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IMRODUCTION

ït is generally felt thaÈ Ehe seasonal

s to t "gà  o f  so la r  heat  i s  one o f  the  nos t

iopori"nt, if noc Ehê cenÈÍal probleo-in the

developnent of solar heating and cooling, in

paÍÈic;lar for regions rrith á cloudy clinate

s i tua ted  aE h igh  la t i tudes .  HoÍ Íeve Í '  uP Lo

now only a very f. i"rnited number of lay-outs

for seasonal stoïage systems have been put

forward Èhat hold a ptonise of economic

v iab i l i t y .  one o f  lhese lay -ou ts  i s  dep ic ted

in  f ig '  l .  The essenÈia l  charac ter is t i cs

Fig.  t .  General  lay-out  of  a seasonal
sÈorage i.n che ground.

of  the sysÈem are Èhat sof t  saÈurated soi l  is

used as the storage nedium aÍrd that Èhe

sEorage is loaded and unloaded by neans of  a

large nr:mber of more or less vertical heat

t ransfer  p ipes.  A th ick insulat ion sheet on

top of thà storage (not drasn) prevents the

heaÈ from l,eaking aríay to Èhe atnosphêre'

The rather good insulat ing propert ies of  the

soi l  are ut i l ized to reduce hêat  leakage Èo

the surrounding soi l .
r n  l t l  i t  i s  shown  a .o .  ÈhaÈ  a  de f i n i t e

uinimum capacity of Èhe storage is tequired

to obtain à suf f ic ient ly  h igh stor ing
ef f ic iency;  for  average Èhernal  properÈies

of  the soi l  the lowesÈ permissib le capaci ty

was establ ished at  500'000 k i^ Ih.  This resul t

was derived by applying the similarity rules

of  heat  conducÈion obtained in a design
study for  an al l -solar  Tom of f ice (Lelysrad,

the NeÈhêr lands).  The main daÈa for  the
seasonal  sÈorage concerned were:
-  Capaci tY (nec):  683.000 k l r th '
-  naàius of(hemisper ical)  ouÈer boundary:  27m

-  Rad ius  o f  (hen ispher ica l )  core :  19  n '
-  Th ickness  o f  insu lac iog  "she l l "  o f

so i l :  27-19=8 n .
- TemPerature (average) a! outer boundary:

200c .
- TenPerature in core: 70oC at the beginning

and 20oC at the end of heating season'
-  Heat  res is tance o f  insu la t ing  sheet :

0 . 1  n 2  o C  W - I .
- Effíci.ency: 757.
-  I n v e s È n e n l :  D f 1  6 8 3 , 0 0 0 . - ,  i ' e '  D f l  l ' - l k w h

c a p .
-  Therna l  p roper r ies  o f  sa turaÈed so i l :

conduct iv i t y  1 .5  L l  ro - l  o6-1 ,  spec i f i c  heaÈ

1200 J /kg ;  dens i tY  
'1600 

kg  n-J .
-  Nr :mbet  o f  heat  Erans fer  p ipes :  1350 '
-  ToÈa1 length  o f  heaÈ Erans fer  p ipes :  24000 n '

The bas ic  q ies t ions  ar is ing  dur ing  the  des ign

and op t in iza t ion  o f  a  seasona l  so la r  heat ing

installation are related Èo Èhe vohme and

the upper and lower temPerature l imits of the

sEorage '  the  heaÈ ga in  o f  lhe  co l lec to rs  as

rê1ated  !o  c l imaÈe and average co l lecÈor

teoperaËure '  the  e f f i c iency  o f  Èhe s to rage

and the Èotal heaÈ denand. The selecÈion of

Èhê EemPêra ture  l in i t s  i s  o f  parÈ icu la r

imporEance because Èhe volume, the heat

losses  and the  e f f i c iency  o f  the  sÈorage '  Èhe

heat gain and Èhe required area of the

collectors and consequencly the invêstments

are  d i rec t l y  depender r r  on  these l in i t s  (a t

a given heat denand) ' Therefore Èhe temPerature

linits have been chosen as the primary

variables in an engineering rnodel for rhe

f i rs t  o rder  Èêchno-economic  op t im iza t ion  o f

seasona l  so la r  heat ing  ins ta l la l ions ,

developed at the Eindhoven University of

Technoiogy. In the nodel anrple use is made

of  the  s imi la t i t y  ru les  o f  heat  conducÈion

and of the scaling laws for investments in

order to deÈermine the dimensions' Èhermal

charac ter is t i cs ,  and cos ts  o f  the  s to rage '

