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SUMMARY 

A co ld  water  a q u i f e r  s t o r a g e  experiment was conducted a t  Texas A&M 
Univers i ty  dur ing  t h e  w in t e r  of 1979. Parameters f o r  des ign ing  cool ing  ponds 
t o  c h i l l  water  from 295 K t o  277 K were developed. I n  a d d i t i o n ,  d a t a  on t h e  
movement of c h i l l e d  water  through a  h igh ly  permeable, shal low,  unconfined 
a q u i f e r  were ob ta ined .  This  s tudy  provided a  l e a s t - c o s t  method f o r  ob t a in ing  
d a t a  on c h i l l e d  water  movement i n  a q u i f e r s  t o  v e r i f y  numerical  models and t o  
eva lua t e  problems wi th  c h i l l e d  water  s t o r age .  Regional flow i n  t h e  a q u i f e r  
and n a t u r a l  recharge  t o  t h e  a q u i f e r  dur ing  t h e  second w e t t e s t  year  i n  h i s t o r y  
reduced t h e  thermal energy recovery from an expected 40 percent  t o  20 percent .  
No a q u i f e r  plugging problems were experienced dur ing  i n j e c t i o n  and recovery 
ope ra t i ons .  The cool ing  pond ope ra t i on  was an excep t iona l  success .  

INTRODUCTION 

Ground water  a q u i f e r s  a r e  a v a i l a b l e  i n  most s e c t i o n s  of  t h e  world.  Ap- 
proximately 80 percent  of t h e  po u l a t e d  a r e a s  of t h e  e a r t h  have a q u i f e r s  capa- 
b l e  of d e l i v e r i n g  over  6 . 3  x lo-' m 3 / s .  These a q u i f e r s  a r e  capable  o f  y i e ld -  
i n g  o r  r ece iv ing  water .  Recharge we l l s  have been widely used f o r  y e a r s  a s  a  
water  conserva t ion  measure. 

Space cooi ing ,  o r  a i r  cond i t i on ing ,  i s  a  major energy u s e r  i n  t h i s  coun- 
t r y .  Attempts a t  s o l a r  cool ing  us ing  t h e  summer sun have not  been pa r t i cu -  
l a r l y  succes s fu l .  An a v a i l a b l e  source  of  low c o s t  coo l ing  is  abundant ly  
a v a i l a b l e  i n  most r eg ions  of t h e  country du r ing  t h e  w i n t e r .  I f  a low-cost 
s t o r a g e  system could be  developed, t h i s  n a t u r a l  w i n t e r  co ld  could be s t o r e d  
and recovered f o r  space  cool ing  dur ing  t h e  summer. Aquifers  may be  t h e  
necessary low-cost s t o r a g e  system t o  make t h i s  system work. 

A p r o j e c t  t o  i n v e s t i g a t e  t h e  use  of  a q u i f e r s  f o r  s t o r i n g  cold water  was 
conducted by Texas A&M dur ing  t h e  w in t e r  of 1979. This  p r o j e c t  had t h e  
fol lowing o b j e c t i v e s  : 

(1) Develop and exper imenta l ly  v e r i f y  des ign  c r i t e r i a  f o r  ope ra t i ng  
a  cool ing  pond i n  t h e  295 t o  277 K temperature  range, 



(2) Col l ec t  f i e l d  d a t a  from a  co ld  water  a q u i f e r  i n j e c t i o n  
experiment f o r  u se  i n  v e r i f y i n g  numerical models of a q u i f e r  
thermal  energy s t o r a g e  systems, and 

(3) Evalua te  any w e l l  plugging problems caused by i n j e c t i n g  a  h igh ly  
a e r a t e d  water  i n t o  an aqu i f e r .  

This  p r o j e c t  i s  n o t  a  demonstrat ion p r o j e c t ;  i t  is  a  low budgeted f i e l d  
experiment t o  e v a l u a t e  problems a s soc i a t ed  wi th  co ld  water  a q u i f e r  s t o r age .  
To reduce p r o j e c t  c o s t s ,  t h e  a q u i f e r  s e l e c t e d  i s  a very permeable, shal low 
unconfined a q u i f e r  w i t h  s i g n i f i c a n t  r e g i o n a l  movement and n a t u r a l  recharge.  
A confined slowly-permeable a q u i f e r  is  a v a i l a b l e  a t  a  deeper depth w i t h  
c h a r a c t e r i s t i c s  more conducive f o r  a q u i f e r  thermal energy s t o r a g e . .  However, 
t h e  shal low a q u i f e r  w i t h  less f avo rab l e  c h a r a c t e r i s t i c s  was chosen t o  a l low 
us  t o  s t a y  w i t h i n  a t o t a l  cons t ruc t ion  c o s t  budget of $50,000. 

