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ABSTRACT 

Because concrete i s  a low cost;. low "energy content" ma te r i a l ,  and because many 
bui ld ings  have unobstructed south-facing wal ls ,  t h e  concept of  an a i r  heat ing  
s t r u c t u r a l  block was evolved; This r epor t  descr ibes  four conf igura t ions ,  two 
r o u t i n e l y  ava i l ab le  from concre te .  block. manufacturers,  .and two s p e c i a l l y  de- 
signed. Tes t  wal ls ,were  evaluated hea t ing  ambient a i r  i n  a  s i n g l e  pass ,  so  
t h e  temperature d i f fe rence  was low. With t h a t  r e se rva t ion ,  t h e r e  was l i t t l e  
d i f f e rence  between any of  t h e  conf igura t ions ,  (one o f  t h e  - l l spec ia l l l  designs 
was best.) o r  between t h e  b locks .and conventional s o l a r  a i r  hea te r s .  

In add i t ion  t o  t h e  -work covered i n  t h i s  f i n a l  r epor t ,  a  paper ,was presented a t  
t h e  13th I n t e r s o c i e t y  Energy Conversion Engineering Conference. Also, s i x  
t h e o r e t i c a l  and a n a l y t i c a l  studi.es,  l i s t e d  a s  References 1 through 6 were 
c a r r i e d  out  during . t h e  sub j e c t  program. 



INTRODUCTION 

One way of achieving low cos t  s o l a r  heat  co l l ec t ion  is  t o  adapt a conventional 
concrete block .wall,  a s  shown i n  Figure. 1. Since t he  (south-facing) wall i s  
general ly  required i n  any case, t he  premium f o r  s o l a r  heating i s  a t t r i b u t a b l e  
t o  t he  glazing and manifolding. Figure 2 shows a sect ion of such a wall on 
. t e s t .  I t  might be expected t h a t  i t s  co l lec t ion  e f f i c iency  would su f f e r  because 
of t he  small contact  a rea  between block passage and the  i n t e r n a l l y  flowing a i r  
would r e s u l t  i n  a l a rge  temperature d i f f e r e n t i a l  (AT) between them. 

A spec i a l l y  designed "conventional" block (Figure 3) can give some increase i n  
contact  a r ea  and a l so  minimize glazing cos t s  by incorporating i n t eg ra l  "frames" 
i n  t he  c a s t  pa r t .  But t he  a l t e rna t i ve  configuration of Figures 4 and '5  enables 
t he  a i r / s o l i d  surface contact  area t o  be increased by an order of magnitude, 
and e l iminates  t h e  thermal res ip tance of t he  block wall .  - 
The la rge  blocks of Figures 4 and 5 proved t o  be too heavy f o r  a'mason t o  l i f t .  
We the re fore  b u i l t  a smaller  "standard s i z e w  hlock,  Figures 6-8, which weighs 
about the  same as  a conventional construction block. As shown, it was intended 
t o  epoxy these  together ,  but  s tud ies  by construction s p e c i a l i s t s  have s ince  
led  t o  the  conclusion t h a t  conventional mortar j o in t s  should be used. This 
requires  t he  overa l l  dimensinns n f  the hlock t o  be reduced s l i g h t l y ,  and 
enables the  glazing recess  t o  be dispensed with. 

Due t o  t he  large  thermal i n e r t i a  of such blocks, conventional ( i . e .  NBS, ASHRAE) 
evaluation methods cannot be employed t o  measure t h e i r  ef fect iveness  a s  s o l a r  
co l l e c to r s .  I t  i s  one purpose of t h i s  r epor t  t o  introduce appropriate a l t e rna-  
t i v e  methodologies, and t o  present  t he  r e s u l t s  obtained when t h e  temperature 
d i f ferences  between t he  heated a i r  and t he  ambient a i r  were small.  
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Figure 1. A, method of retrofitting su existing block wall with OOUBLE GLAZING 

glazing so that air passed through the cores can be 
heated. 
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Figure 4.  The original conception of an open-faced a i r  heating structural block. 





THROUGH PLUG BLOCK TO BLOCK 

'1Pre 6. A standard size (8" x 8" x 16") concrete block. 





Figure 8. A test sectiah wall of the open h c e  block desiga in a %tack boncV1 c o n f i p t i o n .  
The sides and bazk are insulated. Glazing is mlded acrylic covezs over Teflon film. 



THEORETICAL BASIS 

The basic  method of measuring performance was t o  o r i en t  a test wall due south 
a t  the  beginning of a day and p a s s - a i r  through it a t  a known r a t e  and i n l e t  
temperature, measuring the ou t l e t  temperature and hence the  heat gained. The 
thermal i n e r t i a  of the  t e s t  walls was typ ica l ly  of the  order of 240 Btu/'F, o r  
15 ~ t u / f t ~ ' ~ ,  so  t ha t  "equilibrium temperature" canllot be achieved because of 
the r a t e  of change of insolation.  On a c l ea r  day, the  l a t t e r  i f  approximately 
sinusoidal, i . e .  

. , . . 

r = 4;' s i n  ne . . 
. . 

0 = time 

T = , average col.lector temperature . '  

Tf = average . . . .  throughput . . . .  a i r  temperature ' ' 

. . 

T = ambient temperature . .  
. . 

00 
. . 

, . 
h = . hea t  t r ans fe r  coeff ic ient  . , . - ' .  , ; . . . .  . . . .  I . .  

. . . . .  AK =. heat loss  c o e f f i c i e n t  o f  - t h e  .. d insulat ion . ' 

, .. . . .  . . 

. . . . . . . . . . . . . . .  . . . . . . . . .  a = (Sn teva l )  h q a t  t r ans fe r  area  -, . 

