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ABSTRACT

Because concrete is a low cost, low ''energy content' material, and because many
buildings have unobstructed south-facing walls, the concept of an air heating
"structural block was evolved. This report describes four configurations, two
routinely available from concrete block. manufacturers, 'and two specially de-
signed. Test walls were evaluated heating ambient air in a single pass, so

the temperature difference was low. With that reservation, there was little
difference between any of the configurations, (one of the 'special' designs

was best) or between the blocks -and conventional solar air heaters.

In addition to the work covered in this final report, a paper was presented at
the 13th Intersociety Energy Conversion Engineering Conference. Also, six
theoretical and analytical studies, listed as References 1 through 6 were
carried out during the subject program. '



INTRODUCTION

One way of achieving low cost solar heat collection is to adapt a conventional
concrete block wall, as shown in Figure.1l. Since the (south-facing) wall is
generally required in any case, the premium for solar heating is attributable
~to the glazing and manifolding. Figure 2 shows a section of such a wall on
test. It might be expected that its collection efficiency would suffer because
of the small contact area between block passage and the internally flowing air
would result in a large temperature differential (AT) between them.

A specially designed "conventional'" block (Figure 3) can give some increase in
contact area and also minimize glazing costs by incorporating integral 'frames"
in the cast part. But the alternative configuration of Figures 4 and 5 enables
the air/solid surface contact area to be increased by an order of magnitude,
and eliminates the thermal resistance of the block wall.

The large blocks of Figures 4 and 5 proved to be too heavy for a mason to 1lift.
We therefore built a smaller 'standard size" hlock, Figures 6-8, which weighs
about the same as a conventional construction block. As shown, it was intended
to epoxy these together, but studies by construction specialists have since

led to the conclusion that conventional mortar joints should be used. This
requires the overall dimensions of the block to be reduced slightly, and
enables the glazing recess to be dispensed with.

Due to the large thermal inertia of such blocks, conventional (i.e. NBS, ASHRAE)
evaluation methods cannot be employed to measure their effectiveness as solar
collectors. It is one purpose of this report to introduce appropriate alterna-
tive methodologies, and to present the results obtained when the temperature
differences between the heated air and the ambient air were small.
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A method of retrofitting an existing block wall with DOUSLE _GLAZING

glazing so that air passed through the cores can be
heated.




Figure 2. A test section of a conventional block wall with simple glazing. In
this photo the blocks have not yet received a selective coating.
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Figure 5. A large (8" x 16" x 32'") open faced air heating block (as in Figure 22) cast from lightweight
concrete. Air flows laterally from a port on the right vertical face to a corresponding one
at the other end.
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Figure 7. - A prototype of the standard size open face block of Figure 22 and its cuter
glazing panel.
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Figure 8.

A test section wall of the open fece block design in a '"stack bond" configuration.

The sides and back are insulated.

Glazing is md>.ded acrylic covezs over Teflon film.



THEORETICAL BASIS

The basic method of measuring performancé was to orient a test wall due south
at the beginning of a day and pass. air through it at a known rate and inlet
temperature, measuring the outlet temperature and hence the heat gained. The’
"thermal inertia of the test walls was typically of the order of 240 Btu/°F, or
15 Btu/ft%°F, so that "equilibrium temperature" cannot be achieved because of
the rate of change of 1nsolat1on. On a clear day, the latter is approx1mately
51nu501da1, i.e. '

¢ = .0;:sinbﬂe
1£ |
e = Atimg | )
T ‘=_,aqerage collector temperature )
Tg = average throughput air temperature
T_ = ambient temperature o
h ='?héat trénsfér coefficient
'}AK =. heat loss coeff1c1ent of the 1nsu1at10n _
-a = (1nternal) heat transfer area |
WCP' = ;pggmgl 1nert1a, .
;Then,;if the éollector‘efficiency is unity fdr SiﬁpriCity,‘we have:‘;
| o, sin 90 = WC gg . ah(T - T) + AK(T - T,) - ; LW
(Insolation) = »heat addgd.tO" . hegt carr;éd s heat,lost
o ~ .the block  off by the through the
material ~ working fluid insulation
or
&+ 0+ )T = u sin 00 + AT+ AT @
a8 2 1£% "2
“where , . - :
A = ah/MC, A, = AKMC,  w =@ /WC, T =Apedy

11



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

-re re A | : ; | '
T = e [J/; (u sin 0 + Ale + AZTw) de + C ] (3)

After some manipulation,.thié yields, for the collector temperaturel

| si 0 + 1 -Tre ; 2.2 -Te
T = LA L ONTe * AT - e 0) + [T+ ua/ (2 + T)]e
v 4T o B
where the phase angle ¢ = $in~! (-9//8° + Pz)'
Equation (4) is plotted in Figufe 9 for the following values: o
. [ .