UNITS 

Values r epo r t ed  i n  t h i s  r e p o r t  a r e  i n  S I  u n i t s .  However, t h e  a c t u a l  
measurements and c a l c u l a t i o n s  were made i n  U.S. Customary Uni t s .  

COOLING POND EVALUATION 

A spray pond 15  m wide, 30 m long and 1.8 m deep was dug and then l i n e d  
wi th  a  32 m i l  Hypalon rubber  l i n e r  t o  prevent  seepage. Spray nozz les  a r e  
mounted on t h r e e  p a r a l l e l  0 . 1  m d i s t r i b u t i o n  p ipes  supported by a  wooden 
frame. The d i s t r i b u t i o n  p ipes  a r e  2 .1  m above t h e  pond bottom. Each d i s t r i -  
bu t ion  p ipe  suppor t s  25 spray  nozz les  on 0.6 m by 0.01 m r i s e r s .  Pond water  
i s  c i r c u l a t e d  by a  0.038 m 3 / s  c e n t r i f u g a l  pump which s u p p l i e s  about 0.010 
m 3 / s  t o  t h e  f i l t e r  and 0.028 m3/s t o  t h e  spray nozz les .  A d r i f t  fence  2.4 m 
h igh  was i n s t a l l e d  a long  each long s i d e  of t h e  pond t o  prevent  d r i f t  of water .  

The spray  pond performance exceeded expec ta t ions  e s p e c i a l l y  a t  low wind 
v e l o c i t i e s .  Data i n d i c a t e d  t h a t  t h e  cool ing  capac i ty  of t h i s  pond increased  
l i n e a r l y  wi th  t h e  water  c i r c u l a t i o n  r a t e .  This  i nd i ca t ed  t h a t  t h e  pond a r e a  
was no t  l i m i t i n g  and t h a t  more cool ing  capac i ty  could be  achieved by increas-  
i n g  t h e  s i z e  of t h e  r e c i r c u l a t i o n  pump. 

With a  water  spray  r a t e  of 6.62 x m3/s pe r  l i n e a r  meter of spray  
header and no wind, t h e  spray  pond produced cool ing  a t  t h e  r a t e  of 



where Q = cool ing  r a t e  (kWm of sp ray  header) ,  

T = temperature of sp ray  water  (K), and 

Twb = w e t  bulb temperature (K). 

A t  t h e  p re sen t  c i r c u l a t i o n  r a t e  (no wind) about  310 kW of cool ing was 
achieved wi th  a 3.9 K approach temperature.  This  h tgh  performance a t  v i r t u a l -  
l y  zero  wind speed i s  e s p e c i a l l y  s i g n i f i c a n t  i n  view of t h e  many cold ,  c l e a r ,  
s t i l l  n i g h t s  i n  t h e  Bryan, Texas a r ea .  Weather r eco rds  i n  Bryan i n d i c a t e  t h a t  
dur ing  an average win te r ,  1300 hours a r e  a v a i l a b l e  when water  averaging 280 K 
could be produced wi th  a  3.9 K approach temperature.  Thus, a  cool ing pond of 
t h e  s i z e  used i n  t h i s  experiment could produce about  1.44 x 1012 J of cool ing  
dur ing  a  t y p i c a l  Bryan, Texas win ter .  

The cool ing  capac i ty  of t h i s  cool ing pond could b e  s i g n i f i c a n t l y  
increased  by en la rg ing  t h e  r e c i r c u l a t i o n  capac i ty  of t h e  pond. We have modi- 
f i e d  t h e  cool ing  pond, en larged  i t s  cool ing  capac i ty ,  and p lan  t o  ope ra t e  t h e  
pond on a  l i m i t e d  b a s i s  dur ing  t h e  win te r  of 1980 t o  e v a l u a t e  i t s  cool ing  
capac i ty  under t h e  modi.fied condi t ions .  