The daËa ment ioned above serve  as  a  f i xed

po inE in  th is  connecc ion .  The cosÈs o f  the

co l lec to rs  can be  se t  a t  any  des i red  va lue  in

the  Íode1:  in  our  ca lcu la t ions  a  low pr ice  o f

Of.l 2OO.-/nZ, including mounÈing, was chosen,

w i th  a  v iew on the  la rge  areas  invo lved '

In  the  f i rs t  o rder  op t im iza t ion  Ínode l  a1 l

unsteady hea! transfer phenomena are reduced
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to  quas i -s ta t ionary  p rob lems,  A  second ord .er
op t im iza t ion  requ i res  a  more  de ta i led .
knowledge o f  the  non-s teady  heat  t rans fer  in
the  sÈorage however .  In  par t i cu la r  concern ing
the  heat  t rans fer  a round Èhe p ipes ,  as  th is
deterrnines the rnaximum a1lowab1e mutual
d i s t a n c e  b e t l r e e n  t h e  p i p e s ,  w h i c h  i s a , " i o .
c o s t  f a c t o r .  I n  t h e  f i n a l  p a r t  o f  t h i s  p a i e r
sorne  pre l im inary  resu l ts  o f  o . r  resear . i ,  in
t h i s  f i e l d  w i l l  b e  p r e s e n t e d .

TIIE FIRST ORDER ENGIMERING MODEL

Def in ing  the  eapac i ty  (C)  o f  rhe  s rorage as
the  amount  o f  heat  thaÈ can year ly  be
ex t rac ted  f rom i t  and the  e f f i c iency  o f  the
s torage (n )  as  the  ra t io  be tween thà  mounts
o f  heat  exr rac ted  and d .e l i vered  f . "as  to  i iè
equat  ion  :

\  =  c / ( c  +  L )  =  r / ( l  +  L / c )  ( l )

q rhere  L  =  heat  losses  per  year .

Assuming a l l  l i near  d inens ions  o f  a  s to rage
(except  the  mutua l  d isËance o f  the  p ipes)  to
v a r y  p r o p o r t i o n a l l y ,  t h e  c a p a c i Ë y  o i  i t .
s to rage can be  l r r i t ten  as :

c = y o c o 3  ( T  - T  )  t l \
max mln '  \L /

where Tr4" = upper l init, and Tri. = lower
l in i t  o f  the  tempera ture  in  the* io re .  o  =
c h a r a c t e r i s t i c  d i m e n s i o n  o f  t h e  s t o r á g e ,
p  =  d e n s i r y ,  a n d  c  =  s p e c i f i c  h e a t  o f ' t h e
s o i l ,  a n d  y  =  t h e  p r o p o r t Í o n a l i r y  f a c t o r .

The heat ,  losses  (per  year )  a re  p ropor t iona l
to  che thermal  conduct iv i t y  o f  lne-so i1  (À) ,
t h e _ o u t s i d e  a r e a  o f  t h e  s È o r a g e  ( p r o p o r t i o n a l
Eo u- )  and the  (year ly )  mean tempera ture
grad ienÈs wh ich  are  propor t íona l  to  the
d i f fe rence be tween the  annua l  Ínean
temperature in the core (Tr) and the
tempera ture  o f  the  sur round ing  so i l (Ts) ,  and
inverse ly  p ropor t iona l  Èo D.  There for ; :

ground that  can be considered as (approxima_
tely)  l inear t ransformar ions of  rhe'Lelystad
storage,  for  arbi t rary values of  the wo;k ins
temperaÈures.  As an exanple f ig.  2 g ives thË
e f f ^ i c i enc ies  f o r  a . s ro rage  w i t t  a  càpac i t y
o f  3 ,6 .10o  l { . ]  =  l 0b  k t l h  ( t empe ra ru re  o f  r Í r e
surrounding soi l  laken at  lOoC).  In qeneral

T mar

80 0c

70

60

5 0

t o

30
I  m i n

1 = q r o 2 { ( r r - r o ) / o }

where  q  =  the  propor t iona l i t y  fac to r .