193.0 Btu/ftinr

¢ =
(] , .
ah = 52.93 Btu/°F.hi (i.e. h = 1 Btu/ft°F.hr)
. AK" = -29.03 Btu/°F.hr -
wép, = 241.9 Btu/°F

0 3173 hr -1

The phase angle is -0.7526 radians (-43.1°), but as shown in Flgure 9, the peak
block temperature occurs two hours ~after the maximum insolation."

For this reason, we elected to detérmine "all day" or '"long period" efflulencies,
defined as _ - .

Heat transferred to the working fluid

"AIR ~ Total insolation on the vertical surface

and Heat transferred to , Heat addedAto
_ the working fluid collector structure
cum “Total insolation on the vertical surface

There are, of course; other approaches. For example, one could assume a rela-
tionship for instantaneous eff1c1ency, such as

N (T - T.) |
LR e e S

where

12
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o insolation

AT

temperature difference
n, and n, are constants

Then one could conduct one's tests in such a way that the data can be made to,
yield values for the constants n, and n;-

. The effect of incorporating equation (5) in equation (1) is instructive. This
leads to

dT
a6

where

+ (A 2 + AS)'T = uno sin Qe.f Ale + ()\2 + )\S)Tm . ' . ; (6)

Ay = nllwcP

This is very similar to equation (2), but with the T and Tw'coefficients modified.
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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 Inc. digital differential thermometer. Typically,
five thermocouple probes were mounted on the blocks; two at the back face, half
an inch below the’ surface, ‘and three on the middle of three vertlcal 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
':leav1ng the fan did .so 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 104) and from Schlichting’ (pp. 563), we would expect a flow
factor (average velocity divided by centerline velocity) of about 0.8 for an
‘hydraulically smooth wall. The value actually measured from Figure 10 is

. 0.745, indicating some wall roughness. ' ’

The volume flow fof:the Figure 10 test is therefore

T X 4

675 x 0.745 x 144

= 43.88 £t3/min

15
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THE BLOCK TESTS
-The volume flow measurement g1ven above was actually for the f1rst test with
the Payne open face. blocks of Flgures 6-8

The pressure drop- across the wall was 2. 4 1nches ‘of water (12 48 1b/ft ). The
power loss assoclated with th1s is therefore S

P

pressure drop x}volnme flow
43.88 " _

50 9.127 ft.1b/sec

12.48 x

= 42.23 Btu/hr
= 12.38 watts
= o 0166 BHP

" Since the aperture of the wall is 16.3 ft2, the add1t1ona1 2.6 Btu/hr ft is
negligible, even 1f we double 1t by assumlng a fan eff1c1ency of only 50%.

In terms of dynamic heads, the pressure drop coeffieient is

12.48 _ 12.48 - _ .
¢ = 1= = o.505 - 829
ipv K . : .

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

"To measure the heat lost through the 1nsu1at10n, the wall was connected to an
_air heater (Flgure 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 f1berg1ass (equivalent

“to R29) during this experiment.. The electrical load to the heater box was
constant at 750 watts (2560 Btu/hr). Flgures 12and 13 give the air and block
temperatures respectively during this test.  Note from Figure 12 that the AT

. across the heater remained constant at 33.5 °C, throughout the test. _Since
"CP 0.241 Btu/1b.°F for air, the weight flow must have" been ‘

. 2560 _
W= TaT " vEaixeos = V6 16 1b/hz

2.936 1b/1n

38.4 ft3/min

which are not too different to the 43.9 ft /m1n measured during the insolation
experiments. (There were, of course, additional flow pressure losses in the
heatxng exper1ment ) :

17
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To determine the insulation value and thermal mass, we employed the following
simple analysis, where the variables are the samé as before. Let

q

where

dT

de

when 6 = 0, T

i
3

T

+ A

A

heat supply
dT

WC, G5+ AK(T - T)
daT _
E + )\2 (T - Too) = 'Z

AK/WCP as before, and z = q/WCP

T = z+ AT

2

e'xze[/ikze(z + A,T,) 46 + C]

fi- +T_+C e 128
2
-, A e
£ - - 2
5 + T+ (To T, .Az(§z)e

The maximum temperature is

Ty = 2/, + T,
SO ;
_ ! -Xzﬂ
T - TM = (To - TM) e
= 1 T e _
Ay = g log[(Ty T/ (Ty - DI
Then _
z = ~X2(TM -T)
and WCP =a/z
AK = AZWCP

22
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If the experiment is not carried out 1ong enough-to determine.T,,, thenlkz'can
be determined by a least mean squares curve fit of .

