one-acre glass- 

house i n s t a l l a t i o n  maintained a t  65 F minimum temperature  f o r  a win ter ,  

w i th  hea t  cos t ing  $1.50/mil l ion B-ku, might have a t o t a l  heating; c o s t  as 

h igh  a s  $8,000 t o  $1.0,000; poultry hea t ing  c o s t s  of  more t h a n  l f / b i r d  a r e  

not unusual f o r  co ld  cl-imates. Presumably, an  ope ra t ion  which broke even 

f i n a n c i a l l y  wi th  t h i s  expense could show a p r o f i t  a t  lower h e a t  cos t .  Much 

lower hea t  c o s t s  and more p r o f i t a b l e  ope ra t ions  a r e  poss ib l e  i f  t h e  thermal  

d ischarge  of power p l a n t s  can be made a v a i l a b l e  t o  t h e  l a r g e  food growers. 

Figure 3 shows our est?-mate o f  t h e  incremental  cost, of low-temperature heat 

from mod.ern power s t a t i o n s  - nuclear  and coa l .  The c a l c u l a t i o n  

t h a t  t h e  hea t  i n  t h e  normal condenser o u t l e t  water  i s  a v a i l a b l e  a t  no cos-ti. 

A t  any h igher  temperature,  t h e  c o s t  i s  based on t h e  r educ t ion  i n  p l a n t  e f -  

f i c i ency ,  us ing  a 1k$ f i x e d  charge r a t e  f o r  t h e  i.nereased c a p i t a l  c o s t  re- 

qui red  to maintain a f i x e d  e l e c t r i c a l  ou tput  and an  addi t ional-  f u e l  charge 

of l.6$/'0 

0 

Z S  
12 

6 6 Btu for. nuclear  f u e l  or :q!/lO Btu f o r  coal.. 

We have explored a conceptual. des ign  of a I-arge con t ro l l ed  enviro.ment 

instal.l.at ion  which inight, r ep lace  t h e  h e a t  d i s p o s a l  equipment normally in -  

s t a l l e d  i n  a medtum-sized power s t a t i o n .  The p l a n t  chosen f o r  s tudy  i s  t h e  
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Table 1. E f f e c t  o f  Temperature on Feed Conversion 

Feed 
Temp. Lb Feed/Lb E f f i c i e n c y  
( O C )  We i ght  Ga i n  (%I 

Chickens ( 3 ,  4) 

C a t f i s h  (5) 

Hogs (6) 

24 2 .7  39 

34 1 .9  52 

30 2.1 48 

ind i -v idua l  Hog 3 5.9 
Group 3 )-I- . 3 

Group 8 3.8 
Group 15,23 3.4 

Milk Cows (") ( J e r s e y )  - 13 2.1 

25 

75 
65 

48 
10 0.65 128 

38 0.55 180 
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33O-Mwe gas-cooled nuc lear  s t a b i o n  be ing  cons t ruc ted  a.t Fo r t  St. V-aFn, 

Colorado, t o  be operated by t h e  Pub l i c  Serv ice  Cornpan> of C o b r a d o .  

t e d l y ,  we chose t h i s  p l a n t  f o r  s tudy because of s e v e r a l  favorable  f a c t o r s ,  

'out w e  be l i eve  . there are  many similar sites which. would. be eq;m,l.l.y 8%- 

t r a c t i v e .  Fort, St. Vrain is locatted a'rmut 35 mi les  north of Denver, Ci31o- 

rado. The s i t e  of  approximately 1.200 ac res  i s  i n  a f'erli1.e a g r i c u l t u m l  

area a t  which wakr  i s  i n  sho r t  supply. As at, most r e a c t o r  p l m t  sit,es, 

the land i s  needed for an exclusion. a r e a  and. would riot normaPly 'be used 

except on B l ea se  mracgement f o r  grazing o r  open.-field agricul.tu:re. The 

cl imate  i s  cold enough t o  l , i m i t  t h e  outdoor c u l t i v a t i o n  of  most f lowers  

and vegetab les  t o  t h e  sucamer monkhs. Very Yew b r o t l e r s  a r e  grown ic C o i -  

r a d o  but  e g g  proctuctioxi. i s  p r a c t i c e d  ex tens ive ly .  'The a i r  i s  d?y,  w i th  a 

low wet-bulb temperature,7 making it poss ib l e  t o  cool. 100°F water to belo.+? 

75 P by evaporat ion i n .  the  hot; months. Winter t;ernpera.tures i n  t,he :Denver. 

area are low, aQd poorly insul.ated structures such a s  greenhouses o r  
pou l t ry  houses r equ i r e  1 m g e  qua r i t i t i e s  o f  heat;. 

A+nit- 

0 

The popula t ion  of Deriv-er i s  about 1.1 m i l l i o n  people arid t h e i r  f r e s h  

vegekable and p o u l t r y  requ.irements are l a r g e .  The U. S..D>A, records  for 

Vegetable shipments .to Denver in 1968 are shown i n  Table 2* The l .wge 

quan.t i%ies of fresh vegetab les  needed 'by the Denver w e a ,  If tihey could be 

suppl ied from l o c a l  greenhouses, w o u ~  r e q u i r e  at, l e a s t  400 ac res  o p e ~ ~ t e d  

throughoutJ %he year. The b r o i l e r  and egg aeeds of the  ci.ty a r e  a l so  large: 

based on t h e  average consumption i n  t h e  'IJni2;ed S t a t e s ,  t h e  Denver poptil.ati.or! 

r e q u i r e s  22 m i l l i o n  b r o i l e r s  and 400 mYLlion eggs per  yea r .  

house a rea  f o r  t h i s  l e v e l  of product ion .would be about LOO Bcres. 
Tbe pou l t ry  

The cost of shipp5ng this produce frorrl Trrest,ern and southern s t a t e s  .is 

s e v e r a l  cen ts  pe r  pound- This cost, of course,  pu t s  l o c a l  producers i n  a-n 

advantageous pos i t i on .  Even at rz 2 lb f r e i g h t  charge, a crop whi,ch yiel.decl 

200,000 l.b/acre would give t h e  grower a $4,000/acre advantage Tiro-iler :pro- 

du.ction r a t e s  a r e  gsea. ter  t h a n  l / 2  m-fll ioa pounds p?:* ac re ,  rna.king a savirlg 

of $lO, rJOO o r  more per ac re  appear  poss ib l e  i n  shipping c o s t s  a lone.  

?/' 
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THE FORT ST. VRAIN POWER PLANT 

- -  

The high-temperature gas-cooled r e a c t o r  (HTGR) p l a n t  a t  Fo r t  St. :‘rain 

was designed f o r  The Pub l i c  Serv ice  Company of Colorado by the Gulf General 

Atomic Company.” 

equipped t o  dispose of 1.7 x 10 

tower.  Under maximum power condi t ions ,  t h e  t o ~ e r  r ece ives  102 F’ water from 

t h e  t u r b i n e  condenser a t  a r a t e  of 155,000 gpm, cools it, and r e t u r n s  i t  t o  
t h e  condenser a t  e0 F. The c o n t r a c t  cos t  €or t h e  tower i s  about, $1,500,c)00 

and ope ra t ing  and mainTenance c o s t s  a r e  es t imated  t o  be $50,000 per  year .  

It, i s  to opera t e  a t  39.5% thermal  e f f i c i e n c y  and i s  
8 Btu/hr. by means of a fo rced -d ra f t  cooling 

0 

0 

I n  essence,  w e  propose t h a t  -chis cool ing  tower could be rep laced  a t  

ro:nghly similav c o s t s  by i n s t , a l l i n g  many smaller  coolers i n  a very l a r g e  

greenhouse (and/or p o u l t r y  house) range buil?; c lose  t o  t h e  power p l a n t  on 

l and  l eased  from t h e  u t i l i t y .  (There a r e  no plans  t o  b u i l d  s u r h  ari i n s t a l -  

l a t i o n . )  We w i l l  show t h a t  t h e  greenhouses could be cooled a n d  heated w i t h  

t h e  hot  condenser o u t l e t  water  and t h a t  t h e  water  would be r e tu rned  at tem- 

p c r a t u r e s  about 10 €’ lower than  t h e  proposed cool ing  tower design temper- 

a tu re s .  Our design 5s based on s humid h e a t  exchange sys tC2m bu t  provides  

f o r  t h e  a d d i t i o n  of’ some dry  hea t  t o  reduce humidi t ies ,  i f  necpssary,  t g  

p r o t e c t  aga ins t  d i seases  of fungal  growths and o the r  problem; a s soc ia t ed  

w i t h  high humidi t ies .  Although t h e  d i scuss ion  hencefor th  relaf,es t o  green- 

houses, w e  b e l i e v e  t h e  concept i s  fea ; ib le  i’or o the r  coni,rollzd environment 

a p p l i c a t i o n s  i n  a g r i c u l t u r e .  

0 

COOLING AND HEATING DESIGN REQUIREI’EBTS OF GLASSEXQIJSES 

The type  of greenhouse we have chosen Tor t h e  h e a t - t r a n s f e r  s tudy i s  

t h e  r ig id ,  glass-covered, “Clear Span“ type  manufactured by t h e  l k t i Q n 3 1  

Greenhouse Company of Pana, Illinois. Each  house i s  approximately 50 f ee t  

wide by 100 f e e t  long, arranged w i t h  common s i d e s  so t h a t  :LO u n i t s  form. one 

s t r u c t u r e  500 f e e t  wide, Each 50 x 100 ft u n i t  i s  equipped w i t h  e-vapora- 

t i v e  coo l ing  pads ( t o  be descr ibed  l a t e r )  ac ross  one end ( I j O - f t  width) and 

wi th  exhaust f ans  a t  t h e  oppos i t e  end. We a l low f o r  su:fficient P i m e d  tube  

sur face  f o r  t h e  a d d i t i o n  of dry  hea t  t o  reduce r e l a t i v e  humidi t ies  t o  the 
75 .to 80% l e v e l .  The arrangement of  houses, roads,  and p ip ing  i s  shown i n  
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Fig .  4. 
t o  provide an  economical p ip ing  layout ,  and t h e  f a n s  exhaust i n t o  t h e  ?5- f t  

wide zerv ice  road a rea .  