AQUIFER INJECTION EVALUATION 

The f i e l d  experiment i s  loca t ed  about 16 km west of Bryan, Texas. The 
we l l s  a r e  d r i l l e d  i n t o  t h e  Brazos River al luvium a q u i f e r  t o  a  t o t a l  depth of 
1 7  m. The p r i n c i p a l  product ion zone is a coa r se  sand and g rave l  from 12 t o  
17 m. A f i n e  sand 1 . 5  m t h i c k  o v e r l i e s  t h e  sand and g r a v e l  zone. A slowly 
permeable s i l t y  c l ay  o v e r l i e s  t h e  sand and causes a  semi-confined a q u i f e r  
e f f e c t .  However t h i s  s i l t y  c l ay  zone has s u f f i c i e n t  v e r t i c a l  permeabil i ty  t o  
al low s i g n i f i c a n t  q u a n t i t i e s  of n a t u r a l  recharge t o  e n t e r  t h e  aqu i f e r .  The 
normal s t a t i c  water  l e v e l  i s  7.5 m. During 1979, 1 .15  m of r a i n f a l l  occurred 
( t h e  second w e t t e s t  year  on record)  and t h e  s t a t i c  water  l e v e l  increased from 
7.5 m t o  5.8 m. 

A product ion we l l  was d r i l l e d  about 700 m west of t h e  Brazos River ,  and 
an  i n j e c t i o n  we l l  was d r i l l e d  another  408 m w e s t  of t h e  product ion we l l .  The 
product ion we l l  was t e s t  pumped a t  t h e  r a t e  of 0.028 m3/s, and the  i n j e c t i o n  
w e l l  a t  t h e  r a t e  of 0.013 m3/s. The product ion w e l l  had a  hydraul ic  conduc- 
t i v i t y  of 180 m/d and t h e  i n j e c t i o n  we l l  had a  h y d r a u l i c  conduct iv i ty  of 
140 m/d. The hydraul ic  g rad ien t  a t  t h e  i n j e c t i o n  s i t e  has  var ied  from 0.001 
t o  0.005. Thus, r eg iona l  movement of 0.14 t o  0.70 m/d has  probably occurred 
i n  t h i s  a q u i f e r  dur ing  t h e  p a s t  year .  These cond i t i ons  a r e  not  conducive f o r  
demonstrat ing an a q u i f e r  thermal energy s t o r a g e  system i n  which the  recovery 
of i n j e c t e d  energy i s  t h e  primary ob jec t ive .  However, t h e  o b j e c t i v e  of t h i s  
experiment was t o  inexpensively eva lua t e  f i e l d  temperature p r o f i l e s  f o r  use 
i n  ve r i fy ing  numerical models. From t h a t  po in t  of view, t h e  experiment has 
been a  success .  



A system of 10 observa t ion  w e l l s  a r e  l oca t ed  around t h e  i n j e c t i o n .  w e l l  
and another  10 observa t ion  we l l s  a r e  l oca t ed  around t h e  product ion w e l l ;  
These we l l s  were used t o  measure t h e  water  l e v e l s  and temperature p r o f i l e s  a t  
var ious  r a d i i  from t h e  w e l l s .  

The f i r s t  cold water  w a s  i n j e c t e d  on January 4 ,  1979. Water was i n j e c t e d  
on 24 days dur ing  January, 24 days during February, and 11 days dur ing  March. 
The volume of water  i n j e c t e d  dur ing  January, February, and March was 13,625, 
12,490, and 4540 m3, r e spec t ive ly .  A t o t a l  of 30,655 m3 was i n j e c t e d  dur ing  
t h e  e n t i r e  3-month period.  The average i n j e c t i o n  r a t e .  dur ing  t h e . p e r i o d  was 
520 m3/d; exac t ly  equal  t o  t h e  design i n j e c t i o n  r a t e .  

The i n j e c t i o n  temperature f l u c t u a t e d  some dur ing  t h e  experiment bu t  was 
kept  approximately equal  t o  282 K. Colder water  could have been e a s i l y  pro- 
duced. I n  an a c t u a l  demonstration of t h e  cold water  system, i t  would b e  
d e s i r a b l e  t o  i n j e c t  co lde r  water ,  bu t  t h e  o b j e c t i v e  of t h i s  p r o j e c t  w a s  t o  
e s t a b l i s h  a  measurable temperature d i f f e r e n c e  i n  t h e  a q u i f e r ,  and c o l l e c t  d a t a  
f o r  v e r i f y i n g  numerical models. This was accomplished. The average i n j e c t i o n  
temperature throughout t h e  i n j e c t i o n  period was 282 K.  