A - Be M®

-to the data, where, from equation (9)

>
1}

z'/)‘2 +

W
1]

T, - T, - 2/,

This was done for the data of Figuré_ls, with ‘the following results for T = 70°.

Top Bottom Front Middle Bottom

Back Back Top Top . Top  ~ Average
A(=TM°F) 154 161 146 167 192 164
B(°F) 122.5 90.5 104.6 113.8  87.5 103.78
Az 0.102 0.124 0.110 0.119 0.105 0.112
To(°F) 31.5 70.5 41.4 53.2 104.5 60.22

The corresponding values of-Aé for the inlet and exhaust air were 0.110 and
0.105, with T,, = 193.1 °F and 136.4 °F. In all cases, the ''goodness of fit"
was very high - of the order of .0.998 - but the initial temperatures are
clearly much in error (although their average value is correct). This is
presumed to .be because the model (Equation 9) does not allow for the initial
warm-up when the outer surfaces of the blocks have not yet changed their tem-
perature. (In Flgure 13, we see that the back of the front of the inlet

block has risen 64°F in two hours whereas, in the same time, the back has only
risen 24°F, a difference of 40 °F. This difference becomes less as the system
stabilizes.) By eliminating these early readings from the curve fitting, we
hope that errors due to this nonlinearity have been evaded to a large extent.

To compute the insulation loss, we take average values of

_ o
Ty, = 164 °F
A, = 0.112
Also T, = 22° = 71.6 °F
Thus
Ty - T, = 92.4 °F




N
1

AZ(TM - T) =0.112 x 92.4 = 10.35

WC q/z = 2560/10.35 '= 247.37 Btu/°F

‘AK = AMNWCp. = 0.112 x 247/37 -=' 27.71 Btu/hr.°F

A convenient way of performing a sensitivity analysis is to repeat this calcula-
tion for the individual thermocouples, as shown in Table 1. The heat loss is
least in the middle, as we would expect, and greatest at the top front. All

the data looks reasonable. Maximum temperatures are highest near the hot air
inlet and lowest near the exit. ‘

The effectlve heat transfer coefficient (h) is obtained from the relation%hip

__ah

wC
a Pa

= log [(T,, = TR)/(T,; = Tyl , . as)

where : 2
a is the internal surface area (52.92 ft™)

. i » ai emperature in a .
Tal,Tao is the air temperature in and ount

Tg is the mean block temperature
From the fitted curves

Tai = T8 _ 58.0 - 51.8 7% 1% _ 164 + 103.8 £70-112°
Tao = T8 89.5 - 48.2 0110 _ 164 + 103.8 ¢70-1128

This is plotted in Figure 14, knowing that a = 52.92 ft2 Cp = 0.241, W=

176.16 1b/hr. The values in Figure 14 look quite reasonablea ?

The test wall was exposed to insolation on May 3,*with results shown in Figures

15 - 17 and Table 2. The maximum temperature rise in the air (16.6°F) occurred
at the end of the day's test, even though this was 3- 1/2 hours after the
maximum insolation.

It will be noted from Flgure 16, that a drop in temperature occurred when a
wind sprang up. This is probably due to an increased rate of heat transfer
from the insulated box surrounding the wall, as well as additional heat loss
from the glazing., If thls is correct, then the '"true" efficiency was somewhat
hlgher than ‘the values given in Flgure 17. Another unknown source of error

is the insolation absorbed by the white insolation case. Gebhardt?2 quotes 0.12
as the solar radiation absorbt1v1ty of white lacquer. The areas involved as
7.70 ft2 on the front, 8. 125 £t2 on the top and 7.17 £t“ on each s%de So,
when one side and the top are illuminated, the total area is 23 ft But

23 x 0.12 = 2.76 ft? or about 17% of the test aperture.