Note t h a t  t h e  cool ing-heat ing pad ends a r e  lbca t ed  "back-to-back" 

'The complete i n s t a l l a t i o n  of greenhouse, p o u l t r y  houses, and food-pro- 

c ~ s s i n g  p l a n t  i s  l a i d  out  on t h e  s i t e  plot i n  F ig .  5. Space i s  provided 

f o r  a f u t u r e  fi.sh c u l t u r e  a r e a  of 50 a c r e s  t h a t  riould be f ed  by blowdown 

water  from t h e  cool ing  system. With s e v e r a l  d i f f e r e n t ,  l a r g e - s c a l e  food- 

p rodwing  and process ing  i i n i t s  on t h e  same s i t e ,  t h e r e  aye s e v e r a l  opportu-  
f l j t t e c  f o r  synergism. &'% F n i m a l  w a - t p -  a n d  pf-oCe--ivz k j a c '  c ~ i ~ ;  3e i n -  

cowora ted  i n t o  f e r t i l i z e r  and €ccd t o  be recycled.  

t h e  complex would be an  obviously d e s i r a b l e  choice.  These and o the r  f ea -  

t u r e s  of t h e  food coriiplex should be t h e  sub jec t  o f  f u r t h e r  study. 

A common managernerk of 

Cooling and H e a t k g  Design Considerat ions 

The p r o p e r t i e s  of  g3.ass make greenhouses very  e f f i c i e n t  s o l a r  radi.- 

a t i o n  hea t  t r a p s .  Glass  t:ran.smi.ts most of the incoming so1a.r r a d i a t i o n  

(0.5 t o  2 microns) ,  bu t  because t h e  wave l z z i ~ t ' n  of  t h e  r a d i a t i o n  from the 

i n s i d e  of t h e  house i s  i n  t h e  3 t o  50 micron range where g l a s s  i s  a good 

absorber ,  very  l i t t l e  of  the energy i s  r e r a d i a t e d  from t h e  house. Thj.n 

polyethylene and mylar plastic-: shee t  and s p e c i a l  grades of r i g i d  Fi-kerg,,. L,: 

have t ransmiss ion  c h a r a c t e r i s t i c s  stmilar t o  g l a s s  and a r e  widely used a s  

greenhouse covering ma te r i a l s .  

The t o t a l  energy absorbed by a g l a s s  su r face  depends on t h e  l a t i t u d e  

and a l t i t u d e  of t h e  loca t ion ,  t h e  time of year  ( s o l a r  d e c l i n a t i o n ) ,  t h e  

ti.nie of day, t h e  atmospheric condi t ions ,  and t h e  orienta-Lion of t h e  sur face .  

For the  For t  S t .  Vrain s i t e  ( a p p r o x h a t e l y  40 degrees  no r th  l a - t i t u d e ) ,  t h e  

maximl-un s o l a r  r a d l a t i o n  occurs  a t  noon (sunt ime)  on June 21, and a.moun-ts t o  
an est imated 295 Btu /hr . f t  . 
minimum, the  h e a t  1oa.d. on a c l e a r  day w i l l  be about 140 Btu /hr . f t2 .  

p a r t  of t h e  incoming s o l a r  energy r e su l . t s  3.n a s e n s i b l e  heat load. on t h e  

cool ing system. 

p l a n t s  and g:toun.ci and r ep resen t s  a l a t e n t  hea t   load.'-'^' For cool ing desigu 

purposes t h e  l i l ax imurn  hea t  load  on t h e  greenhouses f o r  t h e  For t  S t .  Vrain 

2 On December 21., when t h e  so l a r  a l t i t u d e  i s  a 

Only 

Approximately 5C$ of t h e  energy evaporates  water from t h e  
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s i t e  has been t aken  a s  150 Btu/hr - f t '  s ens ib l e  h e a t  and 14> B t u / h r - f t 2  

l a t e n t  hea t .  The ambient a i r  condi t ions  were t aken  as  95 F dry  bulb  and 

6b°F wet bulb.  

d i t i o n s  w i t h  t h e  peak s o l a r  l oad  i s  r a t h e r  conserva t ive  because t h e  peak 

a i r  temperature  normally occurs  a f t e r  t h c  sun has passed i t s  maximum alt,i- 
tude.  

0 

It should be noted t h a t  combining t h e  worst a i r  design con- 

The m a x i m u m  hea t ing  requirements  a r e  determined by t h e  ou t s ide  a i r  
temperature ,  t h e  wind v e l o c i t y ,  and t o  some e x t e n t  by t h e  des ign  of  t h e  

greenhouse and t h e  method of' hea t ing .  The a i r  and wind condi t ions  assumed 

for des ign  purposes a r e  0 F and 50% r e l a t i v e  humidity and a wind v e l o c i t y  

of 1 5  mph. It i s  a l s o  assumed t h a t  t h e s e  condi t ions  occur on a clear. n igh t  

rcitli an  e f f e c t i v e  sky temperature  of -1OOOF. 

t o  be b u i l t  i n  rows of t e n  50 - f t  x 100-ft u n i t s ;  t h e  hea t  l o s s  through t h e  

s i d e  wa1.l~ will be small compared to t h e  roof  l o s s e s .  The hea t  l o s s  from 

t h e  roof a s  a f u n c t i o n  o€ t h e  ou t s ide  air  temperature  and t i le roof temper- 

a t u r e  i s  shown i n  F ig .  6. The h e a t - t r a n s f e r  c o e f f i c i e n t  f o r  an a i r  veloc-  

0 

The greenhouses are assumed 

i t y  of  1.5 rnph i s  about 4 and t h e  r a t i o  of roof a r e a  t o  the 

i s  assumed t o  be 1.08. Heat l o s s e s  a r e  a lso shown f o r  t h e  

except t h a t  t h e  a i r  temperature  has been reduced t o  -30°F. 

l o s s  t hen  depends on a h e a t  balance between t h e  r a d i a t i o n ,  

condensation hea t  input  to t h e  roof  and l o s s  from 

depends on t h e  method of hea t ing  and t h e  i n t e r n a l  

t h e  houses and will be d iscussed  later. 

The Evaporat ive Pad System 

Evaporat ive pad cool ing  systems a r e  commonly 

hori .zonta1 a r e a  

same condi t ions  

The t o t a l  h e a t  

conve e t  ion, and 

t h e  roof. This  balance 

air  r e c i r c u l a t i o n  w i t h  

Used i n  greenhouses to 

reduce t h e  temperature  i n  t h e  houses 01: hot ,  c l e a r  days. Und.er normal 

ope ra t ing  condi t ions  i n  a d-ry cl imate ,  t h e s e  systems reduce t h e  ternpera- 

tureg by LO -bo 20°F. The fol lowing d i scuss ion  i s  concerned w i t h  t h e  use 

of evapora t ive  pads as both a cool ing  system f o r  t h e  house and a hea t  dump 

or cool ing  tower f o r  t h e  power p lan t .  The evapora t ive  system chosen f o r  

s tudy  i s  one manufactured ( f o r  greenhouses) by Acme Engineer ing and Manu- 

f a c t u r i n g  Cornparby of  Muskogee, Oklahoma. The Acme coo l ing  pads a r e  2-ine- 
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t h i c k  wire  frames f i l l e d  wi th  a semi-permanent f i b r o u s  m a t e r i a l  ( s e e  

Fig.  7).  
a water f i l m  on t h e  f i b e r s  throughout t h e  pad. A i r  flows h o r i z o n t a l l y  

through t h e  v e r t i c a l  pads and i s  cooled (or heated)  depending on lc10w much 

evapora t ion  occurs  and how much s e n s i b l e  hea t  t ransf 'er  bakes p l ace .  Ozcr 

system is designed so t h a t  t h e  water  c o l l e c t e d  a t  t h e  base of t h e  pad 

always will be approximately 22 F cooler  (for t h e  Denver a r e a )  t han  $he 

e n t e r i n g  water,  and t h e  air  l eav ing  t h e  pads will be r e g u l a t e d  to t h e  

temperature  r equ i r ed  by t h e  c rop- -genera l ly  i n  t h e  60 to 80 F range. 

Btu /kr*f t ' . sens ib le  and 145 B t u / h r . f t  ' l a t e n t  i n  t h e  summer* 

house s i z e  of 50 f t  x 100 f t ,  t h e  t o t a l  ser is ible  h e a t  load i s  750,000 Btu/'nr. 

Assuming a m a x i m u m  temperature  r i s e  of  10°F through t h e  house, t h e  a i r  flow 

r a t e  i s  c a l c u l a t e d  to be about '73,000 cfm. The f a n s  normally used i n  t h e s e  

systems supply a head of about 0 .1  i n .  o f  water  and w i l l  d e l i v e r  150 t o  
200 cfm/f't 

Water flows onto t h e  pad from a t rough a t  t h e  t o p  and maintains  

0 

0 

A s  noted e a r l i e r  t h e  peak s o l a r  hea t  i npu t  t o  t h e  houses i s  about 150 
2 For a b a s i c  

2 of a r e a  of t h e  evapora t ive  pads- The r equ i r ed  f ace  a rea  of t h e  

pads i s  t hen  about 400 f t 2  and would be arranged along t h e  5 0 - f t  l e n g t h  and 

be 8 - f t  high. 2 The a i r  f low r a t e  i s  1-82 cfm/f't . 
Although t h e  pad manufacturer recommends a water  r a t e  on ly  1-/3 to 1 

g-pm/ft f o r  n o r m 1  cool ing  i n s t a l l a t i o n s ,  i r l  our  a p p l i c a t i o n  t h e  water  r a t e  

i s  a s  high as 3.5 gpm i n  order  t o  provide an adequate supply of cooled water  

€or t h e  power s t a t i o n  condenser. We have t e a t e d  t h e  pads a t  flow r a t e s  as 

h igh  as 5 g p r / l i n e a r  M;. 

t h e  water  temperature  requirements  

pads - a drop of 22 F. 