. . . . .  WCp ' = thepual i n e r t i a  . , . , . , .  . . . .  . . 
. . 

Then, i f  the  co l lec tor  e f f i c i ency  i s  uni ty  fo r  si .mplicity,  we have: : . , ~ ,  

. . . .  ... 
dT . . -.+  ah(^.- Tf) ,+ AK(T - T ) - . ' .  O s i n  Qe = F d  , .. , . 

0 . . * 
. . 

. . . .  - , .  I . : . 
(Insol-ation) = h e a t  ,the block added t o  + heat car r ied  + hea t  l o s t  

, . .  . . o f f  .by the through ' .the 
material working f lu id  insulat ion 

. . . . 

dT - + , ( x ~  + A ~ ) T  = p s i n  no + XIT~ + X2Tw 
de 

where 



The well-known solution for this first order linear equation is 

. I 

After some manipulation, this yields, for the collector temperature, 

wheie'the phbse angle 4 = sin-' ( - n / m '  
. . 

Equation (4) is plotted in ~igu*e 9 for the following voluci: , .  
f 

ah = 52.93 ~tu/'~.hi ( e .  h = 1 ~tu/ft~~~.hr) 

The phase angle is -0,7526 radians (-43. lo), but as shown in Figure 9, the peak 
block temperature occurs two hours after the maximum insolation. : . . 
For this reason, we elected to detedne "al.1 dayw or "long 'period" effikkencies, 
defined as 

- 1  - 

Heat transerred .to .the wnrking , fluid = * -  

. . OAIR Total. insolation on the verticdl.surfncc 

and Heat transferred to Heat added.to 
T - - the . working ' fluid cnllector struCturo. 

'CUM 7i'h't'al insolation OR the v6xtir;al surface 

There are, of course, other approaches. For example, one could assume a rela- 
tionship for instantaneous efficiency,'such as . . ., 

where 



ELAPSED TIME IN HOURS 

Figure 9. The theoretical variation ofblock temperature with time qf day, 
from equation ( 4 ) ,  using the values described in the text., . . 



= insolat ion 

AT = temperature difference 

"0 
and g1 a re  constants 

. . .." 

Then one could conduct oneis t e s t s  i n  such a ,  way tha t  the  data  can be mdde t d .  
' yie ld  values f o r  the  constants no and n l .  

i .  
, - 

The effect  of incorporating. equation (5) i n  equation (1) is instructi$&.' This 
leads t o  

dT + ( A  + A + A )  = uno s i n  Q0 + AITf + (A2 + A3)T, 
. . r ( 6 )  

. . 

This i s  very s imilar  t o  equa.tion (2) but with the T and T, 'coefficients m&a$fied. 



TEST SETUPS 

Insolation was monitored with . a Devices and services company Alphatometer 
mounted parallel to the wall surface. Inlet and outlet air temperatures were 
measured with a Natural Power 1nc. .digital differential thermometer. Typically, 
five therhocouple probes' were inounted' on the blocks;, ,two at the back face, half 
& in:h. below the. surface, 'and. three the middle of three vertical, webs in the 
open' part of the' block, ' in the' top', middle and bottom courses. The output of 
these thermocouples'was read on a .Love Corporation thermocouple meter. 

Static pressure taps were used to.measure the. static pressure drop across the 
wall, in. conjunction with a Dwyer inclined differential manometer. The air 
,.leaving the fan did.50 through a long, 'four-inch I.D. pipe and the mass.flow 
through this was .determined.by a pitot-static traverse such as that shown in 
Figure 10. This is a normal type of "power law" distribution for the Reynolds. 
number. (Re 2.4 x lo4) and from ~chlichtin~7 (pp. 563), we would expect a flow 
factor (average velocity divided by centerline velocity) of about 0.8 for an . .  

.hydraulicall'y smooth wall. The value actually measured from Figure 10.is 
0.7.45, indicating some.wal1 roughness. 

The volume flow for the Figure 10 test is therefore 



STATION 

Figure. 1.0. Ve1,ocity d i s t - r ih~ i t l on . .  i n  the exhaust duct. . 
. > 

. . . . 



THE BLOCK TESTS 

.. 
The volume flow ?easureient given above was actually for the first test with 
the Payne open face blocks of Figures 6-.8, 

* .  

, -  2 
The pressure drop across the wall was 2.4 inches b f  'water, (12.48 lb/ft ) . The 
power loss associated with this is therefore 

. . . . . . 
.:p = pressure drop x:-volume flow . . 

43L88 ' = 9.127 ft. lb/sec = 1 2 . 4 8 ~ 7  . . 

=. 42.23:Btu/hr . 

. . .  

. =  12.38 watts 

= 0.0166 BHP 
2 

Since the aperture of the wall is 16.3 ft2, the additional 2.6 Btu/hr.fr is 
negligible., even if we double'it by assuming a fan efficiency of only.SQ%. 

In terms of dynamic heads, the pressure drop coefficient is . . 

There are 24 ports in the wall, and 4 x 18 = 72, 180° angle bends. If we assume 
0 = 0.9 for each of the latter and 4 = 1 for each port we obtain, on the assum- 
tion that the flow velocity is unchanged, C@ = 87. Thus the measured value 
makes sense. 

To measure the heat lost through the insulation, the wall was connected to an 
.air heater (Figure 11)in a closed circuit, in which all external insulated ducts 
were identical with those used when gathering heat from insolation. The glazing 
.was insulated with two-inch polystyrene and six-inch fiberglass (equivalent 
to R29) during this experiment. The electrical load to the heater box was 
constant at 750 watts (2560 Btu/hr)'. Figures 12and 13 give the air and block 
temperatures respectively during this test. Note from Figure 12that the AT 
across the heater remained constant at 33.5 OC, throughout the test. Since 
Cp = 0.241 Btu/lb.OF for air, the weight flow must have been 

= 38.4 €t3/@n 

3 which are not too different to the 43.9 ft /min measured during the insolation 
experiments. (There were, of course, additional flow pressure losses in the 
heating experiment.) 