- F i g .  2 .  E f f i c i e n c y  o f  a  È h e r m l l y  s t r a t i f i e d

: "1"9y1 
sEorage in  rhe  ground.  Capac i ry  =

3  , 6 .  1  0 o  l d l .

inc reas ing  the  s to rage tempera tures  leads
to  a  decrease o f  the  e f f i c iency .  Howêver ,
when the temperature range Trs* - Trin tánds
to  ze to  Lhe vo lume,  the  ou ts idà  are i -and
consequent ly  the  heaE losses  become so  la rge
thaL th is  t rend ís  reversed.  Inc reas ins  T_] -_
at a fixed Tmin, and thereby ir..u""ir,! tf iË"
tenpera ture  range leads  Èo an  inc rease o f  the
e l t tc r -ency  undêr  Ëhese cond i t ions .

Incorpora t ion  o f  the  co l lec to rs  in  Ehe mode l ,

h 'hen incorporaÈing  the  co l lec to rs  in  the  mode l
two special aspects have Èo be taken in
account :
-  p a r t  o f  t h e  h e a È  g a i n e d  i n  t h e  c o l l e c È o r s

w Í I I  b e  d e t i v e r e d  d i r e c t l y  È o  Ë h e  o b j e c Ë
to  be  heated ,  and no t  v ia  the  s to ragá,  and-  the  per fo r t rEnce o f  lhe  co l lec to rs  i f
influenced by the ÈenperaÈure at which the
heaÈ has  Èo be  de l i vered  to  Èhe s to rage,

_  
thê t  i s  to  say  by  i t s  work ing  t " rp" . " i r i " " .

In the develoPnent of rhe rcdei it ;as
assuned tha t  in  genera l  t /3  o f  the  heat  ga ined
can be  de l i vered  d i rec t l y  ro  the  ob jec t  ie ,g .
v ia  a  smal1  day  to  day  s to rage)  and the
remarn ing  f rac t ion  is  de l i vered  ind i rec t l y
yi i_.h: srorage. For cl innÈes ."a ot j". i" '
di f fer ing much from those in fne Netierianas
a d í f fe ren t  assumpt ion  concern ing  the  d i rec t
and indirect fraction nay have tó be made.
Denoting the total 

"rrrr.1 
he.t deurand of the

ob jec t  by  H,  the  co l lêcÈor  a rea  by  A and
the  heat  ga in  per  un i t  co l lec to .  à . . "  o . ,
year  by  l ^ I ,  the  heaE ba lance o f  the
i n s t a l l a t i o n  r e a d s :

wA =  H/3  +  2H/3n (5 )

The heat  ga in  per  un i t  co l lec to r  a rea  is  a
complex  func t ion  o f  many var iab les .  In  the

( 3 )

F r o m  ( l ) ,  ( 2 )  a n d  ( 3 )  i t  f o t l o v s ,  a f r e r  s o m e
r e d u c t i o n ,  t h a t :

] -  '  = - i r -  4 !12 /3  
r ^ - ro  

. -
'  ( o c ' Y ; " -  '  ( t  - r  ) r / rmax mrn'  

G)

Referr ing to the data of  the Lelystad storage
the value of .  py- l /3 can now be calculated bi
inserr ing in (3) :  Tn = 45oc,  t r ""  - - i ; ; ; -=- '
5ooc,  c_= 683,000 (Ëwh) ana rnË- 'Cnermï i" .  ,^p rope r t i es  o f  t he  so i l .  The  va lue  o f  qy - I / J
being known eq.  (3)  permits the calculat ión
of  the ef f ic iency of  a1l  heat  stores in the

