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THE ACTUAL BENEFITS OT TI]ER}IALLY STRATIFIED STORAGE

IN A $TALL AND A IÍEDIÏ]I{ SIZE SOLAR SYSTEM.

C. l . I . J .  van  Koppen,  J 'P .  S inon Thomas,  w.B.  Ve lÈkamp

Eindhoven Universíty of Technology

?os tbox  513 '  5600 l ÍB  E indhoven

The Netherlands

INTRODUCTION

Although t.he advanÈages of Èhe thernally

s t ra t i f ied  s to rage have been no ted  ear ly  in

the  deve lopmenc o f  so la r  heat ing ,  un t i l

recent ly  on ly  l in i ted  progress  had been nade

in  the  ac tua l  rea l i sa t ion  o f  th is  ÈyPe o f

s to rage,  par t i cu la r ly  fo r  l iqu id  sys tems.  A

themal ly  s t ra t i f ied  pebb le  bed s to rage can

re la t i ve ly  eas i l y  be  rea l i sed  fo r  a i r  sys tems.

However ,  i t  shou ld  be  no ted  LhaÈ the  benef i t s

c la iu red  fo r  th is  type  o f  s t ra t i f ied  s to rage

in  I  t  I  a re  no t  on ly  due t .o  Ehe s t ra t i f i ca t ion ,

buÈ a lso  to  thê  low ÈemPera lu re  o f  Èhe re tu rn

a i r  in  a i r  heaEing  sys tems.  Th is  d is t inc t ion

shou ld  a lso  be  kept  in  mind  when rad iaEor  o r

fLoor  heat ing  sys tems are  be ing  cons idered.

T h e  s l o w  i n t r o d u c t i o n  o Ê  t h e  t h e r m a l l y

s t ra t i f ied  l iqu id  s to rage has  been Par t l y  due

to  a  comon mis in te rpre ta t ion  o f  the  Hot te l -

W h i l l i e r  e q u a t i o n  l 2 l  f o r  t h e  e f f i c i e n c y  o f

s o l a r  e o 1 l e c Ê o r s ,  l e a d i n g  t o  t h e  a p P l i c a t i o n

of  uodu ly  la rge  mass  f low races ,  and par t l y

to  some unso lved des ign  prob lems re la ted  to  the

required suppression of mixing phenomena in

the  s to rage tank .  The 11 . l ^7 .  equat ion  reads
( f o r  ! ' r  =  l )

n "  =  F p { o r  -  u ( T 6 - T o ) / F q E }  ( l )

(Fn  =  heat  renova l  fac to r ,  o r  =  combined

E r a n s m i s s i o n  a b s o r p t í o n  f a c t o r ,  U  =  E o t a I

h e a t  l o s s  c o e f f i c i e n È  o f  c o l l e c t o r ,  E  =

i n s o l a t i o n  i n t e n s i t y  P e r p e n d i c u l a r  E o

c o l l e c t o r ,  F r  =  p l a t e  e f f i c i e n c y  f a c È o r ) .

The ad jo in t  equat ion  fo r  F*  i s :

r x  =  |  l - e x p ( - u l M c c )  l M c c / u  ( 2 )

( M ^  =  m s s  f l o q ' r a t e  p e r  u n i t  c o l l e c t o r  a r e a '

c  I  s p e c i f i c  h e a t  f l u i d ) .

EquaÈion  (2 )  ind ica tes  Ehat  a  la rge  l {c  leads

t o  a  h i g h  F p ( i . e .  c l o s e  t o  l )  a n d  ( l )