The power s t a t i o n  ope ra t ing  condi t ion  a l s o  s e t s  
x- 
10Z°F t o  t h e  pads and 80'~ from t h e  

0 

In des igning  a greenhouse cool ing-hea t ing  system, it i s  necessary  t o  

c a l c u l a t e  t h e  huinidity and temperature  of the condi t ioned  a i r ,  given ou t s ide  

air c h a r a c t e r i s t i c s  and t h e  d e s i r e d  water tempera tures .  Cooling tower eal-  
c u l a t i o n a l  methods a r e  concerned p r i m a r i l y  w i t h  t h e  water  cond i t ions  and  

*These requirements  a r e  s e t  by t h e  performance of t h e  e x i s t i n g  cool ing  
tower b u t  as w i l l  be seen f u r t h e r  i n  t h i s  study, t h e  eva o r a t i v e  pads a r e  
capable of cool ing t h e  same volme of water  t o  a 7O0F-90 P range, and off 'er  
a more e f f i c i e n t  t u r b i n e  sulnmer ope ra t ion  t o  compensate for  t h e  h igher  i n l e i ,  
temperature  and, t h e r e f o r e ,  somewhat; lower t u r b i n e  e f f i c i e n c y  i n  t h e  wirit,er 
months. 

8. 
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not t h e  condi t ion  of t h e  a i r .  Thus it was necessary  t o  perform an a n a l y s i s  

of t h e  s e n s i b l e  and l a t e n t  hea t  t r a n s f e r  wi th  t h e  pads and t o  develop tal- 

c u l a t i o n  procedures  f o r  evapora t ive  pad performance. The d e t a i l s  of t h e  

a n a l y s i s  and. t h e  method of c a l c u l a t i o n  a r e  presented  i n  t h e  Appendi-x, and 

t h e  r e s u l t s  a r e  d iscussed  l a t e r  i n  t h i s  r e p o r t .  But f i r s t  i t  will be in-  

formative t o  desc r ibe  how t h e  system work:i. 

A t y p i c a l  arrangement of heat , ing-cool ing pads and r e c i r c u l a t i o n  w i t h i n  

8 house i s  shown i n  F ig .  8. Noie t h a t  a c l e a r  p l a s t i c  shee t  s epa ra t e s  %h.e 

a t t i c  from t h e  growing area ,  and permi ts  t h e  a t t i c  t o  be used a s  a r e t u r n  

a i r  duct  t o  Tecycle t h e  c i r c u l a t i n g  a.ir. The percentage r ecyc le  depends or1 

whether l.1ea.t ing or cool ing  i s  requi red ;  r ecyc le  i s  accomplished b y  c l o s i n g  

t h e  ven t  lou-vers ( s e e  Fig.  8). 
Warm weather condi t ions  gene ra l ly  r e q u i r e  maximum cooli.ng a t  midday. 

For t h e s e  condi t ions  t h e  vent  l ouve r s  a r e  Oully open t o  permit d i scharg ing  

t h e  maximum amourit of hea t  t o  t h e  ou t s ide .  A i r  i s  p u l l e d  through the pads 

a t  one end of t h e  house, f lows over t h e  p l a n t s ,  and i s  discharged a t  the 
oppos i t e  end. 

A s i g n i f i c a n t  a d d i t i o n a l  advantage of t h e  d i r ec t ,  w a t e r - a i r  con tac t ing  

i s  t,he c leaning  e f f e c t  on t h e  a i r .  

hydrocarbons i s  a l r eady  a serious environmental  problem and - there  have been 

many r e p o r t s  of' p l a n t  damage r e s u l t i n g  from high  SO and smog concentrs-  

t i o n s  i n  t h e  h ighly  i n d u s t r i a l i z e d  a r e a s  of  t h e  world.  One of the  b e s t  

methods of removing t h e s e  contaminants i s  by water washing, which i s  ac-  

complished ve ry  e f f i c i e n t l y  i n  t h e  proposed evapora t ive  pad system. 

A i r  contamination w i t h  dus t ,  SO2, and 

2 

Winter O n e r a t i n e  Condit ions 

A s  t h e  t,ernperature decreases ,  t h e  e o q t r o l  system p a r t i a l l y  c l o s e s  t h e  

ven t  louvers ,  e f f e c t i n g  r e c i r c u l a t i o n  through t h e  a t t i c ,  and back t o  t h e  

pads t o  be mixed w i t h  t h e  inf low of e x t e r n a l  a i r .  A t  some low o u t s i d e  
0 temperature ,  about -30 F, t h e  vent  louver's mus-L be c losed  completely i f  the 

a i r  temperature  over t h e  p l a n t s  i s  t o  be kept  at about 72 F. I n  t h i s  oyer- 

a t i n g  mode, al.1 of t h e  a i r  5s r e tu rned  through t h e  a t t i c  t o  t h e  i n l e t  end 

t o  be rehea-ted i n  t h e  pads be fo re  be ing  d i r e c t e d  back t o  t h e  p l a n t s .  

0 
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The atmospheric condi t ions  e x i s t i n g  i n  t h e  greenhouse f o r  s e v e r a l  

w in te r  ope ra t ing  condi t ions  a r e  shown i n  Table 3-  The t o t a l  h e a t  d i s -  

charged by t h e  power p l a n t  i s  s u f f i c i e n t  t o  hea t  200 t o  2>0 a c r e s  of gresn- 

houses wi th  ambient tempera tures  a s  low a s  -3O'F. 

flow r a t e  per  greenhouse i s  )$t,100 lb/hr.. The f i r s t  f i v e  cases  shom in 

Table 3 a r e  f o r  14,100 lb /h r  and a t o t a l  air .  flow r a t e  of 153,000 lb /hr ,  

nihich i s  one-half  t h e  maximum capac i ty  of t h e  f ans .  The r ecyc le  r a t e  i c  

t h e  r e t u r n  a i r  flow r a t e  th roush  t h e  a t t i c  and t h e  vent  r a t e  i s  the amount 

discharged a t  t h e  f ans  (neg lec t ing  system leakage, t h i s  i,; a l s o  equal  t o  'she 

o u t s i d e  a i r  brought i n t o  t h e  pads) .  

t h e  emergency cond i t ion  i n  which t h e  power p l a n t  i s  shut  down and. hea t  js 

being suppl ied  by an a u x i l i a r y  o i l - f i r e d  b o i l e r .  I n  t h e s e  cases  the water 

r a t e  would be reduced t o  60% of the normal flow. 

b o i l e r ,  t h e  house temperature  could be he ld  a t  56 F with a O°F ou t s ide  tem- 
pe ra tu re .  A s  i nd ica t ed  by t h e  o the r  temperatures  i n  t h e  " a i r  tzmperature 

over p l a n t s "  column, a r a t h e r  wide range of temperatures  i s  a v a i l a b l e  for 

var ious  crop needs. 

For 200 a c r e s  t h e  water 

The l a s t  two cases  i n  Table 3 a r e  foil 

With a 150-Mw a u x i l i a r y  
0 

Table 3. Greenhouse Condit ions fo r  Winter Operat ion (200 Acre:;) a 

A i r  Temperature Range 
Out s i d e  Water A i r  Flow Kate of Mean 

A i r  Flow Over Throu@ Water Roof 
Temp Rate Recycle Vent P l a n t s  A t t i c  Temp Temp 

-50 44 100 153,000 0 72 72-65 66-88 1 

-15 44,100 153,000 0 76 76-69 71-93 15 

( Y) ( l b / h r )  ( lb/hr) ( l b / h r )  (OF) ( O F )  (OF) (OF) 0 

0 44,100 153,000 0 80 80-~74 75-g 26.5 
0 44,100 148,400 4,600 72 72-65 66-88 21 

0 4L,l00 141,1100 U , ~ O O  63 63-56 56-78 15 

0 2G7 500 153,000 0 56-% 56-50 51-73 12 

0 26,500 149,400 4,600 g* 51-44 45-67 8.5 

-%Emergency Power Cases . 

We recognize t h a t  t h e  very  h igh  n ight t ime humidi t ies  r e s u l t i n g  from 

t h e  r e c i r c u l a t i n g  mode o f  ope ra t ion  i n  win ter  or on cool summer days may 



22 

be objec t ionable  because of t h e  d i f f i c u l t y  of  c o n t r o l l i n g  b a c t e r i a l  and 

fungal  growth on p l a n t s .  Although some p l a n t  phys io log i s t s  argue t h a t  

modern b a c t e r i c i d e s  and fungic ides  a r e  adequate p r o t e c t i o n  t'or p l a n t s ,  

o t h e r s  argue f o r  lower humidi t ies .  The Uri ivers i ty  o f  Arizona and t h e  

Univers i ty  of Sonora, Mexico, a r e  cooperat ing i n  an expnriment15 t o  demon- 

s t r a t e  that, vege tab les  cat? be grown i r i  a lOC$ humidi.ty greenhouse environ- 

ment. Their  hea t  exchange system i s  s i m i l a r  t o  t h e  one proposed here  but  

makes use of a f a l l i n g  f i lm  of warm seawater on asbes tos  su r faces  in s t ead  

of  t h e  f i b e r  pads and f r e s h  water assumed i n  our study. Pou l t ry  r e sea rche r s  

a l s o  recommend lower humidi t ies  t o  avoid b i r d  s t r e s s  and t o  mai-ntain dryer  

droppings.  For these  reasons our design inc ludes  a bank of  pla-Le-coil  d ry  

h e a t e r s  (10,300 f t  of  hea t ing  sur face)  downstream of t h e  evaporat ive pads 

so t h a t  t h e  temperature  of t h e  s a t u r a t e d  a i r  from t h e  pads can be increased  

a few degrees wi th  a r e s u l t a n t  reduct ion  i n  r e l a t i v e  humidity t o  t h e  75 to 
80% range. 

f i r s t  flow through t h e  p l a t e  coi.1.s be fo re  emptying i n t o  t h e  t rough above 

t h e  evaporat ive pads. One-fourth t o  one-half  of t h e  t o t a l  h e a t  would be 

t r a n s f e r r e d  from -the c o i l s  and t h e  rernafnder from t h e  warm water  on the  

evaporat ive pads. 

2 

I n  t h i s  mode of opera t ion ,  t h e  water  from t h e  power p l a n t  w0u.l.d 

We f i n d  t h a t  t h e  For t  S t .  Vrain r e a c t o r  d i scharges  s u f f i c i e n t  'neat 
0 f o r  a 200-acre ope ra t ion  dur ing  -30 F weather.  For cases  i.n which l e s s  

than  200 a c r e s  a r e  heated, OT f o r  ambient tempera.ture condi t ions  g r e a t e r  

than  O°F, t h e  excess  hea t  suppl ied  t o  -the greenhouses would be dumped by 

inc reas ing  t h e  vent  r a t e .  This  excess  hea t  could be used. t o  inc rease  t h e  

house temperatures  above those  i n  Table 3 but  would r e s u l t  i n  high r e t u r n  

water temperatures t o  the  power p l a n t ,  which i s  not  des i r ab le .  I n  any 

case,  t h e  water tempera-Lure r e tu rned  t o  t h e  power p l a n t  condenser w i l l .  be 

about, 5 to 1.5 F lkss than  the  temperature  of t h e  a i r  pas s ing  over t h e  p l a n t s .  