17 
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Figure 11. schematic -'of insulation measurement experiments on 
solar heate'd concrete b1,ock wall. 



TIME OF DAY 

Figure 12; A i r  temperetures during closed circuit heating to determine insulation losses. . . 



FRONT OF BLOCW j 

0 BOTTOM (INLET) 
l8'F . MIDDLE 1 0 TOP (OWLET) 
160 . . 

I000 1200 1400 1600 1000 2000 2200 24 

TINE OF DAY 

Figure 13(a).. Front block temperatures d--wing the closed circuit heating experiment. 



TIME OF DAY 

Figure 13(b). Rear block temperatures during the closed~circuit heating experiments. 



To determine the insulation value and thermal mass, we employed the following 
simple analysis, where the variables are the same as before. Let 

q = heat supply 

where 

h2 = AK/WCp as before, and z .= q/WCp 

when 8 = 0, T = To 

The maximum temperature is 

Then 

and 



I f  t h e  experiment is not ca r r ied  out long enough t o  determine. T then A 2  can M ' be determined by a l e a s t  mean squares'.curve f i t  of 

A - Be -A8 

. to  t h e  data,  where, from equation '(9) 

This was done f o r  the  da ta  of Figure . l 3 ,  ~ 5 t h  . the  following r e s u l t s  f o r  Tm = 70'. 

TOP Bottom Front Middle Bottom 
Back Back TOP .Top . Top , . Average 

The corresponding values o f - %  f o r  t he  i n l e t  and exhaust a i r  were 0.110 and 
0.105, with TM = 193.1 OF and 136.4 OF. In a l l  cases,  t he  "goodness of f i t M  
was very 'h igh - of t he ,o rde r  of-0.998 - but t he  i n i t i a l  temperatures a r e  
c l ea r ly  much . in  e r r o r  (aLthough' their  average value i s  cor rec t ) .  This i s  
presumed t o . b e  because t h e  model (Equation 9) does not allow f o r  t h e  i n i t i a l  
warm-up when t he  outer  surfaces of t he  blocks have not yet  changed t h e i r  tem- 
perature.  (In Figure 13,'we see  t h a t  t he  back of t he  f ron t  of t he  i n l e t  
block has r i s e n  6 4 ' ~  i n  two hours whereas, i n  t he  same. time, t he  back has only 
r i s en  24O~, a d i f ference of 40 OF. This difference becomes l e s s  a s  the  system 
s t ab i l i z e s . )  By eliminating these  ea r ly  readings from the  curve f i t t i n g ,  we 
hope t h a t  e r ro rs  due t o  t h i s  nonl inear i ty  . . have been evaded t o  a large  extent .  

To compute t h e  insu la t ion  loss ,  we take average values of 

Thus 
TM - Tm = 92.4 OF 



A convenient way o f . p e r f o m i n g . a  s e n s i t i v i t y  analysis  i s  t o  repeat  t h i s  calcula-  
t i o n  f o r  t h e  individual  thermocouples, as  shown i n  Table 1. The heat  loss  i s  
l e a s t  i n  t h e  middle, a s  we would expect, and grea tes t  a t  t he  top f ron t .  A l l  
t h e  da ta  looks reasonable. Maximum temperatures a r e  highest  n e a r . t h e  hot  a i r  
i n l e t  and lowest near t h e  e x i t .  

The e f f ec t i ve  heat t r ans f e r  coef f ic ien t  (h) i s  obtained from the  relation;hip 

where 
2 a i s  t he  i n t e rna l  surface a rea  (52.92 f t  ) 

Tai '  .Tao 
i s  the a i r  temperfiture i n  and o~!t 

TB is  t h e  mean block temperature 

From t h e  f i t t e d  curves 

2 This is p l o t t e d  i n  Figure 14, knowing t h a t  a = 52.92 f t  , CpO = 0.241, i, = 
$76,16 lb/hr.  The values i n  Figure 14 look qu i t e  reasonabie.. 

The t e s t  wall was exposed t o  insola t ion on May 3,*with r e s u l t s  shown i n  Figures 
15 - 17 and Table 2. The maximum temperature r i s e  i n  the  a i r  (16.6OF) occurred 
a t  t h e  end of t he  day's t e s t ,  even though t h i s  was 3-1/2 hours a f t e r  t he  
maximum insola t ion.  

I t  w i l l  be noted from Figure 16, t h a t  a drop i n  temperature occurred when a 
wind sprang up. This i s  probably due t o  an increased r a t e  of  heat  t r ans f e r  
from t h e  insula ted box surrounding the  wall ,  a s  well as  addi t ional  heat  loss  
from t h e  glazing.  I f  t h i s  is cor rec t ,  then t he  "txye" efficiencywassomewhat 
higher than 'the values given i n  Figure 17. Another unknown source of  e r r o r  
is  t h e  inso la t ion  absorbed by t he  white inso la t ion  case. ~ e b h a r d t ~  quotes 0.12 
a s  t he  s o l a r  rad ia t ion  absorb t iv i ty  of white lacquer. he areas  involved as  5 7.70 f t 2  on the  f ron t ,  8.125 ft2 on the  top and 7.17 f t  on each s 'de .  So, i when one s i d e  and t he  top a r e  illuminated, t he  t o t a l  area  is 23 f t  . But 
23 x 0.12 = 2.76 f t 2  o r  about 17% of t he  t e s t  aperture.  