ind ica tes  Ehat  a  h igh  FX leads  to  a  h igh

c o l l e c t o r  e f f i c i e n c y '  t h e r e b y  a l s o , b u t

wrong ly  suggest ing  tha t  a  la rge  Mc leads  to

a  h igh  energy  ga in ,  The main  causes  fo r  th is

fa l lacy  are  tha t  Ehe sys tem behav iour  i s

o v e r L o o k e d  ( p a r t i c u l a r l y  E h e  c o  I  L e c E o r -

sÈorage in te rac t ion  and the  benef i t s  o f

s t ra t i f i ca t ion)  and tha t  s igh t  i s  los r  o f  the

têmpera ture  leve l  requ i red  fo r  an  e f f i c ien t

uË i l i sa t ion  o f  the  heat .  IÈ  is  ev idenÈ tha t

heat  a t  a  lon t  teDpera ture  is  o f  l im i ted

usefulness for space heating and hot water

supp ly .  Such heat  requ i res  too  la rge  vo lmes

for  s to rage,  too  la rge  heaE exchange areas

and, /o r  mass  f lows fo r  iÈs  d is t r ibu t ion ,  Eoo

1êrge pmping  powers  and,  in  many cases ,

ex t ra  aux i l ia ry  heat ing .  As  shown be low Èhe

consequence o f  the" la rge  nass  f low approach"

is  lhe  rep lacement  o f  heat  a t  a  h igh  tenpe-

ra tu re  by  heat  a t  a  lower  Èempera ture .  In  i t s

tu rn  th is  loss  o f  qua l i t y  ( f rom the  v iewpo in t

o f  thernodynamics  aequ iva len t  to  a  loss  o f

exergy)  leads  to  a  decrease in  the  per fo rmance

of  the  sys lem.  Th is  w i l l  be  shom for  th ree

cases :  a  s inp l i f ied  s imu lar ion  sysÈem,  in

order  to  c la r i f y  Èhe phys ica l  in te rac t ions

invo lved;  the  sys tem o f  the  So lar  House o f

the  E indhoven Un ivers i ty  o f  Techno logy ,

chosen to  demonst ra te  the  pracËicab i l i t y  o f

sËra t i f i caÈ ion  and the  sys tem o f  the  Labora-

to ry  o f  th€  t rood InsPecÈio Í r  Depar tment  a t

E n s c h e d e ,  T h e  N e Ë h e r l a n d s ,  t o  s h o w  o . a .  c h e

ef fec t  o f  the  punp ing  power  on  the  op t ima l

f l o w  r a t e .
An essent ia l  comPoneot  o f  a l l  th ree  sysÈems

is  the  so-ca l led  f loar ing  in le t  fo r  rhe

s torage.  The Í loa t ing  in le t  i s  a  w ide ,  uh in -

wa l led ,  f lex ib le  p las t i c  hose connected  Eo

the  in le t  s tud  l3 l .  Labora tory  exper inenËs

at  the  E,U.T .  and severa l  years  o f  p rac t ica l

exper ience in  the  two las t  ment ioned sysÈems

have proved Èhat  the  f loa t ing  in le t  i s  a

cheap,  re l iab le  and very  e f fec t i ve  dev ice  fo r

de l i ver ing  the  ho t  water  f rom the  co l lec to r

a t  exacÈly  the  leve l  o f  equa l  tenPeraÈure  in

lhe  s to rage tank .  Thus  prevent ing  any  mix ing

of  ho t  and co ld  water  and promot íng

s t r a t i f i c a t i o n .  B y  l i m i t i n g  È h e  f l o w  v e l o c i t y

i n  t h e  i n l e t  t o  0 . 1  n s - l  a l l  t e n d e n c i e s  È o

swing ing  o f  the  hose can be  e l im inaeed.

The work ing  f lu id  in  a l l  th ree  sysÈems is

water ;  fo r  the  s inp l i f ied  s imu la t ion  sysEem

water  was chosen because i t  i s  the  most  w ide ly

used work ing  f lu id  nowadays ;  moreover  the  work ing

f lu id  as  such does  noË essenËia l l y  change the

r e l e v a n t  p h y s i c a l  i n t e r a c t i o n s .