* Coincidentally, National SUN DAY

24
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o
T, T, CF)
A

WCP(BFu/°F)

AK (Btu/hr. °F)

Table 1.. Sensitivity Analysis

Bottom

34.41

25 .

‘Top Top ‘Middle Bottom
Bgtk Back Front ~Front Front 'Ave;age
0.102- 0.124 . 0.110 0.119- 0.105 '0.112
82.4 _é9.4 74.4 95.4 120.4 92.4

” 8.405 11.09 8;18» 11.35 12.64 ‘. 10.35
304.6 230.9 312.8 225.5 202.5 247.37
‘31.07 : 28.64 26.83 31.26

27.71
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Table 2.

Average insolztion
(Btu/ft2hr)

Average block
temperature °F

Average ambient
temperature °C.

Average insulation )
heat loss (Btu/ft®:

Average outlet temper-
ature °C

AT °C

Heat collected by
air (Btu)

Heat collected (3tu/ft2)

Total Collection +
insulation heat loss
(Btu/ft?2)

Apparent efficiency

Cumulative insolation
(Btu/ft2)

Cumulative heat gol-
lected (Btu/ft<)

Cumulative air heating
efficiency

Jpen face air block performance on 3 May 1978

9:30-  10:30-  11:20-  12:30- 1:30-
10330 11:30 12:20 1:30 2:30
73 122 165 188 190
69 74 83.3 93.5 90.0
14.5 16.0 18.0 20.0 20.5
19.4 23.5 33.66 45.42 37.58
17.5 19.4 22.3 25.6 28.0
3.0 3.4 4.3 5.6 7.5
262.5 297.5 376.2 490.0 656.2
16.10 18.25 23.08 30.06 40.25
35.5 41.7% 56.74 r75.48 77.83
0.486 0.342 0.343 0.401 0.41

73 195 360 548 738
35.5  77.26 134.0 209.48  287.31
0.486 0.396 0.372 0.332 o.ssé

2:30- 3:30-
3:30 4:30
176 150
87 89
21.8 22.0
28.07  30.99
30.4 31.1
8.6 9.1
752.5  796.2
46.16  48.84
74.23  79.83
0.422  0.532
914 1064
361.54 sar.s7
0.395  0.415

4:30-
5:30

110

89

- 21.5

32.59

30.7

9.2

805.0

49,38

81.97

0.745

1174

523.34

0.446



To test this effect, the surfaces previously painted white were covered with
- shiny aluminum foil. Also the case insulation was roughly doubled. The
results of tests with this set up on June 12 are presented in Table 3 and
Figures 18 - 20. The days end cumulative air heating efficiency is reduced
from 44.6% to 35%. This could be due to the changes. On the other hand, it
.could be due to the higher winds experienced on June 12, 'and/or the fact that
".the sun was higher in the sky.

Othér Configurations Teésted

The large block illustrated in Figures 4 and 5 was tested by itself, with
results given in Table 4 and Figures 21 - 23.

The cinder block wall of Figure 1 was tested in the same way as the open face
design, with the results given in Table 5 and Figures 24 - 26. Surprisingly,
“it. was not significantly inferior to open face design. This may not hold for
higher temperature differences, however. '

A final configuration, suggested by the Program Monitor, Dr. Donald Neeper,
involved passing the air over the outside of a standard ornamental fluted
block, between the block and the (single) glazing. As Table 6 and Figures

27 -: 29 attest, the performance was comparable with the other configurations.
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Table 3. Thermal performance of smzll Payne open face block c¢n June 12; 1978

Average insolat1on
(Btu/£t2hr)

Average block
temperature °F

-Average ambieat

- temperature °C(°F)

Average outlet

‘temperature . °C( F) -

AT (air) °C(°F)

Heat collected (a1r)
(Btu/ft2 hr)

Average insulation
loss [Btu/ftzhr)

Total heat collected

(Btu/ft2hr} (corrected

for blower)

Instant air efficiency

‘Cumulat1ve 1nsolat1:nf

(Btu/£t?)