* Coincidentally, National SUN DAY 
. . 



Table 1. . Sensit ivi ty  Analysis 

TOP Bottom Top , Middle 
Back - Back Front Front 

Bottom 
Front 'Average 





, . 
TIME OF DAY 

Figure 15. Standard size open face block wall performance on 3 May 1978. The ambient air was drawn into the wall 
and exhausted by a fan. Volume flow was 43.9 'ft3/min. 
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Figure 16. Block temperatures during the test on 3 May 1978. 
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Table 2. 3pen face air  block performznce on 3 May 1978 

Average i n s o l ~ t i o n  
( ~ t u / f t 2 h r )  

Average. block 
temperature O F  

Average ambien.t 
temperature O C .  

Average i n s u l a t i o n  
hea t  l o s s  (etu/ft2:> 

Average o u t l e t  temper- 
a t u r e  O C  

17.5 19.4 22.3. 25.6 28.0 

Heat co l l ec ted  by 
a i r  (Btu) 

2 
Heat co l l ec ted  ( 3 t u / f t  11 16.10 18.25 23.08 30.06 40.25 

C 

Tota l  Col lec t ion  + 
i n s u l a t i o n  heat  l o s s  35.5 41.76 56.74 75.48 77.83 
( ~ t u / f t ~ )  

Apparent e f f i c i e n c y  0.486 0.342 0.343 0.401 0.41 

Cumulative i n s o l a t i o n  
( ~ t u / f t ~ )  

Cumulative hea t  $01- 
lec ted  (Btujft ') 

Cumulative a i r  hea t ing  0.486 0.396 0.372 0.382 0.389 
e f f i c i e n c y  



To t e s t  t h i s  e f f e c t ,  t h e  surfaces  previously painted white were covered with 
- shiny aluminum f o i l .  Also t h e  case insu la t ion  was roughly doubled. The 

r e s u l t s  of t e s t s  with t h i s  s e t  up on J u n e ' l 2  a r e  presented i n  Table 3 and 
Figures 18 - 20. The days end cumulative a i r  heat ing e f f i c iency  i s  reduced 
from 44.6% t o  35%. This could be due t o  t h e  changes. On t h e  other hand, it 

,could be due t o  t h e  higher winds experienced on June 12; 'and/or t h e  f a c t  t h a t  
:the sun was . . higher '  i n  t h e  sky. 

Other 'Corififiraf idris 'Tested 

The l a rge  block i l l u s t r a t e d  i n  Figures 4 and 5 was t e s t e d  by i t s e l f ,  with 
r e s u l t s  given i n  Table 4 and Figures 21 - 23. 

The c inder  block wall of Figure l .was  t e s t e d  i n  t h e  same way a s  t h e  open face  
design, with t h e  r e s u l t s  given i n  Table 5 and Figures 24 - 26. Surpr is ingly ,  

' . i t w a s  not  s i g n i f i c a n t l y  i n f e r i o r  t o  open face  design. This may not  hold f o r  
higher temperature d i f fe rences ,  however. 

A f i n a l  configurat ion,  suggested by t h e  Program Monitor, D r .  Donald Neeper, 
involved'passing t h e  a i r  over t h e  ou t s ide  of  a  s tandard ornamental f l u t e d  
block., between t h e  block and t h e ' ( s i n g 1 e )  glazing.  A s  Table 6 and Figures 
27 i :  29 a t t e s t ,  t h e  performance was comparable with the  o t h e r  configurat ions.  



Table 3. Thermal performance of small Payne open face block c-n June 12, 1978 

Average insolation 129 
( ~ t u i f t ~ h r )  

Average block 
temperature OF 92 

.Average: ambient 
, .temperature OC(OF) 

Average ~ u t l  e t  
. temperature. . O~(O,F)  

AT (a i r )  ~C(*F)  

Heat collected (a i r )  
( ~ t u / f t ~ h r )  

. . 
Average insulation 

..loss (Btii/ftzhr) 
, ... 

Total heat collected 
(Btulf t2hr~ .(correctbd 
f o r  blower) . . 

.Cumulative insolation 
(Btu/ft2) ' 129 - 

Cumulative heat col- 
lected (Btu/ftZ) 36.3 

Cumulative efficiency 0.28 0.30 0.32 0.34 0.35 
s .. ... . . ,. . . ..,-, . .. . >  . . - 1- 

~ e s i d u a l  heat ain in  S block (Btwf f t  .hr) 140/.7 - .  '123.1 84.4 0 0 

Residual ' Efficiency 1.37 1 .12  0.91 0.38 0.41 



Y 

WlND VARIABLE 
b BELOW 5 MPM WlND GUSTY 5-16 MPH 

. . 

TIMEOF DAY (HOUR)  

0 AIR OUTLET TEMPERATURE OC 

AIR INLET TEMPERATURE OC . 

V AVERAGE ' FRONT BLOCK ' T E M P E R A ~ ~ E  OF 

j 0 AVERAOE BACK OLOCK TEMPERATURE OF 

0 AVERAOE BLOCK TEMPERATURE OF 
. . . - . . ! .  

Figui.e: 18. ' ~ i r  . and block temperatures' for .  the small ~ a y n k  open ' face block 
t e s t  'on '6/  12/78 ; 



Figure 19. ~ n s o l a t i o n  on the  v e r t i c a l  wail during ti16 small Psyne open face 
block t e s t i  on G/12/78 .  