In  the  f i rs t  two sysEeEs a lso  a  so-ca l led

s e l e c ! í v e  o u E l e t  s y s È e m  i s  u s e d ,  i . e '  a

svs tem in  wh ich  the  leve l  a t  w t r i ch  water  i s
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The sinplified sysÈem on wtrich
f low rale wi l l  be dercnstraÈed
dep i c ted  i n  f i g .  l .

extracEed from the stoÍagê is continuously
adapted to Èhe nomentaneous heat denand of
the disrr ibut ion system. A sel-ect ive ouLlet
system of fers s l ighcly bet ter  system
performance and an easy conÈrol.

TT{E SIMPLIFIED SYSTEM

downward displacenent of the water in the

region beÈween the (floating) inlec point

and the bottom of the Eank. The feeding of

hot rrater from Èhe storage to the distribution

system similarLy evokes a slow upvard
displacement in the region betrveen the bottom

of the tank and Èhe (selected) extraction
po in t .  Depend ing  on  the  pos i t ion  o f  Èhe inLet

(ex t rac t ion)  po in t  these d isp lacenents  w i l l

o r  s i l l  noe  lead to  convecEive  t ranspor t  o f

heaÈ fron Èhe upper (lower) half to Èhe lower
(upper )  ha l f  o f  the  tank .  T 'he  assoc ia ted  heat

flows enÈer into the heat balances of the tlío

par ts  o f  Èhe Èank.
In  o rder  co  s inp l i f y  the  caLcu la t ions  a l l

secondary  e f fec ts  rs i l l  fu r ther  be  neg lêcÈeC.

Taken as  secondary  e f fec ts  a re  lhe  heat  losses

of  the  p ipes  and the  s to ragê,  the  non- l inear i t ies

in  the  per fo rnance o f  the  co l lecÈor '  Èhe

conduction of heat and any nixing in the

s È o r a g e  ( s e e  l 3 l ) ,  t h e  t h e r m a l  c a p a c i t y  o f

the  co l lec to r ,  the  ábsorber  p laÈe e f f i c iency

fac tor ,  the  t ine- lags  in  the  cont ro l  o f  the

sysÈsll etc. In the same fraoework of

s inp l i f i ca t ion  and concent ra t ion  o Í r  the

e s s e n t i a l s  t h e  i n E e n s i t y  o f  t h e  l i g h t

rad ia t ion  perpend icu la r  to  the  co l lec to r  i s

assumed Èo vary in harnonic way, between 6

a . n .  a n d  6  p . n .  ( s o l a r  t í n e ) ,  w i t h  t h e

anp l i tude Eo.
The renaining simulation model permits a

rap id  s tep  to  s tep  ca lcu la t ion  o f  lhe

behaviour and the main characteristics of a

solar heaÈing sysiem with a Ehermally

s t ra t i f ied  sÈorage.

GOVERNING EQUATIONS

Heat  deL iverêd  to  sÈorage by  co l lecËor

Dur ing  a  t ime sÈep At  ( t  in  s . '  s ta r t ing  a t

so la r  n idn igh t )  the  heat  de l i vered  by  the

co l lecEor  per  co l lec to r  a rea  AQc is  g iven  by :

-  , h  ( t - 6 , 3 6 0 0 ) ,
qc = tur Losln\---72-Ub0-.r ?

T +T.

u r ê i - r ) ] a È  ( 3 )
2 o '

under Èhe condition that thê forÍl between

braces  is  pos i t i ve  (U =  toÈa l  heaË loss

c o e f f i c i e n t  o f  c o l l e c t o r l  T o  =  a n b i e n t

temperaÈure i  fu r ther  see f ig .  2 ) .