Cumulative heat col-
lected (Btu/ft2)

Cumulative efficiency

Residual heat gain in

block (Btu,/ft<hr)

‘Residual Efficiency

10: 30-

11:30

129

92

23.9(75.0)

" 26,2(75.2)

2.3(4.2)

13.9

25,2

36.3

0.28

129

36.3

0.28

140/7

1.37

11:30-
12:30

151

59

25,1(77.2) °

28.1(82.6) -

3.0(5.4)

'17.2

32.3

6.7

0.31

'280

- .83.0

00,30

11231

1.12

12:30-
1:30 -

156

104
26.2(79.2)

30.1(86.2)

3.9(7.0]
23.2
36.7
57.1
0.37
136

140.1

0.32

84.4

0.31

'1:30-
. 2:30

146

105

27.7(81.9)

31.7(89.1)

-4,0(7.2)

23,9

34.2 -

195.4

0.34

0.38

2:30-
3:30

.120

102
28.1(82.6)

32.0(89.6)

. 3.9(7.0)

23.2

28.7

49.1

0.41

~702

244.5

0.35

0.41
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surface painted with Nextel black.
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Table 4. Thermal Performance, large Payne open face block

Average insolation
- (Btu/ft2hr)

‘Average block -

temperature °F

Average ambient
temperature °C

Average outlet
temperature °C

AT (air) . °C

Heat collected (air)
(Btu/ft2hr)

- Average insulation

loss (Btu/ft2hr)

Total heat collected
(Btu/ftzhr) corrected
for blower (-.13Btu/
ft2hr)

Instant air efficiency

" Cumulative insolation

(Btu/£t2hr)

Cumulative heat col-
lected (Btu/ftZhr)

- Cumulztive efficiency"

Residual ‘heat gain in
‘block (Btu/ft<hr)

Total air and block
heat/hr :

Residual efficiency plus
air imstantaneous

10:00-
11:00

267
91.4
27.7

29.7
2.0

25.4

©13.1

38.4

~0.14
267

.38.4

0.14

206.0

244.4

0.92

11:00-

12:00

284

105.7
30.9

37.9
7.0

88.7

24.8

113.4

£ 0.4

551

151.8

- 0.28
156.8
..270,2

©0.95

12:00-

1:00
283

113.5

43.1
10.6

134.4

3L.5

155.8
0.59
824

317.6
0.38

0.0
165.8

0.59

1:00-7
2:00

288
© 113,1

33.4

46.4

-13.0°
| 164.8

- 28.8

193.4

1 0.67.

11227

511.0
0.46

59.8

~253.2

0.88
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Figure 21. Air and block temperatures during the large block test on 6/i/78.
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Figure 23. Efficiency of large 32" x 16" x 8'" Payne open-face block; block was
normal to sun during test. Double glazing of acrylic and polyester
with a flow rate of 20.1 CFM. Block surface painted with Nextel
black. - Test was pertormed on 6/1/78.

Pressure Drop = 0.05 in. H,0.
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Table 5. Thermal performance of Cinder Block Wall.

Average insolation
(Btu/ ft2hr)

Average block
temperature °F

~ Average ambient

temperature °C (°F)

Average outlet
temperature °C (°F)

AT (air) °C (°F)

- ‘Heat collected (air}

(Btu/ft?hr)

Average insulation loss
(Btu/ft2hr)

Total heat.collected
(Btu/ft2hr) minus blower

Instant air efficiency

Cunulative inmsclation
Btu/ft2)

Cumulative heat col-
lected (Btu/ft2)

Cumulative efficiency

Residual heat in block
(Btu/ft?) co:lected

Residual efficiency

12:30<
1:30

136

113

 31.3(88.3)

31.6(88.9)
0.3(0.6

1.1
36.9

37.9 .
0.23

136

27.9 ..
0.23

54.5 .
0.68 -

1:30--

©2:30 ¢

145

‘120

51.5(88.7)

34.€(94.8)
3.416.1)

11.2
6.6

58.0

0.4)

281

95.9
0.3

46.8
0.72.

133

125

~31.8(89.2) - -

37.9(100.2)

6.1(11.0)

20.5

53.3

- 73.8 -

0.55"

414

.169.7

0.41

39.0

10.85
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Figure 26. Efficiency of a conventional cinder block wall, aperture 13.8 ft2,
vertical and south-facing, on 6/29/78, at Annapolis, MD. Single
glazing of acrylic with air passed through the block cores at
23.7 CFM. Block painted with Nextel black.

Pressure drop = 0.03 in. Hj0.
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Average insolation
(Btu/ ft2hr)

Average block

.. temperature °F

* Average ‘ambient
- . temperature °C (°F)

‘Average outlet

temperature °C (°F)
AT (air) °C (°F)

‘Heat collected (air)

~ (Btu/ft?hr)

- Average insulaticn

loss (Btu/ftZhr)
Total heat collected

(Btu/ft2hr) corrected

for blower
Instant air efficiency

Cumulative insolation
(Btu/ft2)

.Cumulative heat col-

lected (Btu/ft2)
Cumulative efficiency

Residual heat gain in
bleck (Btu/ftZhr)

Residual efficiency .