The r e s u l t i n g  temperature p r o f i l e s  around t h e  i n j e c t i o n  we l l  a r e  shown i n  
f i g u r e s  1 and 2.  F igure  1 shows t h e  temperature p r o f i l e  on January 31, 1979. 
On t h i s  d a t e ,  t h e  temperature p r o f i l e s  appear t o  be  uniform. An upward bulge 
i n  t h e  temperature p r o f i l e  near  t h e  i n j e c t i o n  we l l  is  t h e  r e s u l t  of being an 
unconfined aqu i f e r .  Some upward movement i n t o  t h e  over ly ing  c l a y s  occurred. 

Figure 2 shows t h e  p r o f i l e s  on February 28, 1979. The p r o f i l e s  a r e  not  
mir ror  images of each o the r .  Regional flow occurs  from r i g h t  t o  l e f t  i n  
f i g u r e  2. It can be seen  how t h e  r eg iona l  flow has moved t h e  cold water 
f a r t h e r  i n  t h e  down g rad ien t  d i r e c t i o n .  By J u l y  8 ,  1979, when recovery of 
water  was i n i t i a t e d ,  r eg iona l  flow had moved t h e  cold water zone 30 t o  40 
meters  down g rad ien t  from t h e  i n j e c t i o n  we l l  (Fig.  3 ) .  A zone of co ld  water 
i n  t h e  slowly permeable c l a y s  s t i l l  ex i s t ed  near  t h e  we l l .  But t h i s  had 
l i t t l e  chance of being recovered during t h e  pump ou t  per iod .  

On J u l y  9,  1979, t h e  i n j e c t i o n  we l l  was pumped a t  t h e  r a t e  of 
6.31 x m3/s. This  was continued f o r  30 days and t h e  pumping r a t e  was 
then  increased  t o  9.46 x m3/s. Pumping was stopped on September 6 ,  1979, 
a f t e r  withdrawing 30,655 m3 of water .  This water was re turned  t o  t h e  o r i g i n a l  
pumping we l l  and r e i n j e c t e d  i n t o  t h e  aqu i f e r .  The temperature of t h e  recov- 
ered water  was i n i t i a l l y  290 K and increased  t o  a  f i n a l  temperature of 292 K. 

A t o t a l  of 1.56 x 1012 J was i n j e c t e d  dur ing  t h e  win te r  per iod and 
0.36 x 1012 J was recovered dur ing  t h e  pump out .  This  provided a  23 percent  
thermal recovery e f f i c i e n c y  during t h e  f i r s t  year  of opera t ion .  We had ex- 
pected t o  o b t a i n  a t  l e a s t  a 40 percent  thermal recovery e f f i c i e n c y ;  b u t  t h e  
l a r g e  r eg iona l  flow r a t e  i n  t h e  coa r se  g rave l  zone of t h e  a q u i f e r  prevented 
t h i s  from occurr ing .  



NUMERICAL SIMULATION 

A t  t h e  present  t i m e ,  Texas A M  i s  us ing  two numerical models t o  ana lyze  
t h e  d a t a  from t h i s  i n j e c t i o n  experiment.  One of  t h e s e  is a f i n i t e  d i f f e r e n c e  
a q u i f e r  model and t h e  o t h e r  is  a f i n i t e  element a q u i f e r  model. Work on devel- 
oping t h e  models was i n i t i a t e d  i n  October of 1979 and only  pre l iminary  r e s u l t s  
a r e  ava i l ab l e .  Figure 4 shows r e s u l t s  of a n  i n i t i a l  computer model run  54 
days a f t e r  i n j e c t i o n  w a s  i n i t i a t e d .  Q u a l i t a t i v e l y ,  t h e  p re sen t  numerical 
model shows agreement wi th  t h e  f i e l d  da t a .  However, some ref inement  of i npu t  
d a t a ,  such a s  n a t u r a l  recharge r a t e s  and v e r t i c a l  p e r m e a b i l i t i e s ,  is needed 
be fo re  a f i n a l  match is obtained.  We hope t o  have t h e  two numerical models 
working by March 1, 1980. 