All of t h e  win te r  condi t ions  l i s t e d  i n  Table 3 a r e  f o r  c l e a r  n igh t s  

and r a t h e r  severe wind cond-it ions (1.5 mph). 
t h e  r a d i a t i o n  hea t  l o s s e s  ai-e lower because t h e  e f f e c t i v e  sky - I - .  L emp e r a t u r  e 

i s  c l o s e r  t o  t h e  ambient a i r  temperature  t h a n  t h e  -1OOOF t y p i c a l  of  a 

c l e a r  n igh t .  During t h e  day t h e  sky ceases  t o  be a hea t  s ink  and becomes 

0 

For an overcas t  n igh t  sky, 



a heat  source and t h e  cond i t ions  in i h e  houses a r e  much d i f f e r e n t .  Even 

in L a t e  December, when t h e  so la r  k a t  load  is a minimum, t h e  hea t  input  

varies horn akout 45. Bt~?/hr-i't, ' at (3r00 8 > m .  to l h i l  B tu /hr - f t  a t  noon and 

w i l l  r e q u i r e  a laig-2 vent  fl-ow r a t e .  Tbp air temperature  l e a v i n g  t h e  pads 

w i l l  be  Til t o  75'!?--5 t o  7 F above the  r e t u m  watcr--and s t i l l  near  sa tu-  

r a t e d  if' no d ~ y  heat IS added through the f inned-tube h e a t e r .  However, 8 s  

t h e  air flows through the house, t h e  s o l a r  hea t  input  w i l l  i nc rease  the dry 

bml'i: ternpcrature and reduce the r e l a t i v e  humidity For t h e  nofin hea t  I.oad 

t h e  temperature  of t h e  air w i l l  ir;crease to 80 t o  85% and t h e  re7.ati-v.e hu- 

midity w i l l  drop to 70 t o  80% wit,houi; heat input  from t h e  f inned  tubes .  

c 2 

0 

S umne r Ope rat; i ng Co nd rl t i on s - 
The greenhmae ai?d power p l a n t  condensein water  temperatures  a v a i l a b l e  

sunmiarized i n  Table 1-1 - Two arnbie.nt a i r  condi- du r ing '  swrimeT ope ra t ion  

tiions are shown. 

ljiil-'oj i n l e t  a i r )  ease correspand.s t;o s~umriel' des ign  condi t ions  f o r  t h e  Denver 

area. Ths second s e t  of condi t ions ,  50 F dry bulb and 73% r e l a t i v e  humidity 

has  t h e  same humidi-ty r a t i n  (0,0056) a s * t h e  f:i_rst case but wi th  t h e  dry-bulb 

temperature  Two water  flow r a t e s  per  greenhouse 

a r e  also shown in Table 4, 
a l l .  the plar1.t waste hea t  (-5C0 YN) t o  100 acres of  greenhouse while t h e  

44,100 Zb/l.s.r :rate is equivalent to distu.ibuCing it to 200 acres. Note t h a t  
even. Tor the I .00-ae~e case, 89°F cooling water -will mainta in  the house tem- 

p e r a t u r e  below 86% - 

0 The 9.'iC)E" dry bulb  and  16% r e l a t i v e  hlmidity (64 F wet- 

0 

0 reduced from 95 F to 50'F. 
The 88,200 Ib/izr rate corresponds t o  r e j e c t i n g  

w I ~  niaximwn Ear? capaci-ty is . I . B ~  cfh p e r  ft2 ai" pad area of ~ O G , O U O  l ' ~ / l l s -  

per  greenh.ouse sect,i.on. For the f u l l  fan capacity, a water flow rate of  

88, L O 0  l.b/br and t h e  summer. des ign  e u n d i t i o n s ,  t h e  average temperature  of  

the air lea-vrl.ng the pads 1s i2bm.t 76%, t h e  relartive humidity i s  80$, and 

t h e  r e t u r n -  water t o  the  condenser i.s 6'7 F. A s  t h e  a i r  passes  through t h e  

g r e ~ - ~ h o u s e ,  ?.ts imnpera%ure inc reases  'Go &?F and. i t s  rel.a'Give humidity de- 

creases to 67%. 
exchaxge process  in t h e  gads wi1:L change arid for COS:L n i g h t s  w i l l  h e a t  the  

a i r"  

wai-,er per. Ib of air and. ?;:?e aim t4emperature drops t o  50'F, the temperature  

0 

When the  a i s  temperature  drops du.ring the  n ight ,  t h e  energy 

A s s u m i n g  t$at the hum%di.ty r a t i o  .rernai.ns cons tan t  a t  0.0056 lb of  



Table 14. Summary of Greenhouse Operating Conditions During Summer. 

Range of Conditjons 
i n  Greenhouse A i l .  Water Range of  Arnb i e n t  Conditio n s 

Dry Bulb Re la t ive  Flow Fl ow Rela t  ive Water 
Temp Humidity Kate Hate Temp H u n  i d  it y Temp 

-.- 

( O F )  (%I  ( lb /hr  ) ( lb /hr  ) (%) (%) (OF) 

50 7 3 306, ooo 88,200 -58 -95% 51-73 
>o 73 153,000 88,200 -6 7 -loo* 57-'19 

50 73 306, 000 44,100 -53 -90% 47-69 
_I 50 75 153,000 I L L  , 100 -57 -lOO* 49-71. 

95 16 306, ooo 88,200 76-86 80-67 67-89 

95 16 306, 000 44,100 r(l-81. 83-#(1 64-86 

+These RH's can be reduced by adding dry  hea'i a s  explained on page 21. 

i n  t h e  greenhouse w i l l  be ahout 58OF, and t h e  r e l a t i v e  hmid iLy  w i l l  r i s e  

t o  95% un les s  warm water i s  f ed  t o  t h e  f inned-tube space h e a t e r .  

row of 'Ta.ble it shows t h e  e f f e c t  o f  yeducing Lhe a i r  flow r a t e  t o  one-half ,  

and t h e  l a s t  'ihree rows show t h e  condi t ions  f o r  one-half  t h e  flow r a t e  -to 

e a c h  greenhouse. The water and ai.r temperatures  and t h e  r e l a t i v e  humidity 

l eav ing  t h e  pads for t h e  summer n igh t  case wi th  a wa'ier r a t e  of 44,100 lb /h r  

and t a n s  ai; one-haH f u l l  f low a r e  shown i n  Fig.  9. 

The t h i r d  

All of t h e  cases  d iscussed  above a r e  wi th  only t h e  evapora t ive  pads 

operati-ng. I n  o rde r  t o  reduce t h e  r e l a t i v e  hiuriidity, e i t h e r  dry  hea t  mus-t 

be added or i n  some cases  a i r  iflust be bypassed around the  pads. Calcula- 

t i o n s  were made t o  demonstrate t h e  manner i n  which 'ihe dry  hea t  exchanger, 

which i s  i n  s e r i e s  w i th  t h e  pads, can be used t o  control.  t h e  r e l a t i v e  hu- 

midi ty .  The hea t  exchanger was assumed t o  be the f u l l  width of t h e  pad 

(50 f t )  and 40 i n .  high.  

3- in .  diam tubes  expanded i n t o  ltO-in.-long p l a t e  f i n s  (r72 f i n s  per  i n . ) .  

'The fins a r e  6 - i n .  wide and .024 i n .  t h i c k  and mounted i n  t h e  v e r t i c a l  po- 

s i t i o n  ( s e e  F ig .  8 ) .  The t o t a l  ou t s ide  surfa.ce of  each u n i t  i s  about 

The hea te r  i s  a f inned-tube type  u n i t  wi th  f i v e  

2 10,300 f t  . 
and 45% and t h e  efi 'ective a rea  i s  about 4500 f t  . 

For most cases  o f  i n t e r e s t  t h e  f i n  e f f i c i e n c y  i s  between It0 
2 

F igures  10 and 11 show t h e  e f f e c t  of t h e  hea te r  on t h e  condi t ions  of' 

t h e  a i r  pass ing  over t h e  p l a n t s .  Both of  t h e s e  cases  a r e  for t h e  summer 
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n igh t  conditi-ons w i t h  a water flow r a t e  of 4L!.,100 lb /hr  and t h e  f ans  a t  
one-half  full flow. In Fig. 10 the w a t e r  i s  assiuned t o  f low upward -through 

t h e  heater. a d  for Fig. II t h e  flow i s  downward. 

t r a n s f e r r e d  from t h e  hea-ter and t h e  remai-nder from the pad. The average 

relative himidi ty  l eav ing  t h e  hea te r  i s  between 75 and 8%. 

Aoout 25% of  the  hea t  i s  



CONTROL SYSTEM 

It i s  d i f f i c u l t  t o  descr ibe  t h e  condi t ions  of bo th  a i r  and waber, i n  
summer and win ter ,  without  l e a v i n g  t h e  impression t h a t  our system i s  com- 

p l i c a t e d .  Actua l ly ,  it i s  very  simple and easy t o  c o n t r o l  because -the 

bea t ing  and cool ing  r a t e s  a r e  low and t h e r e  i s  no worry about sudden tem- 

pe ra tu re  changes. 

The c o n t r o l  system i s  a l s o  simple. The temperature  of  t h e  atmospher? 

i n s i d e  t h e  houses i s  t h e  c o n t r o l  p o i n t  and would be measured by €our o r  
f i v e  shaded thermocouples. The average of t h i s  s i g n a l  would cause small  

e l e c t r i c  motors to open t h e  vent  l ouve r s  when t h e  s i g n a l  becomes higher. 

(warmer) t han  the d e s i r e d  temperature  ( t h e  s e t p o i n t ) ,  and to c l o s e  them 

when t h e  a i r  temperature  i s  lower than  des i r ed .  The a c t i o n  OP t h e  louvers  

would t h e r e f o r e  determine whether warm a i r  were blown t o  t h e  ou t s ide  o r  
s en t  t o  t h e  a t t i c  space t o  be r e c i r c u l a t e d  back t o  t h e  hea t  exchangers- 

The i n l e t  a i r  louve r s  a t  t h e  hea t  exchangers have no c o n t r o l  because 

t h e y  are  t h e  grav i ty- type ,  opening on t h e  small p re s su re  d i f f e r e n c e  when 

a i r  i s  vented from t h e  oppos i t e  end of t h e  house and closed by t h e  f o r c e  

of g r a v i t y  when t h e  ven t ing  ceases .  