11:00-
12:00

1 102.0
. 86.0
. 28.6(83.5)

29.7(85.5)"

1.1(2.0)
8.4

3.2
10.7
0.10

102.0

-10.7

0.10

1 66.7

0.76 -

12:00-
1:00

119.4

96.0

129.8(85.6)

- 32.5(90.5)
2.7(4.9)

20.5
13.5
33.1
0.28
221.4

43.8
0.20

41.8
0.63

1:00-
2:00

123.0
1C1.0
21.4(88.5)

35.0(585.0)
3.6(6.5)

8€.3
0.25

1¢.1
¢.50

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

2:00-
3:00

111.2

104.8

132:0(89.6)

36.5(97.7)
4.5(8.1)

33.9

- 19.7

52,7

0.47
455.6

139.0
0.31

29.0
0.73

3:00-

- 4:00

89.8

108.0

32.2(89.6)

36.4(97.5)
4,2(7.6)

31.8

23.9

54.8
0.61

545.4

193.8
0.36

0.61
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Figure 28. ' Insolation during the fluted block test on
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Figure 29.. Fluted 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 corduroy" blocks. '
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SOME THEORETICAL CONSIDERATIONS

A sealed collector has some form of wall between the incident solar radiation

and the working fluid which carries away the heat from the wall. If the wall

is very thick, or a poor conductor (or both) it's clear that collection effi-

ciency will be reduced. The question is, how poor a conductor can the wall be
before efficiency suffers significantly.

The simplest estimate occurs under equilibrium conditions. A typical result is
given in Figure 30 for the following conditions:

Ambient temperature - 32°F
Collector fluid (air) inlet temperature - 60°F
Insolation - 200 Btu/ft2hr.

As can be seen, a notlceable drop in efficienc¢y occurs when the conductivity

k/8 is less than 10 Btu/ft2hr°F. So, based-on these results we might say that,
as a rule of thumb, a one inch thickness of concrete (or half an inch of cinder-
block) 1is acceptable, but more is not. But such an analysis does not take into
account the mass of the concrete which introduces a thermal inertia term.into the
equations, and greatly complicates the business of draWing simple conclusions.

As just one example, the efficiency with which. heat is absorbed by the outer
surface of the concrete is susceptible to conventional analysis, and 1eads to

the well known approximation

n=mno+ ny (Tgop - T.)
o

We cdll this the 'instantaneous efficiency."

But in the extreme case of a very thick wall, very little of the heat collected

by this outer surface of the wall will have reached the working fluid by the end

of the day. Most of the heat transfer from the inner surface of the concrete to
the working fluid will take place during ‘thé night. So we have to define two other
measures of performance:

Heat collected by day's end

. My = Apparent efficiency = Total insolation
. . . . _ Heat collected in a 24 hour period
np = Total efficiency = Total insolation

In practice, after insolation has ceased for the day, a thick collectlor wall will
not only loose heat to the working fiuid, but.will also radiate and convect heat
away from it's front face. In the present analysis we have ignored this latter
¢ffect because, even without it, the physical picture is already quite complicated.
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With these rather gross simplifications we obtain the sort of result shown in
Figure 31. Here the assumed heat transfer coefficient (h) is rather low.

the figure of 1 Btu/ft2hr°F corresponding to a freely thermosiphoning collector.
The temperature of the outer surface increases throughout the day, and is close
to equilibrium after about six hours. Thus, for the first six hours, its
instantaneous efficiency is higher than for a zero mass collector!* It is absor-
bing more heat than an ideal copper collector. Note also from Figure 31 that the
initial temperature, at the start of insolation, has an an important effect

upon performance. If the initial temperature is 20°F, over half an hour goes
by before any heat is transferred to the working fluid.

Af:the end of the day, the collector wall has stored heat to transmit to the
wall, and on the assumptions stated, it cools as indicated in Figure 32.

Figures 4 and 5 present more comprehensive data. In Figure33 we have varied the
heat transfer coefficient (h), and not surprisingly, find that efficiency improves
‘'with increasing values of h. In Figure 34 we see that increasing wall thickness
has the same effect as reducing the heat transfer coettficient. Above a thicknéss
of.3 inches, the wall does not even get up to equilibrium temperature during

8 hours of insolation. And more heat is transfprrpd at night than during the day.