Figure 20. E f f i c i ency  of  a  small  Payne open-face block wa l l ,  a p e r t u r e  13.2 f t 2 ,  
v e r t i c a l  and south- fac ing ,  on 6/12/78 a t  Annapol is ,  MD. Double 
g l az ing  o f  a c r y l i c  and p o l y e s t e r  with a i r  f low o f  43.8 CFM. Block 
s u r f a c e  pa in t ed  with Nextel b lack .  
Pressure  drop = 2 . 5  i n .  H20 



Table 4. Thermal Performance, large Pa)ne open face block 

Average . insolat  i3n 
(stu[ft2hr) . . . 

.Average block 
temperature ' O F  

.Average ambient 
.temperature OC 

Average ou t l e t  
temperature O C  

AT ( a i r )  . O C  

,Heat col lected (air) 
(stu,/ft2hr) 

Average insulati3on 
lo s s  c ~ t u / f t ~ h r )  

Total heat  col lected 
( ~ t u / f t ~ h r )  car.rected 

- for  'blower (- . l:3Btu/ 
f t2hr)  

1nstan.t sir eff ic iency 

.Cumulative inso:Iation 
( ~ t u / f t ~ h r )  

Cumul'ztive heat .col- 
l ec ted  ( ~ t u / f  t2hr)  

12:  oq- 
1.: 00 

0.14 .. Cumulative efficiency - 0.28 0;  38 0.46 

Residual heat  g t i n  i n  
block (Btu/ftkhr) 206.0 156.8 0.0 59.8 

Total a i r  and block 
heat/hr 244.4 270.2 165.8 253.2 

Residualefficiency plus ' .  , 

a i r  instantaneous 0.92 .O. 95 



t +. WlND 
LIGHT AND VARIABLE WIND VARIABLE 5-10 MPH 

BELOW 5 MPH I i 

0 AIR OUTLET TEMPERATURE OC 

A AIR INLET TEMPERATURE OC 

BLOCK TEMPERATURE OF, 

Figure 21. Air and block temperatures during the large block test on 6/1/78.  



t LIGHT BELOW AND "IND W I A B L E  5 MPH ~ - W l N D V A t ? I A B L E  5 - I O M P H  

10 I I 12 13 14 IS 

TIME OF DAY ( HOUR) 

Figure 22. ' Insolation during the large block test on 6/1/78. 



1 0  I I 12 13 14 is 
TIME OF DAY ( in hours) 

Figure 23. Efficiency of  l a rge  32" x 16". x 8" Payne open-face block; block was 
normal t o  sun during t e s t .  Double g laz ing of  a c r y l i c  and po lyes te r  
with a  flow r a t e  of  20.1 CFM. Block su r face  pain ted  with Next.el 
black.  Test was performed on 6/1/78. 
Pressure Drop = 0.05 i n .  H20. 

. .  . . m . .- .. 

. . 
I APPARENT 

INSTANTANEOUS ' 

AIR HEATING 
EFFICIENCY 

AIR HEATING 
EFFICIENCY 

. . 



Table 5. 
.- . ., ..- . . . . . . . .  . . .  

Average insola t ion 
(Btu/ft2hr) 

Average block 
temperature O F  

Average ambient 
temperature OC (OF) 

Average o u t l e t  
temperature "C (OF) 

AT (a i r )  O C  ('F) 

. -Heat col lected  air) 
(Btu/ft2hr) 

P 
o Average insuUation loss 

(Btu/ft2hr) 

Total heat  collected 
[Btu/ft2hr] minus blower 

Ins tant  a i r  ef f ic iency 

Cunulative insc la t ion  
(Btu/ft2) . 

Cumulative heat  col-  
lec ted (Btu/ft2) 

Cumulative eff ic iency 

Residual heat i n  block 
(Btu/ft2) collected 

Residual eff ic iency 

The.rma1. performance of Cinder Block Wal L . 



. :  8 AIR OUTLET TEMPERATURE OC 
. . 

. ' 
AIR INLET TEMPERATURE OC 
A V E R A ~ E  FRONT B L O ~ K  TEN PERATURE OF 

.O A V ~ A ~ E  u c i  BLOCK TEMPERATURE *t 
.u A v r a r o c  BLOCK TEMPERATURE O*  

Figure 24. ~ i r  arid block temperatures during the cinder block Jest  . . .. on 6/29/7.8. 



P W I N D  V A R I A B L E  0'10 MPH 

12 13 14 IS 

TIME OF DAY ,('HOUR) 

0 I NSOLATION BTU / HOUR - FT.2 

i c  2 Insolation d u r i r ~ g  llie cinder block tcst on 6/29/78. 



I 
OVERALL 

CUMULATIVE 0 

APPARENT 
INSTANTANEOUS 

AIR HEATING 
EFFlC IENCY 

CUMULATIVE 
AIR HEATING EFFICIENCY 

Figure  26. E f f i c i ency  o f  a  convent ional  c inde r  block w a l l ,  a p e r t u r e  1 3 . 8  f t 2 ,  
v e r t i c a l  and south- fac ing ,  on 6,/29/78, a t  Annapolis,  MD. ~ i n g 1 . e  
g l az ing  o f  a c r y l i c  with a i r  passed through t h e  block c o r e s  a t  
23.7 CFM. Block pa in t ed  with Nextel b l ack .  
P re s su re  drop = 0.03 i n .  H20. 