The heat delivered to Èhe upper half of the

s toragê,  AQu fo l lows f rom the  equaÈions :

4 0 , , =  0 ( T - T ) . T  > T
" c  a  '  c  a

A Q . . = 0  T - < T ^

(4a)

(4b)

and the amount of heat delivered to the lower

p a r t ,  A Q l ,  f o l l o w s  f r o m

^ Q .  =  A Q  -  ^ Q  ( 5 )' L ' _ U

the low opÈina l

f i r s t  i s

i s  l o s t  o f  t h e
an e f f i c ien t
evident that

r  taml red
rd hot water
la rge  vo lmes

:hange areas
- ;  L , ,  È  . i  ̂ -

rny  cases ,
)wn be low the
l low approach"
r  h i o h  t o m n o -

: ra tu re .  In  i t s
r the viewpoint
: o  a  l o s s  o f
the performance

)m fo r  Èhree
c t r ê t ê n  i n

' -n te racÈ ions

.ar  House o f
:hno logy ,
. r L d u r r r L J  w !

' f  Èhe Labora-
rartmenË aE
; h o w  o . a .  t h e
r h o  n n r i n : 1

:h ree  sys tens
:  fo r  the
a w ide ,  th in -
onnecËed to
experíments

n f  n r e n t i c : 1

i oned sysÈems
. n l e t  i s  a
ive  dev ice  fo r
he  co l - lecÈor
enperature in

ng any mixing
t i n o

t r  ^ - -  . - ^ r  ^ - :  F , ,
!  ! u w  v c r u r  r L J

ndenc ies  to
minated .
syscems is
a t ion  sys tem
the nos t  w ide lY
reoveÍ the working
l l y  change the

so -ca l  1  ed

,  i ' e .  a
ich  water  i s

F ig .  l .  S i rnp l i f ied  sys tem fo r  ca lcu la t ion  o f

o p t i m a l  f l o w .  C  =  c o l l e c t o r s ,  S  =  s t o r a g e
(water ) ,  A  =  aux i l ia ry  heater ,  D  =  d is t r i -
bu t ion  sys teo ,  F  =  f loa t ing  in lec ,  E  =

se l .ec t i ve  exËrac t ion .

The f lows and the  tempera ture  d is t r ibu t ion

in Èhe storage tank are shown in figure 2.

( M "  )

c e

F ig .  2 .  I lows and cemperaÈure  d is t r ibu t ion  in

the  thermal ly  s t ra t i f ied  s to rage;  T  =

ÈenperaÈure ;  b  =  bo tÈom s torage l  c  =

c o l l e c t o r  ( t o p ) ,  a  =  a v e Í a g e  s t o r a g e ,  e  =

ex t rac t ion ,  È  =  top  s to rage;  M =  nass  f low;

6  =  d inens ion less  he ig th  in  s to rage.

The temperaÈure is assumed to increase
harmonically from the bottom of the tank to
the  top .  In  rea l i t y  Ëhe tenpera ture  grad ien ts

in  a  s t ra t i f ied  s to rage are  o f ten  cons ide-
rably larger Ehan those corresponding co an

harmon ic  Èempera ture  inc rease l3 l .  In  o rder
not  Èo overesÈimate  Èhe benef i t s  o f
s t ra t i f i ca t ioa  Èhe s iEp le  harmon ic
approx imt ion  was pre fer red  fo r  the
s inu la t ion .
Regard ing  the  f lows in  the  s to rage cank  iE

should be notêd that the mass flow through
the  co l lec to r  i s  assoc ia ted  v i th  a  s low

604020



^ ï )  = ^ D í - g - + ) . T  < T . < T- " u  - " ' T , - 2 0 ' '  - a  ' d  - t
d

.  T .  <  T  <  T' d a cA D  = 0
u

The tempera ture  o f  the  wate !  aÈ the  top  o f

the  co l lec to r ,  T" ,  i s  d i rec t l y  re laÈed to  Èhe

h e a t  d e l i v e r e d ,  f o r :

ÀQ =  (T . -TO)c  M.  A t  (6 )

Heat  ex t racÈed f rom sÈorage fo r  d is t r ibuÈ ion

If the heating polrer equals 6 the heat to be

delivered by the storage tank and' as far as

necessary ,  by  the  aux i l ia ry  heater  dur ing

the tixoe step ^È is given by:

^ D - ó A È  ( 7 )

hrhen T6 j Tg (see f. ig' 2) a1l the heat can be

extracged from the storage. I losever a

d is t inc t ion  has  Èo be  made beÈween the  cases

Td t Ta and T6 < T3. For the heat exlracted
f rom Èhe upper  ha l f  o f  the  tank ,  ADu,  Èhe

heat  ba lance o f  the  upper  ha l f  Èogerher  w i th

the assumption that the return gemperature

o f  the  waEer  f rom thê  d is t r ibu t ion  sys ten

equa ls  20oC leads  to  Ehe equaÈions :

( 1 3 )

(V  denor ing  Èhe mss co Í rÊent  o f  the  s to rage
p e r  u n i t  a r e a  o f  c o l l e c t o r ) .

Dur ing  a  t ime s tep  AÈ (12)  and (13)  ho ld  fo r
the  inc rements  o f  the  invo lved quanÈi t ies .

The increments of the heaL conteÍrts of Èhe
lower and upper half of Èhe tank, ÀW1 and AW,
respec t ive ly ,  fo1 low f rom:

Á W ,  = A O .  - A D ,
I  ' l  r

and

A I , /  = 4 0  - A D
u ' u u

( 1 4 )

( l s )

The equat ions  ( l )  th rough (15)  pern i t  a

sEra ighÈforward  s tep  by  s tep  ca lcu la t ion  o f

the behaviour of the simulacion system for

various values of the main paramelers T4 and

M. .  I t  makes  l i t t le  sense to  vary  ro  as

th is  parameter  i s  a lmost  cons tanÈ in  p rac t ice .

Varying U, V and Ee rnight addiÈionally be

cons idered bu t  in  p rac t ice  U and V are  ra ther

firmly fixed on economic grounds, and for Es

a va lue  cor respond ing  to  c lear  sky  cond i t ions
is  to  be  pre fer red ,  because most  o f  the  so la r

heat  i s  ga ined in  tha t  s i tua t ion .

RESULTS OF CAICULATIONS

For  the  ca lcu la t ions  Eo was f i xed  a t .  800 w;2 ,

To a t  ocr  o r  a t  0 .80 ,  Í  a r  5  Wn-2  oC- l  aod V

aE 80 kg  per  mz co l lecÈor  a rea .  For  Èhe
parameter Td Ëwo values where chosen, 40oC
and 60oC,  The f i rs t  va lue  may represent  the

requ i red  d is t r ibu t ion  tempera ture  fo r  a  we l l

des igned a i r  o r  f loor  heat ing  sys tem'  !hê
second va lue  is  appropr ia te  fo r  hoE water

supply. The heaÈ demand was taken constanÈ
and re la ted  to  the  ave Íage (24  hrs )  u t i l i zab le

so la r  rad . ia t io r ,  Ë .  The la t te r  was  ca lcu la led

wi th  a  c r i t i ca l  (Ëhresho ld)  rad ia t ion  in ten-

s i ty  on  the  absorber  p laÈe o f  100 l ^ ln -2  (=  5 '
(d is t r ibu t ion  re tu rn  EemperaËure  -  anb ien t

tempera ture) ) .  w i th  (c r )  Eo =  640 l ^ lm- l  the  ^
va lue  o f  E  was found to  amount  Eo 156 '2  Wn-Z.

F o r  t h e  r a t i o ,  r p ,  b e t w e e n  Ë  a n d  c h e  h e a t

demand per  m2 co l lec to r  a rea  Èhe va lues  0 ,6

and 1 ,0  were  used in  the  ca lcu la t ions .  To

sÈudy the  e f fec t  o f  s t raE i f i ca t ion  as  such

some add i t iona l  ca lcu la t ions  were  made in

wh ich  the  s t ra t i f i ca t ion  was suPpressed.  A l l

ca lcu laÈ ions  were  made fo r  sÈeady cond i t ions ,

i .e .  fo r  s t r i c t l y  per iod ica l  phenomena f rom

day to  day .
The ca lcu la ted  heat  ga ins  as  a  funcËion  o f

thê  mass  f low ra te  a re  shom in  f ig .  3  and 4 '