Total and apparent efficiencies for these cases are plotted in Figures 35 and 36.
The sample zero mass efficiency of equations (5) and (6jf15 here seen to be
somewhat misleading in that it underestimates the total efficiency.

We conclude that there are probably no generalizations about the effectiveness
of high mass and high resistance collectors expect that their total efficiency
will not. be much inferior to conventional collectors. If they can be built for
significantly less (say less than half) the cost ‘of ''conventional" (i.e. high
energy input) collectors, then their first cost’ amortlzatlon probably overrides
all other considerations.

* Because its surface is cooler.

+ Derived later in this section.
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Figure 31. Collector surface temperature and instantaneous efficiency as a
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thick wall ® = 200 Btu/ft2hr.
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A collector with thermal resistance'but no mass.

WALL

RS/

- COLLECTOR: r

TEMPERATURE DROP
. THROUGH THE WALL

l

TEMPERATURE
IN °F

. 1. . . . “ ‘,‘_';— -
: TBAPELATURE DROP'
- ~IN THE FLUID FILM

T

: TF

) .- -/ / ' | )
e A4 ‘
‘INSOL ATION — i o

Assumed geometry

T

Internal heat transfer area per unit external area of the

Let‘E
collector.
( = 1.0 if both surfaces are flat)
® = the incident insolation
n. = collector efficiency based on heat collected at the front face.
.ﬁ = material conductivity . :
¢ = wall thickness . :
h = (f11m) heat transfer coeff1c1ent
At equilibrium: ’ . ‘ .
k .
ned = Eh(Ty - Tp) =5 (To.- T1) | (6)
. To STy = HCQG . ) ‘ an
k
and T, - Tp = ne® . (18)
th
(8 1 , ‘19
To - TF = nc? ('1: * ‘éh—) . . (19)

If, as a first approximation we take
To - T . :
nc = Nco -~ nl(..ﬁ_—‘”) (20)
. 2 ‘
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So To

|}
7]
+
r——
©n
oo
o
Q
=
Yt
N
—3
(o}
1
<
8
. L
[ W—)
—
~lo»
Sl
v

= Tp + (¥ngo * Ny To) (%*gllq) (21)
1 +"1(%+€1_h)

Once Ty is computed, we can obtain n¢ from equation (20)

The effect of thermal mass

In the Appendix, we show that for concrete walls of the order of 1 to Z 1nche5
in thickness, the thermal gradient during heating or cooling is practlcally
linear. Thus, we may write the T.I'dllbl.elll, heat balance equations as '

1 dT,, dT,
nd - th(T, - T;) = 5 8pgC + — (22)
¢ F L R WP T de
Also, since
EN(T, - Tg) = <(T_ - Ty)
A F § o 1
k
— T, + EhT
. = 0
Ty 8 F @5
(€h + % )
- th
Let ¢ = tSngp
e = Neo ~ nl.(.TQ - T

. 58



Nco @ n

o T ToElp 1T ety
k
6 h
By = . . B, = 3 -
Eh + & | Eh + -
Thus equations (22) and (23) become
: 1 dT 1 dT:
Yo - ¥ (To - To) - a(Ty - T = 5 2+ 5 g5

Tl = BITO + BZTF
dT; = B, dTg
de do

Substituting (25) and (26) for T; and %Te—l into -equation (24)
Lrsg) 850 4 (v + g )Ty = ¥+ ¥T 4 a(l - 8,)T
5‘( Bl) de ( p FeBTe = Yo 1T, + a(l - 8, F

_ 20y 4 aby) =
bet P = =058
- 2(¥5 * 1T,)
Y L+ 8
- 2a(1l - Bo)
QZ (1 + Bl)
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Thus dTo . PTo = Q *+ QT . (28)
and T, = e-pe'[ /epe[Q1-+ Q2TF]dQ +C J : (29)
For the simplest case of constant Tg

R [Q + QZTE]-+ Cé-Pe

° P

E
@
=
@

i

0, T = T* say

(¢}
i

*- + q'.rl

(30)

L. TO = T*¢-pe + -[gl_;_RLTE] (1 - e-Pe)

Note that as 6 + «

' Qi + 0NaTf = Yo +."‘l’iT + a(l '-'82)1;[:

* Which reduces to equation (21)

ie. T = TreF"

) -Po.
+ T :
- °EquiB )

Q-e (32)

For average concrete

145 1b/ft3 "
0.23 Rtu/1b°F
1/12 £t

1. Btu/ft.hr.°F

pg
Cp
K

K

nunn
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“Also taking ngo

h
¢
Teo
T*

We have o =

Q =

. T

(o)

n, = 0.8, &= 1.