I-lwnidity i s  t h e  second v a r i a b l e  which w e  wish t o  r egu la t e .  Seve ra l  

humidis ta t s  w i l l  measure t h e  w a t e r  content  of t h e  a i r  aad t h e  average s igna l  

used t o  ope ra t e  a r e g u l a t i n g  va lve  i n  t h e  w a w r l i n e  t o  t h e  f inned-pipe (dry)  
h e a t e r .  By opening t h e  va lve ,  w a r m  water  would P lod  t o  t h e  f inned  hea te r ,  

thereby  warming t h e  air and reducing i t s  humidity. 

Both t h e  temperature  and humidity c o n t r o l  a r e  s tandard  equipment €or 

a modern greenhouse and al though they  normally cause d i f f e r e n t  gadgets  t o  

opera te ,  t h e  cos t  and d i f f i c u l t y  would not  be g r e a t e r  f o r  t h e  proposed 

system. 

POULTRY AND SWIm HOUSES 

The a p p l i c a t i o n  of t h e  hea t ing-cool ing  system descr ibed  f o r  t h e  greea- 

house i n s t a l l a t i o n  t o  p o u l t r y  and s w i m  houses i s  s i m p l i f i e d  by t h e  f a c t  

t h a t  t h e  solar h e a t  input  i s  g r e a t l y  reduced and t h e  hea t  l o s s e s  a r e  sm.alle:r. 

The hea t ing  arid cool ing  needs a r e  t h e r e f o r e  g r e a t l y  r edwed- - to  l e s s  t han  



one-half--but  t h e  same b a s i c  hea-1; exchange sys’ccm can provide t h e  des i r ed  

environment i n  t h e  pou l t ry  and swine houses. The temperature  range f o r  

optimum growth and feed e f f i c i e n c y  for b r o i l e r s  and l ay ing  hens i s  70 t o  

800~, whereas f o r  p i g s  it i s  60 t o  70 F. 

s a t  i s f a c t  o ry  . 
0 A humidity range of  75 t o  85% i s  

We have assumed p o u l t r y  houses and swine houses such a s  a r e  i n  common 

use i n  t h e  United S-ta-Les, modified only t o  accommodate t h e  hea t  exchangers 

and i n l e t  louvers  in one end, f ans  i n  t h e  o t h e r  end, and a shee t  of  p l a s t i c  

t o  sepa ra t e  t h e  atti.c. from t h e  growing area ,  a s  shown f o r  t h e  greenhouse i n  

F ig .  8. 
A s  a t y p i c a l  b r o i l e r  house, w e  chose for study t h e  design developed 

by t h e  U.S .D .A.  and s e v e r a l  a g r i c u l t u r a l  experimen-t s t a t i o n s .  The houses 
2 aye s i n g l e  wooden s t r u c t u r e s  24 f t  by 124 f t  f o r  a t o t a l  a rea  of 3000 f t  . 

Each house pyoduces 3200 b i r d s  2 1/2 t o  3 l b  i n  weight i n  nine weeks, 

making the  annual product ion 16,000 b i r d s  pe r  yea r .  

houses occupying a space of about 26 ac res  i n  our hypo the t i ca l  food-growing 

complex. 

We assume 350 such 

The 1-aying houses chosen were t h e  completely automated caged-bird 

houses used by s e v e r a l  l a r g e  United S t a t e s  egg producers.  

125-ft u n i t  houses 7.2,800 hens which produce about 8,000 eggs per  day. We 

have included 70 l a y i n g  houses wi th  a t o t a l  product ion of 560,000 eggs per  

day i n  our proposed i n s t a l l a t i o n .  An incubat ing house f o r  bo th  b r o i l e r s  

and l a y e r s  i s  provided t o  supply t h e  necessary young chicks on s i t e .  

Each 40- f t  by- 

The swine product ion u n i t s  a r e  o f  t h e  type  developed by Hazen e t  a l . ,  

a t  Iowa S t a t e  Univers i ty .  The farrowing and nursery  bu i ld ing  i s  29 f t  by 

132 f t ,  wi th  3400 f t  of  space for 1750 p i g s  a year .  The growing-f inish-  

ing houses a r e  50 by 1-20 f t  and accommodate 700 growing p igs  a t  a t ime. 

The f l o o r s  and pens a r e  concrete  arid t h e  s t r u c t u r e s  a r e  shee t  metal .  We 

suggesy-t Chat an a r e a  of  50 ac res  be devoted t o  100 farrowi.ng houses and ‘15 

growing houses t o  perniit a t o t a l  product ion of about 30 m i l l i o n  l b  of  pork 

per  year .  

3 



31 

PROBLEMS R U T E D  TO USE OF FEAT FROM 

Although t h e  r e s u l t s  of  t h i s  s tudy  apply  

p l a n t s ,  t h e r e  a r e  implementation problems for 

POWER STATIONS 

equa l ly  t o  f o s s i l  power 

both nuc lear  and f o s s i l  

p l a n t s .  Probably t h e  most important problem r e l a t e s  t o  t h e  f inanc ing  and 

managing o f  a very  large food product ion opera t ion .  The t o t a l  c o s t  of' a 

200-acre i n s t a l l a t i o n  such a s  descr ibed  i n  t h i s  r e p o r t  would range from 

15 t o  30 m i l l i o n  d o l l a r s .  

pose of t h e  e n t i r e  500 Mw waste h e a t )  would be a l a r g e  investment,  by food- 

growing s tandards ,  a l though by steam p l a n t  s tandards  (75 t o  100 m i l l i o n  

d o l l a r s  f o r  a 330-Mwe s t a t i o n ) ,  it i s  no t  t o o  l a r g e .  

Even a 100-acre i n s t a l l a t i o n  (which could d i s -  

Perhaps more d i f f i c u l t  would be t h e  o rgan iza t iona l  and managerial  

problems a s soc ia t ed  w i t h  a combined vegetablP-poultry-pork opera t ion .  

Each r e q u i r e s  technology and e x p e r t i s e  which would be d i f f i c u l t  t o  f i n d  i n  

an e x i s t i n g  organiza t ion ,  a l though some i n t e g r a t e d  f eed  companies come 

c lose .  It would seem prudent for any organiz ,a t ion which might undertake 

such a veii ture t o  e s t a b l i s h  one s e c t o r  a t  a t i n e .  

Another problem, which would have t o  be explored wi th  t h e  u t i l i t y ,  i s  

how t h e  foodplex would manage ope ra t ions  t o  guarantee s u f f i c i e n t  cool ing  

capac i ty  and t o  i n s u r e  t h a t  t h e  r e t u r n  cool ing  water would not damage t h e  

turbine-condenser  cool ing  su r face  .) I n  t u r n ,  t h e  foodplex ope ra to r  would 

need t o  be informed i n  dec i s ions  t o  vary  power (and cool ing)  load.  

For nuclear  power s t a t i o n s ,  t h e  ques t ion  of r a d i o a c t i v e  contamination 

i n  t h e  cool ing water w i l l  a r i s e .  The norr ia l ly  i n s t a l l e d  monitors should 

provide s u f f i c i e n t  p ro t ec t ion ,  e s p e c i a l l y  iT t h e  food a r e a s  a r e  at l e a s t  a 
few hundred f e e t  from t h e  s t a t i o n ,  because t h e  water t r a n s i t  t i m e  would be 

long enough (many seconds) t o  permit s h u t t i n g  o f f  t h e  flow. 

b i l i t y  i s  contamination a s  a r e s u l t  of  a i rbo rne  a c t i v i t y  from an acc ident  

b u t  t h i s  i s  judged t o  be a small  enough chance as no t  t o  be a problem. A l -  

though not  an e x a c t l y  p a r a l l e l  s i t u a t i o n ,  land  around nuclear  s t a t i o n s  i s  

a l r e a d y  be ing  used fo r  normal farming ope ra t ions  without  d i f f i c u l t y .  

Another poss i -  



SITE LAYOUT 

Figure  5 i s  a l ayou t  showing 880 5O-ft by 100- f t  greenhouses (1.00 

a c r e s )  and 50 ac res  each o f  p o u l t r y  and swine houses a t  t h e  For t  S t .  Vrain 

r e a c t o r  s i t e .  The arrangement shows rows of  t e n  houses having common s i d e s  

wi th  t h e  r idge  l i n e  running e a s t  and west .  

pi.ping arrangement. 

w i th  an  ad jacent  row and a l l  p ip ing  l o c a t e d  i n  a 15-ft a l l e y .  The Pront,  

o r  f a n  exhaust s ide ,  of each row faces  a road. Roads would a l s o  be loca ted  

ab t h e  s i d e  of each ut1i.t of  t e n  houses. 

F igure  11. shows t h e  roads and 

Each row of t e n  houses would be loca ted  "back-to-back" 

The optimum pumping and p ip ing  arrangement w i l l  depend somewhat on 

t h e  power p l a n t  hea t  dump system. I f  t h e  p re sen t  condenser cool ing  water 

pur~ps have s u f f i c i e n t  head, t h e y  could be used t o  pimp t h e  water  d i r e c t l y  

from the condenser t o  t h e  greenhouses. The r e t u r n  wa-ter would then  be 

pumped back 'GO a cold water inventory b a s i n  which i.s t h e  condenser supply 

water .  An a l t e r n a t e  arrangement which sepa ra t e s  t he  greenhouse system 

from t h e  power p l a n t  i s  shown i n  F i s .  12. I n  t h i s  system t h e  condenser 

water i s  dumped t o  a ho t  water bas in  which i s  then  t h e  supply f o r  t h e  

greenhouses. Again, t h e  r e t u r n  water  i s  pumped back t o  a co ld  water  bas in .  

Thi.s l a t t e r  method i s  more expensive a s  it r e q u i r e s  a d d i t i o n a l  pumps; how- 

ever ,  some c r e d i t  should be taken  f o r  reducing t h e  head r equ i r ed  f o r  t h e  

p re sen t  pimps. 