610
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f i rs !  o rder  mode l  thesê comPlex  re laÈ ions

werê  grea l l y  s imp l i f ied  by  re la t ing  Èhe heat

gain io Ëhe averege fluid ternperature in Èhe

ào l lec to r  th roughout  the  year .  In  iEs  Èurn

the  tempera tu le  in  Èhe co l lecÈor  was

estimatàd to be lOoc higher than the average

of rhe core tmperature and the EêmPerature

a t  the  ou ter  boundary  o f  the  s to rage.  Tbe

tempera ture  d i f fe rence o f  lOoC is  based on

lhe  cor ÍesPond ing  d i f fe rence ca lcu la ted  fo r

rhe  Le lys tàd  s to i tg .  I  t  l .  r t te  tempera ture  aÈ

the boundary  i s  a lso  laken inÈo cons idera t ion

because o f  the  coo l ing  dom o f  the  f lu id  in

the  heaE Èrans fer  p ipes .  A t  the  lower  end o f

these p ipes  the  f lu id  enÈers  a  in te rna l

re lu rn  p ipe  and is  fed  back ,  v ia  the  recurn

header ,  to  Ehe co l lec to rs .  I t  i s  to  be  no ted

EhaÈ thê difference between the temPeratuÍe

aÈ the  ouEer  boundary  and the  tempera ture  o f

Èhe sur rosnd ing  so i l  i s  p ropor t iona l  to  the

difference beÈween Èhe core temPeia-ture and

lhe  sur round ing  so i1 .  S tar t ing  f ron  Èhe da ta

fo r  the  LeLys tad  s to rage and a  so i l

tempera ture  o f  lOoC lhe  average (year )

boundary temperature (tt) is found to arcunt

i  -  , ^ t  t r  + ' t  \  / z - t } ]  / 7 0  ( o C )  ( 6 )u m a x ' m i n "

So,  aceord ing  to  Èhe es t imate  ment ioned

above Èhe averagê (year )  co l lec to r

Eempera ture  (T . )  i s  g iven  bY:

í  =  t r -  + . r  \ / )  + i . I / z + t o  ( o c )  ( 7 )' c  - ' \ ' m a x ' m í n t ' '  
b - '

F o r  t h e  D u t c h  c l i m a c i c c o n d i c i o n s  a  s i n g l e

g lazed. ,  spec t ra l  se lec t i ve  f la t  p la te

co l lec to r  (nos t  w ide ly  4sed)  i s  known to

deliver about 550 kwh/m' yr at a working

temperaËure  o f  2CoC (swinun ing  poo ls ) ,  some

350 kl,Íh/yr aE 50oC (hot water supply) and vir-

Èua l ly  no  heat  aÈ l40oC.  These re fe rence Po in ts

can be  f ig ted  in to  the  fo l lov ing  s imp le

re l  a t ion :

1,1 = ( r4o -  i " )2 lz+

I t  i s  o b v i o u s  t h a t  t h i s  r e l a t i o n  i s  c l i m t e -

dependenÈ and should be adapted when oÈher

c l imates  than the  Dutch  (Nw-European)  a re

cons idered.
The equaÈions  (  I  )  t .h rough (8 )  pemi t  the

ca lcu la i ion  o f  the  requ i red  co l lecEor  a rea

A at a given 1l' Tmax and Trir.

IncorporaÈion  o f  economic  da ta .  in  the  mode l

The inves tment  fo r  the  s to rage is  less  Èhan

propor t iona l  to  the  vo lume o f  the  s to rage

(V)  because bo th  Ehe number  and to ta l  leng th

o f  Ehe p ipes  and the  area  o f  Èhe insu la t ing

sheet  a re  less  Èhan propor t iona l  Èo the

vo lume.  WiEh the  assuned consÈant

EemperaÈure  d i f fe rence be tween Ehe P ipes  and

Lhe so i l  o f  l0oC the  number  o f  p ipes  and the

t o t a l  I e n s t h  c a n  b e  s h o m  t o  b e  p r o p o r t i o n a l

t o  ( V ) l / 6  a n d  ( v ) l / 2  t " . p " " c i v e I y '  F o r  a

tempera ture  d i f fe rence Propor t iona l  to  the

heat  Èrans fer  load  per  un i t  leng th  o f  p ipe

Ehe propor t iona l i t y  exponenEs become 2 /3

and I  respec t ive ly .  Taken Èogether  Ëhese
re la t ions  suggest  a  va lue  fo r  the  sca l ing-

up  exponênt  in  the  range o f  0 .5  to  0 .8  to  be

a  f a i r  e s t i n a t e .
The re la t i ve  vo lume o f  the  s to rage (V ' ) ,

compared to  the  Le lysÈad s to rage,  be ing
g iven by :

r / '  =  ( f , / 6 8 3 , 0 0 0 ) {  ( 7 0 - 2 0 ) / ( T m a x - T n i n ) }  ( 9 )