0.. 
15 12 13 14 I 6 ' 17 

'TIME OF DAY ( i n  ho'urs) 



Table .6. Thermal performance .of Fluted Block on July 21, '1978 

Average -insolatian 
(~tu/ft~hr) 102.0 119.4 

Average block 
temperature OF 

Average "ambient 
. temperature OC (OF) 28.6(85.5) 29.8(85.6) 31.4B8.5) 32:0(89.6) 

Average outlet 
temperature "c. (OF) 29.7(85.5) 32.5(90.5)' 35 ..O(95.0) 36.5(97.7) 

AT [air) qC (OF) 1.1(2.0] 2.:7 (4.9) 3,6(6.5) 4.5(8.1) 

.Heat collected (air) 
(Btu/ f t 2hr) 8.4 20.5 27.2 33.9 

Average insulathn 
loss (Btu/ftZhr) 3.2 

Total heat collected 
(Btu/ft2hr) corrected 
for blower' 10.7 . 33.1 

Instant air efficiency 0.10 0.28 G ..35 0.47 

Cumulative insolation 
. (Btu/ft2) 1.02.0 221.4 

,Cumulative heat col- 
lected (Btu/ft2) 10.7 

Cumulative efftciency 0.10 0.20 0 -25 0.31 

Residual heat gain in 
block (Btu1ft2hr) 66.7 

Residual efficiency 0.76 0.63 C -50 0.73 



WIND LIGHT AND VARIABLE 

- 
TIME O F  DAY -( HOUR.) 

0 AIR OUTLET TEMPERATURE OC 

AIR INLET TEMPERATURE 'C . . 

0 BLOCK TEMPERATURE. OF 

I .  

Figure  27. A i r  and b lock temperatures  dur ing  t h e  f l u t e d  b lock t e s t  
on 7/21/78. 



WIND LIGHT AND VARIABLE 0 -  10 MPH , 

0 lN8OLATlON BTU / HOUR - F T ~  

Figure 28. Insolation during the fluted block test on 7/21/78. 



. 'TIME OF DAY ( i n h o l r r )  . . , -  ' .. . 

. < ,  . 

Figure '29.. . Eluted Block - ,aperture 15.7 ft2, vertical and south-facing, on 
7/21/78'at Annapolis, MD. Single acrylic glazing with an air flow 
of 60.5 CFM over the outer faces of "eight flute corduroyw blocks. 

' 

Pressure Drop = 0,598 in. H20. 



SOME THEORETICAL CONSIDERATIONS 

A sealed co l l e c to r  has some form of wall between the  incident  s o l a r  rad ia t ion  
and the  working f l u i d  which c a r r i e s  away the heat  from the  wall .  I f  the  wall 
i s  very th ick ,  o r  a poor conductor (or  both) i t ' s  c l ea r  t ha t  co l l ec t ion  e f f i -  
ciency w i l l  be reduced. The question i s ,  how poor a conductor can the  wall be 
before e f f i c iency  s u f f e r s  s i gn i f i c an t l y .  

The simplest  est imate occurs under equilibrium condit ions.  A typ ica l  r e s u l t  i s  
given i n  Figure 30 f o r  t h e  following condit ions:  

Ambient temperature - 32°F ' 

Collector  f l u i d  ('air) i n l e t  temperature - 60°F 
Inso la t ion  - 200 ~ t u / f t ~ h r .  . 

A s  can be seen, a  no t iceab le  drop i n  e f f i c iency  occurs wheu the  conductivi ty 
k/6 i s  l e s s  than 10 ~ t u / f t ~ h r " . ~ .  So, based.on these  r e s u l t s  we might say t ha t ,  
a s  a r u l e  of  thumb, a one inch thickness of  concrete (or ha l f  an inch of cinder- 
block) i s  acceptable, but  more i s  not .  But such an analys is  does not  take  i n to  
account t h e  mass of the concrete which introduces a thermal j n e r t i a  t e rm. in to  the  
equations,  and g r ea t l y  complicates the  business of drawing simple conclusions. 
A s  j u s t  one example, t h e  e f f i c iency  with which heat  i s  absorbed by t he  ou te r  
surface  of the  concrete is  suscept ib le  t o  conventional analys is ,  and leads t o  
the  well known appraxfmativr~ 

w e  c a l l  t h i s '  the  "instantaneous eff ic iency."  

But i n  the  extreme.case of a very th ick wall,  very l i t t l e  of the  heat  col lec ted 
by t h i s  outer  surface  o f  t h e  w i l l  have reached the  working f l u i d  by t he  end 
of the  day. Most of t he  hea t  t r an s f e r  from the  i.nner surface of the ' concre te  t o  
the  working f l u i d  w i l l  t ake  place during t h e  n igh t .  So we have t o  define two other  
measures of performance: 

Heat co l l ec ted  by daylS end 
. r l ~ .  = Apparent e f f i c iency  = Total  inso la t ion  

nT = Total  e f f i c iency  = 
Heat col lec ted i n  a 24 hour period 

Total  inso la t ion  

In  p r ac t i c e ,  a f t e r  i n so l a t i on  has ceased f o r  the  day, a  th ick co l lec lo r  wall w i l l  
not  only loose heat  t o  the working f l u i d ,  bur.wil1 a l so  radiate nnd convect heat  
away from i t ' s  f ron t  face .  In the  present  ana lys i s  we have ignored t h i s  l a t t e r  
e f f e c t  because, even without it,  the physical p ic tu re  i s  already qu i t e  complicated. 



ONE INCH 1/4 INCH 
OF CONCRETE OF CONCRETE 

. . 

. . .  