Our cos t  e s t ima tes  a r e  based on greenhouse requirements .  'The equip- 

ment and hea t ing  requirements  for t h e  p o u l t r y  and swine houses would have 

lower costs bu t  we have not es t imated them. For the  greenhouses we calcu-  

l a t e d  a 100-acre case an.d a 200-acre case.  For t h e  1.00-acre case,  t h e  

p ip ing  system t o  t h e  greenhouses was assumed t o  c o n s i s t  of fou r  main 36-in.-  

diam l i n e s  Prom t h e  condenser or the holding bas in .  The s i z e  of' t h e  mains 

was reduced a s  water  was suppl ied  t o  1 a . t e r a l s  i n  t h e  greenhouse area.. 

Rather  t han  at tempt  t o  opt imize t h e  system, t h e  fo l lowing  assumptions were 

macle; t h e  p ipe  s i z e  was s e l e c t e d  so t h a t  t h e  water  v e l o c i t y  would not  ex- 

ceed 15  f t / s e c  and a f t e r  the  ve loc i - ty  dropped below 10 f t / s e c ,  t h e  nex-t 

smaller  pipe s i z e  was used (aga in  wi th  t h e  15 f t / s e c  l i m i t a t i o n ) .  

assumptions were used t o  s i z e  t h e  l a t e y a l  w i t h  t h e  except ion  t h a t  when t h e  

The same 
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s i z e  dropped t o  6 i n . ,  no f u r t h e r  reduct ions  were made. 

p ip ing  s i z e s  and l eng ths  a r e  shown i n  Table 5. 
A summary of t h e  

r i  7 l a u l e  5. P jp ing  S izes  and Lengths f o r  1-00 Acres. 

S i ze  
T o t a l  
Length 

( i n .  ) (fli) 

Main P ip ing  Runs 

36 
50 
24 
16 

Late r a 1  s 

10 
8 
6 

12 , '700 
3,300 
2, ho0 
2,500 

11,000 
5,500 
5 , 500 

Connections t o  Greenhouses 

3 14 , 000 

The r e t u r n  water  from two u n i t s  of t e n  houses each was  assumed t o  

drain. by gravi$y t o  a common swnp where i t  was then  pumped back t o  -tile 

cold bas in .  The r e t u r n  system requiyes  t h e  same s i z e  mains a s  Lhe supply 

system bu t  does no t  r e q u i r e  t h e  l a ' i e r a l s  t h a t  were used t o  supply t h e  

i n d i v i d u a l  houses. 

head r equ i r ed  f o r  t h e  pump f a r t h e s t  from t h e  b a s i n  i s  l+O t o  45 f t  and f o r  

t h e  nea res t  pump i s  25 t o  30 f t .  The flow r a t e  f o ~  each r e t u r n  purnp i s  

3500 gpn. 

'-15. No allowance i s  made f o r  e l e v a t i o n  d i f f e rences  between t h e  p m p s  and 

t h e  r e t u r n  bas in .  

There a r e  a t o t a l  of 44 r e t u r n  pumps requi red .  The 

The horsepower requi red  f o r  t h e s e  pumps v a r i e s  between 30 and 

Thz maximum head l o s s  i n  t h e  worst  supply l i n e  i s  70 t o  75 f t  and t h e  

to t a l .  flow r a t e  f o r  a l l  four mains is l . 5 5 , O O O  gpm. The t o t a l  horsepower 

requi red ,  i f  suppl ied by a s i n g l e  pump, would 'ae about 3400. 

FOY t h e  200-acre case,  t h e  number of mains was increased  from four  t o  

eig'nt and t h e  diameter of t h e  p ip ing  ?educed. i n  geneyal,  t h e  t o t a l  l e n g t h  

of l i n e s  r equ i r ed  w a s  doubled and t h e  diameter of  t h e  p ip ing  reduced t o  

about 71% of t h a t  Por the 100-acre  case.  



costs 

An e s t ima te  o f  t h e  d i r e c t  c o s t s  f o r  a hea t ing  and cool ing  system i s  

shown i n  Table 6. 
p l a n t  waste h e a t  a r e  presented  here .  These c o s t s  inc lude  t h e  pumps, p ip ing ,  

va lves ,  t r enches ,  p i t s ,  emergency hea t  f a c i l i t y ,  wire,  and p l a s t i c  t o  form 

t h e  a t t i c  and the dry  hea t  exchangers.  It i s  assumed t h a t  the houses would 

be equipped wi th  t h e  pad-fan system f o r  summer opera t ion  r e g a r d l e s s  of t h e  

type  of h e a t  used, so t h e  c o s t s  of t h e  pad-fan system i s  not  repea ted  i n  

our  cos t s .  Also, no c o s t s  were included lor t h e  ho t  o r  co ld  water bas ins  

because the p resen t  cool ing  tower system a l r eady  has  a b a s i n  capac i ty  of 

about LO ga l .  The For t  S t .  Vrain P l a n t  also has  four cool ing  water pumps; 

two r a t e d  a t  1+3% of  f u l l  flow and two a t  7%. 
head of 70 f t .  If t h e  two-basin system shown i n  Fig. 11 i s  used, t h e n  t h e  

head and power r equ i r ed  f o r  t h e  p re sen t  pumps could be reduced. I f  t h e  

water were t o  be pumped d i r e c t l y  from t h e  condenser t o  t h e  greenhouses, 

t h e n  t h e  head and power of t h e  pumps would have t o  be  increased .  The c o s t s  

for t h e  main pumping s t a t i o n  shown i n  Table 6 r e p r e s e n t s  an incremental  

Only t h e  c o s t s  of those  i tems r equ i r ed  t o  use t h e  power 

6 

All pumps have a d i scharge  

cos t  t h a t  i s  somewhere between t h e  two methods. 

Table 6. Est imate  of' D i rec t  Costs  of' Heating and Cooling Equipment 
For 100 Acres and 200 Acres o f  Greenhouses 

. _  

I tems c o s t s  

100 Acres 200 Acves 

Supply and r e t u r n  mains 818, ooo 1,162,000 

Supply l a t e r a l s  and va lves  287, ooo 407,000 

Return t r enches  132,000 242,000 

Return p i t s  119, ooo 175 ooo 
Return pumps 120,000 220,000 

Main pumping s t a t i o n  300 000 ~00,000 

Emergency h e a t  f a c i l i t y  650,000 975 7 000 

P l a s t i c  a t t i c  l i n e r s  440,000 880, 000 

Finned-tube h e a t e r s  1,320,000 2,640,000 

T o t a l  4,106,000 7,02'1,000 



It should be emphasized t h a t  -the pumping and p ip ing  system i s  s i zed  

t o  use t h e  e n t i r e  500 M;L~ d ischarged from t h e  power. p l a n t .  A s  t h e  3rea of 

greenhouses increases ,  t he  cos t  of t h e  pumping and  p ip ing  sys'cem per  ac re  

decreases .  The cos t  of t h e  main pumping s ta t i .on would be approximately 

t h e  same. The number of r e t u r n  pumps would be doubled; however, t h e  power. 

and flow r a t e  would 'ne halved. The s i z e  of a l l  of t h e  p ip ing  could be r e -  

duced t o  about 70% of t h e i r  p re sen t  diameter.  

pumps for 200 ac res  would be about 1 .40 t imes  t h a t  f o r  100 ac res  and  t h e  

200 a c r e s  would use  t h e  p l a n t  waste hea t  much more e f f i c i e n t l y .  

The cos t  of the pj-ping and 

No c o s t s  were included for temperature  or humidity con t ro l s .  With 

t h e  system chosen, t h e  c o s t s  should be compara'nle t o  those  r equ i r ed  for. 

convent j o n a l  greenhouses. 

S U i W R Y  AND CONCLUSIONS 

The evapora t ive  pad cool ing  system w i l l .  adequately coo l  t h e  ambient 

a i r  even when suppl ied wi th  excessive amounts of  warm water.  The only 

ques t ion  concerning t1iei.r ope ra t ion  i s  t h e  maxirnum amount of  water t h a t  

can be suppl ied t o  t h e  pads before  t h e y  become flooded. 'Thi-s should not 

be a problem f o r  t h e  200-acre case and w i l l  probably be no problem f o r  

t h e  100 ac res .  Wi-Lh regard  t o  t h e  power p l a a t  opera t ion ,  t h e  pads a r e  

more e f f e c t i v e  than  t h e  cool ing  towers s p e c i f i e d  (water  temperature  range 

of  80 t o  102'F). The water  from t h e  pads f o r  a 6h0F wet-bulb destgn tern- 

pe ra tu re  would be about 67OF. 
For win ter  opera t ion ,  t h e  pads a re  very  e f f e c t i v e  for hea t ing  t h e  

greenhouses. The temperature  of t h e  a i r  pass ing  over t h e  p l a n t s  i s  abou-t 

5 t o  7 F above t h e  r e t u r n  water temperature .  The major problem wi th  us ing  

only  t h e  pads f o r  hea t ing  i s  t h a t  t h e  r e l a t i v e  hiiinidity- o f  t h e  a i r  l eav ing  

t h e  pads w i l l  be i n  t h e  range of 90 t o  100%. 

exchanger i n  s e r i e s  w i t h  t h e  pad-s, t h e  tempera.Lure of t h e  aj . r  pass ing  over 

t h e  p l a n t s  w i l l  be about 10 F above t h e  r e t u r n  water temperature  and t h e  

r e l a t i -ve  humidity of -the a i r  reduced t o  75 t o  80%# 

0 

By us ing  a f inned-tube hea t  

0 

The economics of  t h e  proposed system depends on such factol ' s  a s  t he  

number of ac re s  used, whether t h e  f inned-tube h e a t e r s  a r e  r.eqiii_red, a n d  

whether one t a k e s  c r e d i t  f o r  e l imina t ing  t h e  cool ing  towers.  A summary of  
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t h e  va r ious  op t ions  i s  given i n  Table 7. I n  examining t h i s  t a b l e ,  one 

should no te  t h a t  t h e  cos t  of convent ional  hea t ing  systems f o r  greenhouses 

is between 20,000 and $25,000 p e r  ac re  and t h a t  t h e  va lue  of t h e  heat t o  

t h e  greenhouse ope ra to r  i s  between 5,000 and $10,000 per  year  per ac re .  