Ehe invesÈment  fo r  the  s to rage ( I " )  can  be

es t imated w i th  the  equat ion :

r .  =  6 8 3 , o o o  1 y ' ; o ' 5  t o  o ' 8  ( D f r )  ( t o )

( t  n f t  :  . 5  u s $ )

To the  inves tment  fo r  the  s to rage the
inves tments  fo r  the  co l lec to rs  ( I . )  shou ld  be
added.  As  s ta ted  be fore  i t  i s  taken to  be
l f l  200 , - /n2 ,  tak ing  the  la rge  co l lec to r
area  concerned and fu tu re  mass  produc t ion

ef fec ts  in to  account .  So the  to ta l  inves tment
fo r  the  so la r  seasona l  heat ine  ins ta l la t ion
( I )  comes to

r  =  r s  +  2 0 0  A  ( D f 1 )  ( l l )

No f i xed  cosÈs fo r  the  cont ro l  sysEem etc .
a re  inc luded in  the  inves tment  because these
wi l l  be  re la t i ve ly  smal l  in  la rge  sys tems.
F i g .  3  g i v e s  t h e  r e s u l t s  o f  s o m e  c a l c u l a t i o n s
m a d e  w i t h  a  s c a l i n g - u p  e x p o n e n t  o f  . 5 .  T h e

2 0  t , o  6 0

F ig .  3 .  Inves tnent  in  a  seasona l  so la r  heat ing
ins ta l la t ion  supp ly ing  l0b  k l t r  (3600 l4 I )  per
year  under  Dutch  c l imaEe cond iÈ ions  (heat  pump
not  inc luded)  ,

( 8 )

Í  m:r  oC

(Df t  q 0.5
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invesÈment is expressed in Dfl per khrh per

I : i :  : "  : r lo r . .  
qu ick  cornpar ison  w i th  e ie rgy

Pr lces ,  Ca l .cu la t i cns  ' t i th  a  sca l ine_uo
exponent  o f  .8  have a lso  been ÍDade bu l  the

: : : r1 : "  
d i f fe r .on ty  s l igh t ly  t ro ,  . f ro " " - i r .

r rg .  J .  Ine  maln  conc lus ion  to  be  drawn
f r o m  f i g .  3  i s  t h a t  È h e  s e a s o n a l  

" r o r " n .shou ld  be  operared  w iÈh as  1 . ,  
"  

; i ; i ; ; ;
Êemperature and as high a maxinum
tempera ture  as  c i rcuns tances  permi t .  The
benef ic ia l  e f fec t  o f  a  sna l l  

"o f " r " - .ooàr r "ro -compensate  amply  fo r  Ehe decrease i ;  the
e r r l c L e n c y  o f  l h e  s t o r a g e  t h a t  i s  a s s o c i a E e d
w i c h  a . h i g h  u p p e r  t e m p e r a t u r e  ( f i g .  2 ) .  t h e
min  l im i t  ro  th is  Ibeing . the i,"."."i,gïo"j'l.r"l!"lill"l1".n"
groundwater as the temperature approaches
rhe boi l ing poinr .  0n1y when Èhe' ; in im;;
renperaÈure is  below 20oC (which nonnal iy
impl ies thar a hear punp has ro t "  , " "à- io.rhe exrracr ion of  rhe háat)  rhe .p. i ; ; i  

-* '

maximum renperarure shifts ro forli-J"*ir"".
The disadvantageous ef fect  

" f  "  
f r igL-"pp-" . '

cenperaÈure obviousl
th is region.  

y star ts dominat ing in

RNSEARCH FOR A SECOND ORDER }ÍODEI

I Íuch- research wi l l  yet  be required for  thedevelopment of  a sec.
mde 1 . rhe ; ;. 