' 0  20 40 60 80 100 

K = MATERIAL CONDUCTIVITY (Btu, FT 2 HR eFl - 
8 THICKNESS 

Figure 30. ~ffect of wall conductivity on collector performance for zero mass. 
6 = ratio of heat transfer'surface to radiation area 
h = heat transfer coefficient in ~ t u / f t ~ h r O ~  

T, = 32°F @ = 200 ~tu/ft~hr 
nco = 0.8 rll = 0.8 TF = 60°F 

49 



With t h e s e  r a t h e r  gross  s impl i f i ca t ions  we obta in  t h e  s o r t  o f  r e s u l t  shown i n  
Figure 31. Here the  assumed heat  t r a n s f e r  c o e f f i c i e n t  (h) i s  r a t h e r  low, 
t h e  f i g u r e  of 1 ~ t u / f t ~ h r O ~  corresponding t o  a  f r e e l y  thermosiphoning c o l l e c t o r .  
The temperature of  t h e  o u t e r  su r face  increases  throughout t h e  day, and i s  c lose  
t o  equi l ibr ium a f t e r  about s i x  hours. Thus, f o r  t h e  f i r s t  s i x  hours, - i t s  
instantaneous e f f i c i e n c y  i s  higher than f o r  a  zero mass collector!* I t  i s  absor- 
bing more heat  than an i d e a l  copper c o l l e c t o r .  Note a l s o  from F i g u r e 3 1 t h a t  the  
i n i t i a l  temperature,at  t h e  s t a r t  of inso la t ion ,  has an an important e f f e c t  
upon performance. I f  t h e  i n i t i a l  temperature i s  2 0 " ~ ,  over h a l f  an hour goes 
by before  any heat  i s  t r a n s f e r r e d  t o  t h e  working f l u i d .  

~ t .  t h e  end of the  day, t h e  c o l l e c t o r  wall has s to red  h e a t  t o  t ransmit  t o  the  
wai l ,  and on the  assumptions s t a t e d ,  it cools  a s  ind ica ted  i n  Figure 32. 

Figures 4 and 5 p resen t  more comprehensive da ta .  In Figure33 we have var ied  the  
hea t  t r a n s f e r  c o e f f i c i e n t  (h), and not su rp r i s ing ly ,  f i n d  t h a t  e f f i c i e ~ ~ c y  iinproves 
with increas ing values o f  h .  In  Figure34 we see  t h a t  increas ing wall  thickness 
has t h e  same e f f e c t  as reducing t h e  hea t  t r a n s f e r  c o e f f i c i e n t .  Abuve a thickness 
of  3 inches,  the  wall  does not  even g e t  up t o  equil ibrium temperature during 
8 hours of i n s o l a t i o n .  And more hea t  i s  t r ans fe r red  a t  n jght  t han  rlilring t h e  day. 

To ta l  and apparent e f f i c i e n c i e s  f o r  these  cases a r e  p l o t t e d  i n  Figures35and 36. 
The samplk zero mass ef f ic , iency of equations "(5) and (6)+ i s  here  seen, t o  be 
somewhat misleading i n  t h a t  it underestimates'  . t he  . t o t a l  . e f f i c i ency .  

. . 
We conclude t h a t  t h e r e  a r e  probably no genera l iza t ions  about t h e  e f fec t iveness  
of  high mass and high r e s i s t a n c e  c o l l e c t o r s  expect t h a t  t h e i r  t o t a l  e f f i c i ency  . 
w i l l  not:be 'much i n f e r i o r  t o  conventional c o l l e c t o r s .  I f  they can be b u i l t  f o r  
s i g n i f i c a n t l y  l e s s  (say l e s s  than h a l f )  t h e  cos t  'of ticonventional" ( i .  e .  high , 

energy input)  c o l l e c t o r s ,  then t h e i r  f i r s t  c o s t a m o r t i z a t i o n  probably overr ides  
a1 1 o t h e r  cons idera t ions .  . . , 

- - -  - -- 

* Because i t s  surface  i s  cooler .  

f Derived l a t e r  i n  t h i s  sec t ion .  
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HOURS FROM CESSATION O F '  INSOLATION " 

Figure 32. Collector wall temperature after cessation of insolation, assuming 
no losses (radiative or convective) to the outside. 



, OUTER (INSOLATED) SURFACE TEMPERATURE AND AVERAGE 
TEMPERATURE DURING COOL- DOWN , ' . . 

. , 

ELAPSED TIME IN HOURS 

.gure 33. The ef fect  of the f luid's  heat transfer coefficient on . , collector 
warm-up and cooling down. 
h"= heat transfer coefficient in ~ t u / f t ~ h r ' ~ .  
One inch wall thickness. 



- 
b OUTER (INSOLATED) SURFACE TEM PERATURQ AND AVERAOE 

TEMPERATURE DURING COOL - DOWN 
> -.-. INNER SURFACE TEMPERATURE 
* - - -- INSTANTANEOUS E FFlClENCY 

160 i 

140 - .. 

t 

i 

ELAPSED TIME. IN HOURS 

* 

z a 
4 0 -  " - 0.2 k 

Z 
0 

20- a A .  0 
0 5 10 15 20 

ELAPSED TIME IN HOURS 
.I 

t. 

Figure 34. The effect of wall thickness on collector warm-up and cooling down. 
: h = 10 ~ t u / f t ~ h r * ~  



LOO h .. , 

. 10 . .. 

Pisre 35. Effcct of the'heat trarrsfer cueffici&nt- on overall efficikncp of. 
.;. . . a, one inch thick wall collector. ' . , .  '? 



WALL THICKNESS IN FELT 

Figure 36. Effect of wall thickness on collectvr efficiency. 
h = 10 Eitu/ft2hr0~. 



A .  col lector  with thermal resistance but no mass. 

Assumed geometry 

. .  . 
i .  . . 

~ e t S  = ~ n t e r n a l  hear: t ransfer  area per un i t  external are? bf the 
coilector.  
( = 1.0 i f  both surfaces a re  f l a t )  

= the incident insolation 

" E = col lector  efficiency based on heat collected a t  the front face. 
, . - = material conductivity . , . . . . . 

6 = wall thickness- ' .  

h = ( f i lm)  heat t ransfer  coefficient,  
* _  .. . . 

A t  equilibrium: t 

I f ,  as  a f i r s t  approximation we take 



. .. 