1 Btu/ft?hr°F
200 Btu/ft2hr

- 60°F

20°F .

= 0.3598

1 x1
1

X 145 x 0.23

0.8 x 200
x 145 x 0.23

T = -57.571 .

2

[y

0.8
x 145 x 0.23

= 0.28786

[
) L

12

if:fiff 0.92308

o~

1

1—+—1—2— = .076923

2(0.28786 + 0.3598 x 0. 92508) 0.64478 hr}

71.92308
2(57.571 + 0.28786 x 60) _
1.92308 77.8362
2 x 0.3598(1 - .076923)
To7505 0.34541
L 20e70-644788 o) ooy oo0.644780,

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 thermal gradlent in ‘the: wall, it's sufficient to

take the wall temperature as uniform across its thickness, initially at the elevated

maximum value T

Then if there is no radiative or other loss from the front face
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_dTj.
Eh(T = TF) 6pgcp de -

or S ear, = aT, - | (33)

soT, = e™%® [/eaeaTFde' + C)

-ad '

= TF + Ce
when e = 0, 'l‘l = TM"‘ - 80°C = TM - TF
- o Ty = Tp+ (Ty - Tple | (31

1

This is plotted in Figure 32 for the previous example, on the assumptmn that
insolation continued at a constant level for eight hours, and was then. cut --off.
It's noteworthy that considerable heat is transferred for several hours af‘tﬁr
the cessation of insolation. :

Total heat t'ra.nsference

If insolation is constant for a per1od 85 the heat transferred to the worklng
fluid durl_.ng th:.s time is

8s ’
/ ER(T, - Tp)da
o

fis

"

aQ

Eh/ s[BiT*é A Bl[gl_gz.TF] a - e-Pe) -'TF(l = By)]ue
o

* : -P@ '
= &h EPTL (- eP%) 4 g, [Q .+p T ] [95 -‘11—1—%—_’3] - Tp(1 - By)es'§ - (35)
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The heat which can potentially be transferred after time ds is -

]

AQD

£h f (1, - Tde
[o] . .

Eh f [Tp + (Ty - Tple ™" - Tyl do
A ,

ey

= Eh o = .
= (TM TF) . cngP(TM - Tp) .

Where T, is the maximum value of T,. Férrelatively thin walls

2

where M denotes the value when the insélation ceases.

63

.- (36)



CONCLUSIONS AND RECOMMENDATIONS

The tests carried out in this program were fairly 11m1ted 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 adnalyses.

The specially designed blocks were not 51gn1f1cant1y more efficient than
"off the shelf" designs already available. But the sun was nearing its
h;ghest point in'the sky during the tests, and there are theoretical
grounds for anticipating a different result with low winter sun elevations.

South-facing concrete block walls can be effectively used as solar collec-
tors for a cost roughly equal to their g1a21ng cost; say less than one
dollar per square foot. .
Lengthier and more elaborate tests with a large scale wall should be
carried out.

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.
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- APPENDIX

HEAT FLOW THROUGH A CONCRETE WALL
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thermal diffusivity = k/C.pg

Let a =
Cp = specific heat of the material
pg = specific weight of the material
k = the material's conductivity
n = x/2vae
x = distance into the mass from its out51de edge
2 = thickness of the mass
X = x/%
q = heat flux at x = &
T = temperature at some location x in the mass
To = 1initial slab temperature

et ———

The inner surface is adiabatic. For this case Carslaw and Jaeger give

T - T, 2y/ab (2u + )2 - x (2u+ 1o+ x
—_— = Z % ierfc — + ierfc
q k 2Vae 2v/aé

u=0

This has been solved, in Figures Al and A2 for typical concrete block wall thickness,
where it's clear that the transient heat flow effects are unimportant. So we
can write the heat balance equation as

pgtCp (T - Tg) = a8 = h(lp - )0

where h is the heat transfer (film) coefficient
Tr is the fluid temperature

For convenience, values of h are given in Flgure A3. A fair approx1mat10n is
seen to be h = v/3, where the flow speed v is in ft/sec.
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