Fron  f ig .  3  i t  appears  thaE the  op t iEa l  f low

ra te  i s  as  low as  I  1  kg  n-2  hr  fo r  a  h igh

requ i red  T6 and a  h igh  rad ia t ion /demand ra tao '

q ,  and gradua l ly  sh i f t s  Ëo a  va lue  o f

25  kgn-z6r  fo r  low T6 and 1ow 9 .  F ig .  4

i l lus t ra tes  thac  the  unusua l ly  low opt ima l

f low raEes are  assoc ia ted  w i th  and enÈi re ly

T + T  T - T^ f  _ L  _ È  _ L

w = r C v L : t - l

( 8 a )

( 8 b )

The heat  ex t rac ted  f rom Èhe lower  ha l f ,  ADr ,
i s  g iven  in  bo th  cases  by :

AD1 =  AD -  ADu,  Td  <  T !  (9 )

When T ,  >  T ,  on ly  par t  o f  the  requ i red  heaE

can be-ex t rác ted  f rom the  s to rage and the

equat ions  fo r  de le rmin ing  ADr  and AD1 are :

T - T
E A

-" r r  " "  T  -2O
o

and
T -20

aD1 = ̂ D 
+20- 

, rd ' rr ( l l )

I n  t h e  d e r i v a t i o n  o f  ( 8 )  t h r o u g h  ( l l )  i t  i s
asswed tha t  Èhe in le t  tenpera ture  o f  the
d i s t r i b u t i o n  s y s È m ,  T r ,  i s  e q u a l  t o  t h e

requ i red  heat ing  tempe;a ture  under  a1 l

c i rcumstances .  Th is  imp l ies  aux i l ia ry  heat ing
when T6 > Tg and backnixing of che return
vaËer into the lratêr extracÈed from Èhe

storage when T6 <  T1 ( the  mass  f low f rom the
sÈorage be ing  reduced in  Èhe las t  case) .
SÈarÈ ing  f rom the  assmed harmon ic  temperaEure
increase in  the  sEorage tank  i t  can  eas i l y
be shom that the heat contents of Èhe lower
and upper half of the Eank,tr{l and tr^lu
r e s p e c t i v e l y ,  a r e  g i v e n  b y :

T , * T *  ( T f - T L )

w .  =  t c  u r -
t - z T

>  T  ( 1 0 )
t

and

( tz )
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Fig .  3 .  Energy  ga in  (exc1,  punp ing  power )  as

a  func t ion  o f  mss  f low ra te  fo r  tvo  demand/
so la r  rad ia t ion  ra t ios  ( rp )  and two d is t r ibu t ion
. .  ̂ - - ^ - - + . - - ^ ^  / r  - \
L r u P r r d L u r c 5  \ f d l .

Fig .  4 .  Compar ison o f  heat  ga in  fo r  s t ra t i f ied
( - )  and un i fo rm ( - - - )  s to rage,  as  a  func t ion
of  mass  f low ra te .  Denand/so la r  rad ia t . ion
r a t i o  =  l ,  d i s t r i b u t i o n  t e m p e r a t u r e  =  6 0 0 0 C .

due to  Ehe Èhemal  s t ra t i f i caÈ ion .  IÊ  a lso
appears  f ron  f ig ,  4  thaÈ the  benef i t s  o f
s t ra t i f i ca t ion  arê  sma1 l  shen the  mass  f low
ra te  i s  la rge .  The reason s imp ly  be ing  tha t
the  h igh  f lu id  tu rnover  suppresses  v i r tua l l y
a l l  s t ra t i f i ca t ion  in  the  tank .  Consequent ly
i r  m e k p s  l i t r l p - i f  a n w  s e n s e  E o  c o n s i d e r  E h e
app l ica t ion  o f  thermal  sEraÈi f i ca t ion  in  the
f ramework  o f  a  la rge  mass  f low approach.