For t h e  200-acre case t h e  t o t a l  va lue  of t h e  hea t  a t  cotiventional p r i c e s  

is  between 1,000,000 and $2,000,000 o r  8 to 16% o f  t h e  Tralue of  t h e  e l ec -  

t r i c a l  ou tput  of' t h e  p l a n t .  

Thus, it appears t h a t  t h e  waste hea t  from many e x i s t i n g  and f u t u r e  

power p l a n t s  ( f o s s i l  and nuc lear )  can be used p r o f i t a b l y  i n  s e v e r a l  food- 

growing opera t ions ,  l a r g e  and small .  

savings could be 5,000 t o  $lO,QOO per  acre ,  depending on t h e  p l a n t  l o c a t i o n .  

The grower 's  p r o f i t  €ram h e a t  c o s t  

The p r o f i t  t o  t h e  u t i l i t y ,  even i f  it g ives  away t h e  h e a t  and t a k e s  

c r e d i t  on ly  for cool ing  tower c a p i t a l  and ope ra t ing  cos t  savings,  can be 

$250,000 o r  more per  year  f o r  a s t a t i o n  such a s  Pub l i c  Serv ice  of Colorado 's  

For t  S t .  Vrain.  

Table  7 .  Summary of Cost Per  Acre 

Number of Acres 
100 200 

Without t a k i n g  c r e d i t  f o r  r ep lac ing  cool ing  towers 
Cos t l ac re  with f inned-tube h e a t e r s  $)-a, 860 $35,110 

Cost /acre  without  f inned-tube h e a t e r s  28,660 21,910 

Cost /acre  w i t h  f inned-tube h e a t e r s  26, 860 27,610 
Cost/acre without  €inned-tube heaters 13,660 i b , 4  10 

Taking $l,500,OOO c r e d i t  f o r  r e p l a c i n g  cool ing  towers  

Seve ra l  important problems must be s tud ied  be fo re  such a proposal 
could be considered f 'easible.  The concept of  hea t  t r a n s f e r  and environ- 

mental  c o n t r o l  wi th  warm water  must be demonstrated. The problem of i m -  

plementing t h e  scheme should be examined by a g r i c u l t u r i s t s ,  f i n a n c i e r s ,  

and economists, a s  w e l l  a s  by u t i l i t y  execut ives .  

managerial  problems r e q u i r e  

a v a i l a b l e  except i n  some o f  t h e  i n t e g r a t e d  feed-food companies. 

The o r g a n i z a t i o n a l  arid 

technology and e x p e r t i s e  which might not  be 



Quest ions  of p r o t e c t i o n  aga ins t  r ad ioac t ive  contamination of t h e  food 

product,  i n  case nuclear  p l a n t s  a r e  used a s  t h e  hea t  supply,  and ques t ions  

r e l a . t e d  t o  t h e  e f f e c t s  of  t h e  a g r i c u l t u r a l  opera t ions  on t h e  power p lan t  

mist be answered 'to t h e  s a t i s f a c t i o n  of  t h e  en t repreneur .  

None of t h e s e  problems seems insurmountable, and i n  view of the pos- 

s i b l e  b e n e f i t s  of energy conservat ion,  pol-1-ution reduct ion ,  and overal l .  

economic gain,  it i s  suggested t h a t  a demonstration f a c i l i t y  incorpora t ing  

these ideas  would he a worthwhile undertaking.  

F i n a l l y ,  a l though it appears conceivable t o  use a layge f r a c t i o n  of 

t h e  hea t  p r e s e n t l y  being d iscarded  from power s t a t i o n s ,  we r e c o g n k e  t h a t  

smal le r -sca le  cornplexes us ing  a p ropor t iona te ly  sma1.l.er f r a c t i o n  o f  the 

hea t  a r e  t h e  more l i k e l y  p o s s i b i l i t y .  
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APPENDIX 

Method of Analysis  

I n  convent ional  greenhouse evapora t ive  coo l ing  systems a r e l a t i v e l y  

sma l l  q u a n t i t y  of water ( a  minimum of 1/3 gpm/ft of pad l eng th )  i s  r e c i r -  

cu la t ed  through t h e  pads.  

be approximately t h e  same a s  t h e  a i r  wet-bulb temperature  and w i l l  remain 

For t h e s e  condi t ions  t h e  water  temperature  will 

a t  a cons tan t  temperature  throughout t h e  pad. The e f f e c t i v e n e s s ,  7 7 ,  of 
t h e  pads, def ined  as 

where 
0 tal = i n l e t  a i r  dry-bulb temperature,  F, 

0 = o u t l e t  a i r  dry-bulb temperature ,  F, 

= i n l e t  a i r  wet-bulb temperature ,  F, 

%a2 

%B 
0 

2 i s  between 80 and 85% for an  a i r  flow of  150 cfm/ft . For t h e s e  ope ra t ing  

condi t ions ,  t h e  en tha lpy  of t he  a i r  remains cons tan t  while  passing through 

t h e  pad and one can determine t h e  product of t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  

and t h e  .surface a rea .  S t a r t i n g  with t h e  b a s i c  equat ion,  

q = hA Atm , 

where 

q = hea t  t r a n s f e r  r a t e ,  Btu/hr, 

2 h = hea t  t r a n s f e r  c o e f f i c i e n t ,  Btu/hr- f t  - O F ,  

A = area ,  f t  
2 

0 Atm = mean e f f e c t i v e  temperature dif-.ference, F, 

f o r  t h e  case under cons idera t ion ,  
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wiier e 

0 t w = water temperature, F. 

From Eq. (1) 

S u b s t i t u t i n g  Eq. ( 4 )  i n  Eq. ( 3 )  one gets 



and then, 

\ 

. .  

The h e a t  t r a n s f e r  r a t e  can a l s o  be w s i t t e n  a s :  

where 

G = weight flow o f  a i r ,  lb /hr ,  

CI = s p e c i f i c  hea t  of  a i r ,  Btu/lb.OF. 
P 

Equating Eqs .  (6) and (7)  

 or an e f f ec t iveness , ?  of 8& f o r  a n  air f-low r a t e  of' 150 crrn/ft 2 , w i s  
found t o  be 250 Btu/hr*"F for each f t  2 of f a c e  a rea  of t h e  pads.  

The va lue  o f  t h e  product  hA was also c a l c u l a t e d  by us ing  d a t a  from 

packed beds both  t o  check t h e  above va lue  and to determine t h e  ef'fect of 



42 

vary ing  a i r  flow r a t e .  During opera t ion ,  the pads a r e  about 2- jn .  t h i c k  

and conta in  between 14 and 5 oz of aspen woo? f i b e r s / f t  

f i b e r s  a r e  s p l i n t e r s  4- t o  6- in .  long and "about t h e  diameter of a p e n c i l  

l ead ."  Assuming t h e  f i b e r s  t o  be c y l i n d r i c a l  rods  0.040-in.  diam, t h e  sur -  
2 2 2  f ace  a r e a / f t  of  f a c e  a rea  i s  6.12 f t  / f t  of f ace  a rea .  The hea t  t r a n s f e r  

c o e f f i c i e n t  c o r r e l a t i o n  was taken from Jakob and was 

2 of face  a rea .  The 

16 

where 
- , 507  

= 1.625 ( r e )  'a , 
p = a i r  dens i ty ,  l b / f t  , 3 

v = a i r  f a c e  v e l o c i t y ,  ft/'nr , 
P = Prantl's No. r 

Re == Reynolds NO. 

2 For t h e  normal flow condi t ion  of 150 cfm/ft  o f  f a c e  a rea ,  t h e  hea t  

t r a n s f e r  c o e f f i c i e n t  was found. by Eq. (9 )  t o  be !+5 Btu /h r - f t2*oF .  

product of hA i s  then  275 Btu/hr-'F. 

ca lml . a t ed  above i s  probably f o r t u i t o u s ,  cons ider ing  t h e  l a c k  of d e t a i l e d  

siirface t o  volume measurements on t h e  f i b e r s .  

a s  a base,  t h e  hA vs a i r  flow r a t e  i s  shown i n  F ig .  Al. 

The 

The r a t h e r  close agreement with t h a t  

0 Using t h e  250 Btu/hr* F value 

'i'he hea t  and m a s s  t r a n s f e r  a n a l y s i s  requi red  f o r  t h e  pads i s  i d e n t i c a l  

t o  t h a t  f o r  cool ing towers.  The p resen t  case i s  somewhat rncre complicated 

than  t h e  u s u a l  cool ing tower because t h e  u n i t s  use cross-f low r a t h e r  than  

counter-flow Paths .  

s e n s i b l e  and l a t e n t  hea t  exchange i s  t ak ing  p lace .  The s e n s i b l e  'neat 

t r a n s f e r  equati.on i s  

For most condi t ions  t h a t  will e x i s t  i n  t h e  pacis, bo th  

G C dt = h (t - t a )  dA , P a  W 
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Fig. Al. hA per  Ft of F a c ~  A r e a  vs A i r  F l o ~  Ksi,e. 
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us ing  t h e  r e l a t i o n  t h a t  t h e  mass t r a n s f e r  c o e f f i c i e n t ,  K, i s  equal  to 

h 
c '  K = -  
P 

Eq. (10) becomes 

G C d t a  = K C (t, - ta)  dA . 
P P 

The l a t e n t  hea t  t r a n s f e r  equat ion i s  

Ga d 11 = Iirx (Hs - Ha)  dA , a 

where 

II 

H 

= humidity r a t i o  ( l b  of water / lb  of dry a i r )  f o r  air., 

= humidity r a t i o  ( l b  of water/l.b of  d ry  a i r )  f o r  s a t u r a t e d  

a 

S a i r  a t  t h e  water temperature,  

a = heat  of vapor iza t ion ,  Btu/lb.  

Combining Eqs .  (12) and (13) one g e t s  

G C d t a  -1- GCX dHa = K Cp (t, - ta) dA 3- Ka (H - i Ia)  dA , (14) P S 

( C p t w  -I- a H ) - ( C  t + a Ha) r 
= K L  S P a  
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G C d t a  + Ga dHa = K (A,. - A  9 dA 
P a 

. 

where 

A s  = entha lpy  of s a t u r a t e d  a i r  a t  t h e  water  temperature ,  BI;u/lb, 

= entha lpy  of  a i r ,  Btu/lb. a 

Also  

G C d ta  + Ga dHa = G d i  . 
P a 

Then 

which i s  t h e  b a s i c  equat,ion f o r  cool ing  towers. 