Once To i s  computed, we can obtain nc from equation (20) 

The e f f e c t  df thermal mass 

I n . t h e  ~ppend ix ,  we show t h a t  f o r  'concrete walls of the  order of  1 t o  2 inches 
i n  thickne,ss, t h e  thermal gradient  during heating o r  cooling i s  p r a c t i c a l l y  
l i nea r .  Thus, w e  may w r i t e  t h e  rra11sieli.l: heat balance equa.ti.ons as * .  ' , 

Also, s ince  



Thus equations (22) and (23) ' become 

1 dTo + _L 
Yo - Y1 (To - T,) - a(T1 - TF) = - - 

2 dl3 2 de 

dT1 into equation (24) Substituting (25) and (26) for Ti and - 
d e 

2 ('1' 1 :I. Q 0 .[ ) Let P = 
. (1 + B l j  



Thus % + PTo = Q1 + Q2TF 

and To = e [Q1'+  Q2TF]d? + c ] 

For the simplest case of 'constant TF 

+ QpTp] + ce-Pe . , ., 
T o  = [Q' ' P  ' .  . . 

when 0 = 0, T = T* say 

Note that as 0 -+ 0 

Which reduces t o  equation (21) 

For. average concrete 



Also taking nco = n1 = 0.8, 5 = 1 

We have a = 
1 x 1  = 0.3598 

' x 145 x 0.23 
13 

This is plotted in Figure' 31. 

It is now necessary to compute the fall in temperature after the insolation has 
ceased. Because of the small thema1 gradient in' 'the- wall, it's sufficient to 
take the wall temperature as uniform across its thickness, initially at the elevated 
maximum value TM. Then if there is no radiative or other loss from the front face 



. , 

. . when e = 0 ,  T 1 . M  - = T.., '.. so-C = T - TF M 

This is plotted i n  Figure32 f o r  the  previous example, on the assumption tha t  
insolation continued a t  a constant level for eight hours, and was then cut .off. 
I t 's  noteworthy tha t  considerable heat is  transferred f o r  several hn~lrs  after 
the cessation of insolation. 

Total heat transference 
. .. . 

I f  insolation is constant for  a period 85 the heat transferred . to thb- porking 
f ll.ti8 during t h i s  time 'is 



. .  . 

The heat which:.can potentially lie transferred,'after time 0, is  

Where . . TM i s  the maximum value of T1. P~~rre la t ive ly  thin walls 
. . . $  ' 

. . . . 
where M denotes the value when the inbdlation ceases. 1 , . . .  

. . 
,., . ",, . 3. . - 'I 

. .' < . , ". '(.1 . . . ; a .  , .  .. . '  . .  . i 'L . . .  & A :  ., , . , ".. ' 



CONCLUSIONS AND RECOMMENDATIONS 

1. The tests carried out in this program were fairly limited in' scope. With 
that reservation, they indicate that concrete block air heaters are not 
significantly less efficient than more sophisticated metallic and plastic 
solar collectors. This agrees with our theoretical analyses. 

2.  he specially designed block3 were not significantly more efficient than 
''off the shelf" designs already available. But the sun was nearing its 
highest point in'the sky during the tests, and there are theoretical 
grounds for anticipating a different result with low winter sun elevations. 

3.  South-facing concrete block walls can be effectively used as solar collec- 
tors for a cost roughly equal to their glazing cost; say less than one 
dollar per square foot. .I 

4.  iengt.hier and more elaborate tests with a large scale wall should be 
carried out. 

5. More research should be conducted with collectors made from low energy of 
formation materials such as concrete and ceramic. 'Present indications are 
that they can recover their "fossil fuel investment'' in less than one 
heating season; whereas some metallic collectors may never recover their 
investment. 





Let thermal d i f f u s i v i t y  = k/Cppg 
s p e c i f i c  hea t  of the  material  , 

s p e c i f i c  weight of the  material  
the  ma t e r i a l ' s  conductivity 
x/2 ,/z 
dis tance  i n t o  the  mass from i t s  outs ide  edge 
thickness of the  mass 
x/a 
heat  f l u x  a t  x = R 
temperature a t  some locat ion x i n  the  mass 
i n i t i a l  s l a b  temperature 

e 
The inner  surface i s  ad iaba t ic .  For t h i s  case Carslaw and Jaeger give 

m 

'r - "'0 ( fu  + 1)R - x (2u + 1)R * x 
- - 2 c + i e r f c  

9 k 2 6  z 6  
u =  0 

I 
This has been solved, i n  FiguresAlandA2 f o r  typ ica l  concrete block wall thickness,  
where i t ' s  c l ea r  t h a t  t h e  t r an s i en t  heat  flow e f f e c t s  a r e  unimportant. So we 
can wr i t e  the heat  balance equation as  

where h i s  the  hea t  t r a n s f e r  (film) coef f i c ien t  
TF is the  f l u i d  temperature 

For convenience, values o f  h a r e  given i n  Figure A3. A f a i r  approximation i s  
seen t o  be h = v/3, where t h e  flow speed v i s  i n  f t / s ec .  



x - - LOCAL DIMENSION 
R - TOTAL THICKNESS 

Figure ~ 1 .  Temperature r i s e  i n  a  one inch  t h i c k  conc re t e  s l a b .  The dotted 
h o r i z o n t a l  l i n e s  a r e  \ 



X - LOCAL DIMENSION 
A TOTAL THICKNESS 

F i g u w  ~ 2 .  r i s e  in a  two inch  t h i c k  concre te  s l a b .  The dashed , 

T - T, - 8. - - 
cl P gCpR 



AIRSPEED IN FEET PER SECOND 

Figure A3.   eat t r a n s f e r  . coe f f i c i en t  s o l i d  t o  a i r .  
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