REAL SYSTEMS AND OTHER CL]]{ATES

I t  nay  be  argued tha t  the  conc lus ions  reached
wiÈh the  a id  o f  the  s inu la t ion  mode l  a re  o f
I in r i ted  s ign i f i cance because o f  Eoc  many
s inp l i f i ca t ions  or  because o f  the  ra ther
s p e c i f i c ,  c l e a r  s k y  t y p e  o f  s o l a r  r a d i a t i o n
used in  che mode l .  However ,  Èhe resu l ts  o f
the  s imu la t ion  are  subsËant ia ted  by
ca lcu laÈ ions  and observa t ions  mde (ear l ie r )

on  Êvo rea l  so la r  heat ing  sys tems under  the
ra ther  un favorab le  Dutch  c l imat ic  cond i t ions .
The la t le r  a re  charac ter ised  by  a  year ly
g loba l  rad ia t ion  o f  about  1000 k l ' rh /n2 ,  o f
vh ich  some 652 is  d i f fuse  1 igh t ,  and a

percentage o f  c lear  sunsh ine  vary ing  be tween
l5Z in winrer and, 452 in sumer. The reaL
sys tems tha t  w i l l  be  cons idered here  are  the
space heat ing  and ho t  waËer  sysÈeos o f  the
So lar  House o f  Èhe Eíndhoven Un ivers iÈy  o f
Techno logy  and o f  the  LaboraÈory  o f  Èhe Food
Inspec t ion  Depar tmenÈ aE Enschede.  The f i rs t
sys tem has  a  neÈ co l lec to r  a rea  o f  5 l  n2  and
a thermal ly  s t ra t i f ied  s to rage w i th  a  vo lume
o f  4 , 1  m J .  T h e  c o l l e c t o r  a r e a  o f  È h e  s e c o n d
systern is 400 ro2 and the volume of Èhe
sËorage amunts  to  3 l  n3 .  In  Èhe las t  sys tem
not  on ly  Èhe ho t  waEer  f rom the  co l lec lo rs
but  a lso  Èhe water  re tu rn ing  f rom the
d is t r ibu t ion  sys ten  is  fed  in to  thê  sÈorage
tank  v ia  a  f loa t ing  in1et .  A  spec ia l  fea ture
in  rhe  E indhoven ins ta l la t ion  is  Èhe pre-

h e a t i n g  o f  t h e  f r e s h  v e n t i l a t i n g  a i r  b y
pass ing  th is  a i r  a long the  bo tEom o f  the
s torage tank ;  the  heat  exchange reduces  the
Eempera ture  o f  the  t r 'a t .e r  in  th is  par t  o f  the
tank  to  va lues  be low l0oC in  w in te r .  The ne t
e f fec t  on  the  ou tpuÈ o f  Ëhe insEa l laÈ ion  has
been ca lcu la ted  a t  about  +52.  Another  raËher
except iona l  fea ture  is  the  preserva t ion  o f  a
h igh  tempera ture  (60oC)  in  the  top  parE o f
Ehe Ëank by  neans o f  the  aux i l ia ry  heaÈer .  No
s ign i f i canc  penet raÈ ion  o f  th is  heat  Èo lower
par ts  o f  Èhe tank  has  been observed in
p r a c t i c e .  M o r e  d e t a i l s  o n  t h e  i n s È a l l a c i o n s
c a n  b e  f o u n d  i n  l a l  a n d  l 5 l .
S tarÊ ing  f rom hour ly  weather  da ta  over  the
p e r i o d  l 9 6 l - 1 9 7 0  c a l c u l a t i o n s  h a v e  b e e n  m a d e
eoncern ing  the  benef i t s  o f  Ehe near ly  per fec !