GEOCHEMICAL STUDIES 

The a q u i f e r  used f o r  t h i s  experiment had a very  h igh  i r o n  content  of 
9 .1 ppm. When a e r a t e d  i n  t h e  cool ing  pond, an  i r o n  p r e c i p i t a t e  w a s  formed. 
Much of t h e  i r o n  was p r e c i p i t a t e d  i n  t h e  cool ing  pond. However, p r i o r  t o  
i n j e c t i o n ,  t h e  water  was passed through a sand f i l t e r  t o  remove any remaining 
i ron .  The i r o n  content  of t h e  i n j e c t e d  water  was not  d e t e c t a b l e .  It  w a s  
necessary t o  backwash t h e  f i l t e r  a f t e r  i n j e c t i n g  every 950 m3 of water .  

During t h e  pump o u t ,  we expected t h e  i r o n  content  of t h e  recovered water 
t o  have increased  because of t h e  obvious r eg iona l  flow problem. However, t h e  
i r o n  content  s t a r t e d  out  a t  non-detectable l e v e l s  and had only increased  t o  
about 0.3 t o  0.4 ppm a t  t h e  end of t h e  pump out .  The exac t  reason f o r  t h i s  
is no t  known a t  t h i s  t ime and is  s t i l l  under i n v e s t i g a t i o n .  

The important f a c t o r  is t h a t  t h e  i n j e c t i o n  w e l l  d i d  not  i n d i c a t e  any 
s i g n s  of plugging dur ing  its 3 months of i n j e c t i o n .  The s p e c i f i c  capac i ty  was 
2.69 x 10-3 m3Lm a t  t h e  beginning of t h e  i n j e c t i o n  per iod ,  and i t  was s t i l l  
2.69 x 10-3 m3/m a t  t h e  end of t h e  i n j e c t i o n  period.  What would happen over 
a s e v e r a l  year  per iod  is  unknown, bu t  we were encouraged about t h e  f i r s t  

r e s u l t s .  

To prevent  b i o l o g i c a l  contamination, t h e  water  was ch lo r ina t ed  p r i o r  t o  
i n j e c t i o n .  

During t h e  i n j e c t i o n  phase, a t o t a l  of 29,100 kg of  s o l i d s  were i n j e c t e d  
i n t o  t h e  we l l .  During t h e  pump ou t  a t o t a l  of 28,800 kg of s o l i d s  were re- 
moved. Although t h i s  shows t h a t  some s o l i d s  may b e  l e f t  i n  t h e  a q u i f e r ,  t h e  
r e s u l t s  a r e  w e l l  w i th in  experimental  e r r o r ,  and no s i g n i f i c a n t  s t a t i s t i c a l  
d i f f e r e n c e  e x i s t s  between t h e  two. 



CONCLUSION 

A s  a demonstration of ATES technology, t h e  f i r s t  cooling cycle  a t  Texas 
A&M might be considered marginal because no use fu l  cold w a t e r  was recovered. 
However, a s  an experiment the  p ro jec t  was very encouraging. Every aspect  of 
the  system opera t ion  equaled o r  exceeded expectat ions.  There w e r e  no s igns  of 
w e l l  plugging during t h e  i n j e c t i o n  cycle. The cooling pond proved t o  be  an 
exceptionally e f f i c i e n t  and low-cost method of producing cold water; and with 
the  knowledge gained, a f u r t h e r  increase  i n  the  cooling pond capacity is 
ant ic ipa ted .  

The simple sand f i l t e r  worked pe r fec t ly ,  and i n  conj'unction with the  
oxidat ion i n  t h e  spray pond, completely removed t h e  i ron  from the  water. No 
plugging of the  w e l l  was indica ted  during t h i s  i n i t i a l  i n j e c t i o n  cycle. The 
observation w e l l s  gave a complete hydraulic  and thermal h i s t o r y  of t h e  aqui- 
f e r  during t h e  experiment. 

The poor thermal recovery was due t o  regional  flow. This had been ex- 
pected t o  a degree, but  i t  was made worse by the  second wet tes t  winter  and 
spr ing  on record which ra i sed  t h e  water t a b l e  1.7 m. During the  next few 
months, t h i s  i n j e c t i o n  cycle w i l l  be simulated using computer models of t h e  
aqui fer  system. 
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Figure 1. Temperature profiles after injection at 13,625 m of cold water. 

Figure 2 .  Temperature profiles after injection at 26,115 m3 of cold water. 
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Figure 3. Temperature profiles after a 90-day injection period and a 90-day 
storage period. 
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Figure 4. Results from initial simulation of temperature profiles following 54 days 
of injection. 