-o;;;i:i";"t::,:o;.t:t::::::",

a r e
-  the  unsÈeady heat  Erans fer  f rom the  p ipes

to  the  so i . l  under  s
and denand . " "o i i i " " t Ï l - " tochasÈic  

suPp lv

-  the  in f luence o f  na tura l  convecÈion
phenomena around the  p ip . "  

" r ,à - io i " r t .s ro rage as  a  who1e,
-  Ehe conÈro l  sËra tesy  fo r  the  load ing  andun load ing  o f  rhe  s là rage,  and-  the  deve lopmenE o f  qu ic t<_ t i t  connect ions

berween the  heat  t rans fer  p ip" "  à "à- i f , " "
-  

supp ly  and re tu rn  head.ers .
O n  t h e  f i r s t  t h r e e  s u b j e c t s  r e s e a r c h  i s
curr-ently,being executed- at ttre f,aboratory
t o r . l e ? r  T e c h n o l o g y  o f  t h e  E . U , T .  S o m epre l rmrnary  resu l ts  v i l l  be  presented  here .

Unsteady  heat  t rans fer

Us ing  bo th  a  f in i te  e lemenE method and
exac t  so lu t ions  fo r  a  Iro, n."o' i"- ;;#;" ;.::'?:::::::, jit;ï:
de ta i l ed  i n f o rm t i on  has  recen t l y  been
: lar i l :O 

concerning rhe cemperarure

;::::::':i':;"':ffi:.:ff iïÍl ::;;;;; ","".t h ê s e  c a l c u l a t i o n s  w e r e  r e s t r i c t e d  t o
homgeneous par t ions  o f  the  s to rage and toa n  e q u i l a r e r a l  t r i a n g u l a r  p i p u  p . i t " . r r ,  

- -

I :  f lg .  4  one o f  rhe  resu l ts  t " 'a . f i " táa .
The. f igure  shows the  heac  up  ra re  o f  ac y l i n d r i c a l  m a s s  o f  s o i l  a f i e r  a

, . :1 !_" .? . " : "  
jump in  a  coax ia t  p ipe .  Theo lmens lon less  tempera ture  e i l  i s - the  vo lumeaveraged tenpera ture  inc rease o f  the  so i lre laced to  the  change i ,  t t .  t . rnpu. r tu . . -

a ie ,  
1 :  Hea r  up  ra re  o f  a  cy l i nd r i ca l  mass

: f_:r i l  
afÈer a remperarure junp in ,  .o"* i " fprpe.  Paraneter:  cy l ind.er  to-pipe di . r ; ; ; ; -

o f  t he_p ipe .  The  va lue  o f  2  o f  t he
dímensionless t ime r
3oo hrs i;-;-.;;ï-";"::;::ï:"*r::.::.: i .
pener rar ion  o f  rhe  heat  i "  

" . ry  " io r - i "à "àa .wh ich  po in ts  to  one o f  the  na i í  p r . t f . r " - i " ,
the  computa t ions :  the  very  la rge  nunber  o ft i m e  s t e p s  t h a Ë  i s  n e c e s s a r y  t o  o b t a i n
reasonab le  accura te  r
remperarure a i"..ir,i ij,,"l::";:i":;:tï:uiliu"",
p ipes  and the  temperaÈure  requ i red  fo r  a
j . " .ah_. ï  load ing  o f  rhe  scorage.
The ob jec t ive  o f  our  research  in  th is  f ie ld

- is  
!o  obra in  a  descr ip r ion  . f  ; i l . - ; ; ; r ; i " - ; ;

o r  s È o r a g e  e l e m e n E s  t li,, .o.p"ii"oi-;;";;..;:..":i"oïlilil" rÍ13i.."
the  p ipes  and smal l  in  compar ison  ao  a t .  