The t o t a l  hea t  t r a n s f e r r e d  is usually t aken  a s  

- t w 2 )  ’ 4 ”  L ( t  w l  

where 

L = water  flow r a t e ,  l.b/hr. 

(18) 

This equat ion  n e g l e c t s  t h e  amount of w a t e r  evaporated and under usual. con- 

d i t i o n s  in t roduces  only  a small e r r o r .  The a c t u a l  evapora t ion  r a t e  v a r i e s  

from about 1% f o r  most cases  t o  3% f o r  very ho t  days. Th;. t o t a l  hea t  
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t r a n s f e r r e d  by t h e  water i s  given t o  t h e  a i r  so t h a t  

A t  t h i s  po in t  l e t  11s int roduce a f i c t i t i o u s  flow r a t e ,  w, def ined  a s  

Refer r ing  t o  Fig.  A 2 , i t  can be seen t h a t  t h e  flow r a t , e ,  w, corresponds t o  

a f l u i d  having t h e  vapor pressure  of water and t h e  en tha lpy ,A ,  p r o p e r t i e s  

of s a t u r a t e d  a i r .  It i s  i n t e r e s t i n g  t o  note  t h a t  a t  75 t o  80 F, t h e  slope 

of t h e X  vs  t curve i s  such t h a t  dXs/d tw = 1; t h a t  is, t h e  e f f e c t i v e  

s p e c i f i c  hea t  i s  1, t h e  same as water  and for tower ope ra t ing  about t h i s  

po in t ,  t h e  va lue  of w w i l l  be t h e  same as L, t h e  water  flow r a t e .  

for high  OT lower water temperatures ,  t h e  va lue  of w i s  cons iderably  d i f -  
f e r e n t  from that; of L. 

0 

S W 

However, 

Equation (17) can now be r e w r i t t e n  as 

(21) 
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KA The i n t e g r a l  where - r ep laces  t h e  normal "tower c h a r a c t e r i s t i c ' $  term - 

term o f  Eq. (22) i s  t h e  en tha lpy  change of t h e  s a t u r a t e d  a i r  divided by t h e  

mean e f f e c t i v e  en tha lpy  d i f f e r e n c e  between s a t u r a t e d  a i r  and the  a i r  i n  t h e  

pads. 

KA 
w L *  

A second equat ion  s i m i l a r  t o  Eq.  (22) can a l s o  be w r i t t e n  

KA 
G where t h e  term - i s  c a l l e d  " the number of a i r  t r a n s f e r  un i t s . ' '  

The eva lua t ion  of t h e  integral .  term i n  both  Eqs. (22) and (23) i s  
complicated by t h e  curva tures  of t h e  s a t u r a t e d  a i r  l i n e  and the f a c t  t h a t  

t h e  pads a r e  designed f o r  crossflow. I n  a l l  cases  considered here ,  t h e  

temperature  drop i n  t h e  water  w i l l  be  22 F and f o r  t h i s  range t h e  e r r o r  

i n  neg lec t ing  t h e  curva ture  of t h e  s a t u r a t e d  air l i n e  i s  l e s s  t han  1 F i n  

t h e  water temperature.  This  e r r o r  w i l l  be  neglec ted  a t  t h i s  t ime. 

The procedure der ived  by Nussel t  and r epor t ed  by JakobI7to determine 

0 

0 

t h e  mean e f f e c t i v e  temperature  d i f f e r e n c e  f o r  crossflow between unmixed 

streams is used t o  determine t h e  performance of t h e  pads. I n  t h i s  pro- 

cedure, two dimensionless terms a r e  def ined  as, 

where a '  r e f e r s  t o  stream 1 and b '  r e f e r s  t o  stream 2. Both a '  and b '  a r e  

equiva len t  t o  At/Atm wh- L r e  A t  i s  t h e  temperature  change i n  t h e  stream and 



A t  

t o  t h e  p re sen t  case,  t h e  dimensionless  terms w i l l  be def ined  as 

i s  the mean e f f e c t i v e  temperature  d i f f e r e n c e .  To apply  t h i s  proce6ure 
m 

KA a = -  
G '  

N ixse l t  eva lua ted  a term, Z,  shown i n  Fig.A3 which depends on ly  on a and 

b. 

(28) 

where/\ 

Eq. (28) it can a l s o  be shown t h a t  

i n  t h i s  case i s  t h e  mixed mean e x i t  en tha lpy  of t h e  a i r .  From 
a2 

For t h e  p re sen t  s tudy i n  which t h e  water temperature  d i f f s r e n c e  i s  
always 22 0 F and t h e  i n l e t  a i r  condi t ions  a r e  known, t h e  procedure for  

A S  

w. Then determine - KA and - KA t o  g e t  t h e  va lue  of  2 from Fig:.A3. Use Z i n  

us ing  Eq. ( 2 9 )  and Fig.  A 3  r e q u i r e s  one t o  f i r s t  assume a A t o  determine 

w G 

Eq. (29) t o  determine As, - Then wi th  and knowing t h e  temperature  sl 

d i f f e r e n c e  of t h e  water  i s  22 0 F, one can t ie termineA and check t h e  s2 

i n i t i a l  assumption. Normally two, o r  a t  most t h r e e ,  t r i a l s  w i l l  g ive  a 
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s a t i s f a c t o r y  so lu t ion .  Once t h e  va lue  of w i s  e s t ab l i shed ,  one can then  

determine t h e  water temperature  and a i r  humidity a t  any p l ace  o r  s e c t i o n  

wi th  t h e  pad. For example, i f  one wants t h e  mean water  temperature  through 

t h e  pad, t h e  va lue  of' G remains t h e  same and incremental  va lues  o f -  a r e  

used. If' t h e  temperature  of t h e  water l e a v i n g  .LO s e c t i o n s  i s  wanted, t hen  

t h e  temperature  l eav ing  t h e  f i r s t  s e c t i o n  i s  found by us ing  0.10 - , t h e  

temperature  l eav ing  t h e  second sec t ion  by us ing  0.20 - , e t c .  This  pro- 

cedure also gives  t h e  mixed mean a i r  humidity f o r  each s e c t i o n .  

t h e  pads i n  s e c t i o n s  i n  t h e  d i r e c t i o n  o f  a i r  flow, t h e  procedure i s  t h e  

same except  t h e  incremental  va lues  of - must be used. 

KA KA 
W 

lccl 
w KA 

w 
To d iv ide  

KA 
G 

Figure A 4  shows an example oP t h e  pad performance us ing  t h e  method 

o u t l i n e d  above. 

t h e  a i r  flow r a t e  i s  182 cfm/ft , and t h e  i n l e t  a i r  condition; a r e  95 F 
dry  bulb and 6 4 - O ~  wet bulb for which t h e  i n l e t  a i r  en tha lpy  i s  29. 
o v e r a l l  energy balance €or t h e  pad shows t h a t  f o r  a 22'F drop i n  t h e  water 

temperature ,  t h e  i n l e t  and e x i t  temperatures  a r e  89 and 67OF. For t h e  re -  
sul-Ls shown i n  F ig .  A4a, t h e  a n a l y s i s  was done f o r  ten v e r t i c a l  s e c t i o n s  

and t h e  water temperature  a long t h e  pad and. t h e  e x i t  a i r  en tha lpy  for each 

s e c t i o n  i s  given. 

s e c t i o n  only  bu t  w i t h  t h e  pad d iv ided  i n t o  fou r  p a r t s  in t h e  d i r e c t i o n  of 

a i r  flow. The lower graphs then  g ive  t h e  water temperature  l e a v i n e  

Sec t ion  1 a t  d i f f e r e n t  h o r i z o n t a l  p o s i t i o n s  and a l s o  t h e  a i r  en tha lpy  

l e a v i n g  t h e s e  s e c t i o n s .  

The water flow r a t e  pe r  l i n e a r  f o o t  o f  pad i s  1765 l b /h r ,  
2 0 

An 

I n  F ig .  Ahb t h e  a n a l y s i s  i s  done on t h e  t o p  v e r t i c a l  

The above procedures g ive  de l e d  knowledge o f  t h e  water temperature  

and t h e  a i r  enthalpy.  However, f o r  use i n  greenhouses,  one a l s o  needs t o  

know t h e  r e l a t i v e  

one needs t o  know 

t o  t h e  en tha lpy .  

t hen  Eq. (10) can 

t h e  case  shown i n  

humidity of t h e  a i r .  To determine t h e  r e l a t i v e  humidity 

e i t h e r  t h e  a i r  temperature  o r  humidity r a t i o  i n  a d d i t i o n  

Once t h e  temperature  d i s t r i b u t i o n  of t h e  water  i s  known, 

be  used t o  c a l c u l a t e  t h e  a i r  temperature  i n  t h e  pad. For 

F ig .  A4, the a i r  temperature  l e a v i n g  Sec t ion  1 i s  ahout 

88 t o  89"~ and t h e  r e l a t i v e  humidity about 75%. 
i s  about 74% w i t h  a r e l a t i v e  humidity about 58%. 
a i r  temperature  i s  76 t o  77 F, and t h e  r e l a t i v e  humidity about 60%. 

The a i r  l eav ing  Sec t ion  10 

The mixed mean o u t l e t  
0 

It should be noted t h a t  t h e  pad e f f e c t i v e n e s s  used i n  t h e s e  ca l cu la -  

t i o n s  i s  t h a t  r epor t ed  f o r  low water  flow r a t e s  whi le  t h e  a c t u a l  va lue  w i l l  



d a 

Fitr. Ab. Typical A i r  and X a t e r  ConiiCYions in a Cross Flow Evapora t ive  
Cooiinc.; P a d .  



depend on the flow rate, e s p e c i a l l y  a t  high flows. The problem here  i s  

t h a t  as t h e  flow increases ,  t h e  water  w i l l  b r idge  between t h e  f i b e r s  m d  

block  t h e  flow of air from t h e s e  a reas .  Also, a t  high flow rates,  t h e s e  

br idged areas may extend from t h e  top t o  t h e  bottom of thc pad, thus 

forming rivulet: :  which will reach t h e  bottom o f  the  pad a t  temperatarcs  
above t h a t  p red ic t ed  by t h e  preceding a n a l y s i s .  

flow r a t e  needs t o  be determined experimental ly .  

The e f f e c t  of the water 
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