s t ra t i f i ca t ion  in  bo th  sys tems and on  Ehe
opt ima l  f l -ow ra te ,  Cornpared Èo a  per fec t l y
mixed s to rage tank  Èhe heat  ga in  per  n2
co l lec to r  a rea  aÈ cons tanË mass f low la te  was
found to increase fron 204 khlle to 238 klÍh per
year  in  the  Enschede ins ta l la t ion  (+177" )  a ld
fron 192 to 233 kl4'h in the Eindhoven sysÈem
(+167" ) .  For  the  Enschede ins ta l la t ion  the
in f luence o f  the  f low ra te  on  the  heat  ga in

is  g iven  in  f ig .  5 .  The op t ina l  f los  ra te

F ig .  5 .  Energy  ga in  o f  the  Enschede so la r
ins ta l la t ion  versus  mass  f low ra te .  a  =  therml
energy  on1y ,  b  =  cor tec ted  fo r  punp ing  power
( reduced to  p r imary  energy) .

appears  co  be  15  kg6-26a- l  when on ly  the
E h e r m a l , h e a t  g a i n  i s  c o n s i d e r e d ,  a n d
l 2  k g 6 - t 5 a - t  a f t e r  c o r r e c t i n g  f o r  t h e  p m p i n g
power  ( reduced to  p r inary  energy) .  The la rge
in f luence o f  che  pmping  power  i s  due to  the
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f la tness  o f  the  f i rsÈ op t imum ( the  reduced
punp ing  pcwer  i t se l f  i s  sna l l ,  on ly  about

O,75 l l Í i  2  co l lec to r  a rea ,  near  the  op t inun) .

A si.nilar f la! optinun was found for the

Eindhoven ins ta l la t ion  a t  a  co l1ecÈor  f low

r a t e  o f  1 2  k g n - 2 1 1 - 1 .
Regard ing  the  percenÈages jus lment ioned i t

shou ld  be  no ted  Èhat  aE very  h igh  f low ra tes

the performance of a system with a uniforn

sÈoragê temperature is only a felt presenÈ

lotr'er than the performance of a system with

a  s t ra r i f ied  s to rage a t  low f low raËe (see

f . i -g .  4 ) .  Tak ing  inËo account  the  pumping

power the lasÈ system again shows considerably

advanEages however.

DISCUSSION,  CONCLUSIONS

The good agreement  beÈween the  resu l ts

ob ta ined on  Èhe bas is  o f  de ta i led  ca lcu la t ions
and measurenenÈs on Èrío oPerating installations

and the  resu l ts  o f  the  s imu la t ion  rnode l  lend

s t rong suppor t  Èo the  genera l  s ta tement  ÈhaÈ
a rc re  w idespread u t i l i sa t ion  o f  ther roa l l y

s t raÈ i f ied  sÈorage in  combina t ion  w i th  much

lower  co l lec to r  f low ra tes  than usua l  w i l l

l ead  to  cons iderab le  improvemenEs in  Èhe
per fo rmance o f  so la r  space heat ing  and ho t

waËer  supp ly  sys lems.  As  l i l t l e  i s  known

abouÈ lhe  ex ten t  to  wh ich  s t ra t i f i ca t ioa

ar ises  "naÈura l l y "  in  ex is t ing  sys tems '  no

def in i te  f igure  on  Èhe poss ib le  improvements

can be given. However, Èhe experiments in

the  Labora tory  o f  Èhe E.U.T .  have shown tha t

E h e  f l o a Ë i n g  i n l e t  l 6 l  i m p r o v e s  t h e
sÈra t i f i ca t ion  by  a  fac to r  o f  2 ,  compared
t o  " n a E u r a l "  s t r a t i f i c a t i o n .  ï h e r e f o r e ,  i t

seems jusc i f ied  to  expec t  an  inc rease in  the

heaÈ ga in  o f  5  to  l0Z  (ha l f  Ehe percentages

found above)  and/or  a  very  a t t racc ive

reduc t ion  o f  the  pmping  power .  Fur ther  sËudy

is  requ i red  and wor th  wh i le .
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