- - ^ '

s r o r a g e .  I r  i s  h o p e d  t h r t  i h "  
" n . . " . t à r i " t i " "o f  t h e s e  i n t e r m e d i a t e  e l e m e n r s  

" r "  
; ; ; ; ; " ; ; ' '

t h e  s t a r t i n g  p o i n t  f o r  c a l c u l a t i o n s  o . l  a t " -s c o r a g e  a s  a  w h o 1 e .

The in f luence o f  na tura l  eonvec t ion

The.prob len  o f  na tura l  eonvec t ion  in  porous
media  is  no t  new and much research  h" ; - ; ; ; ;done a .o .  in  connnec l ion  w i th  n in ine

: l : . r : . t : " .  
and geophys ic r r  q " " " r io r l .  Srar t ingt rom rh is  work  some resu l rs 'n . " "  . " "à r , l i i - " " ,been obtained on the heaE transfer ,  the f low

:11, .h"  
remperature dísrr ibur ion ; ; . ; ;  ;^""no r l zon ra l  p i pe ,  coax ia l l y  pos i t i oneJ  i n  acyl indr ical  porous mediun.  i , ig .  s  J i """ - ' . i "rat io in which rhe natural  coivect ïon

enhances the heat  conduct ion ,nd"r  
-"c""av

s ta te . cond i t i ons ,  The  d imens ion less  n r r i á r  : fl s  d e t r n e d  a s :

p  
f g B € A T d ^ d - 2

M =  
-  -  L é

( À / c ) v -
r

( 1  2 )
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(o  =  dens i ty ;  B  =  thermal  expans ion  coef f i c ienrÁT =  tempera ture  d i f fe r ,

""r r ;;"':;i ï;o'.;,';.' ";:::;" o"j:"ï, 
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radius of  p ipe;  de
foming the poroué
viscosi ty;  index f

F i g .  5 .  C ó n v e c t i o n  m u l t i p l i c a t i o n  f a c t o r  F .

fo r  lhe  heat  t rans fer  f rom a  hor izon ta l  P iÈe
inÈo a  éur round ing  porous  cy l inder .  D iameter

p i p e  . 0 4  m ,  c y l i n d e r  . 6 0  m .  F o r  M  s e e  t e x t .

I Í  n igh t  be  cons idered as  a  nod i f ied  Grashof f

nunber. For groundvater in soil M wil l only

rare ly  have á  va lue  beyond f0 ,  so  in  th is

case the influence of the natural convecLion

on the  loca l  heat  t rans fer  w i l l  p robab ly  be

smal1 .  Fur ther  inves t iga t ions  fo r  ver t i ca l

p ipes  are  necessary  however .

F ig .  6  g ives  the  s t reaml ines  and the

tempela ture  d is t r ibu t ion  around the

hor izonÈa l  p ipe  fo r  a  h igh  va lue  o f  M.

0=0

Fig .  6 .  S t ream l ines  ( le f t )  and temperaÈure

d is t r ibu t ion  ( r igh t )  fo r  combined conduct ive

and convective heat transfer from a

hor izon ta l  p ipe  in to  a  su t round ing  porous

mediun  (M=200) .  0  =  d inens ion less  temPera ture .

A fa i r l y  s t rong ver t i ca l  p lune occurs  in  th is

case,  caus ing  re la t i ve ly  h igh  tempera tures

in  the  upper  ha l f  and re la t i ve ly  low ones  in

the  lower  ha l f  o f  the  cy l inder .  A l though

t h e s e  e f f e c t s  w i l l  p r o b a b l y  a l s o  b e  o f  l i t E 1 ê

s ign i f i cance fo r  heaË s to rage in  sa turaÈed
so i1 ,  they  may have a  cons iderab le  in f luence
when Ehe sÈorage of heac in dry sand or a
rock  bed is  cons idered.

It is clear Èhat Èhe two exanples just

ment ioned represent  on ly  a  n inor  f rac t ion  o f
Èhe mrk  ÈhaL has  sÈ i l l  to  be  done fo r  the
deve lopment  o f  the  second order  op t im izaEion
model. Ho!íever, they may demonsÈÍate Ehe
nature of the challenge that l ies ahead of
Èhê sc ien t isÈs  and eng ineers  devot ing  the i r
e f fo r ts  Èo seasona l  sÊoraqê.
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