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ABSTRACT

The feasibility of building a freeze-tolerant absorber for a solar water heater

out of carbon-black-reenforced crosslinked polyethylene has been explored. Ten-
foot tube specimens made from various crosslinked polyethylene formulations

were filled with water at various pressures, and then placed into a deep freeze,
then thawed and frozen again for 100 freeze-thaw cycles, or until the tube specimen
failed. . Tube diameters were measured before and after each freezing to determine
how much distention the freezing caused, and how much permanent distention was
caused by the strains of repeated freezings. Five tube specimens containing

water at as high as 80 psi survived 100 freeze-thaw cycles.,

Also, a flat plate collector was fabricated using as absorber surface a single 400 ft.
tube of carbon-black-reenforced crosslinked polyethylene in the form of a flat
spiral coil and this collector ‘was tested for performance at the Los Alamos
Scientific Laboratory. The pérforfnance test indicates thaf the absorbtivity of
such a flat spiral r.;oii to solar radiation is similar to typical~ black s.urfaces used

on solar absorbers. Tlhus, it dbe; seem very feasible thé.t doﬁestic water can

be directly heated iné. solar c‘ollectox_' having an absorber mgde from crosslinked
polyethylene, and that this collectox; can safely withstand :«;z.t least 100 freeze-thaw

cycles.



4

INTRODUCTION

As the price of energy continues to rise, the heating of domestic water by solar
energy should be justified economically before other uses. of solar energy because
there-is a steady year- roun’d‘ demand for hot water, and the cost of inherently
expensive solar collectors can be amortized over more BTU's per year than say
in space heating or air conditioning‘appliqations of solar energy.

Unfortur%.tely, water freezes during winter nights so a non-freezing collector fluid
mtést be used anci,then the heat ﬁust be transferred from thg collector fluid to

domestic water through a heat exchanger. As Francis de Winter has pointed out very

‘-quantitatively, the costs of both the heat exchanger and the degradation of heat

as so‘ciated with the temperature difference across the heat exchanger are very
considerable penalties (1). .In his present study for ERDA (2), Francis de Winter
also points out that non-freezing collector fluids have problems associated with
viscosity, heat capacity, toxicity, and corrosion which in?: rease still further the
cost of transferring heat from the collector fluid to the hot water.

If the de's‘i.gner»of a solar collector eAlects to avoid the above costs and designs the
collector to heat the water directly by the sun, then the solar collector must be
drained infallibly on cold nights, or the collector must be made of a material
sufficiently resilient to absorb the strains which freezing water can create, yet
also be able to contain water at domestic hot water pressure without ballooning or
corroding; and must be able to withstand without melting, occasional no-load
temperatures when the supply of water is accidentally cut off on a sunny day.
Polyset, Inc. suggested in an unsolicited proposai to ERDA that carbon-black-

reenforced crosslinked polyethylene (XLPE) can probably do all these things, and

the present Contract No. E (11-1) 2956 - Modification No. M0OO1 - Supplemental

Agreement to Contract No. EY-76-C-02-2956 is the result.




The basis of Polyset's confidence in carbon-black-reenforced crosslinked polyethylene

(XLPE) was the outstanding long term hydrostatic strength which in the form of pipe

it exhibits at 60° and 950 Centigrade (3). Also, carbon -black-reenforced cross-

linked polyethylene is used on a large scale (about 100,000,000 lbs. /yr.) as

jacketing and insulation by the wire and cable industry, because it exhibits superb

resistance to solar (ultra-violet light) degradation, and because it does not melt

when the wire becomes overloaded with electric current, yet it retains excellent

resilience at artic temperatures.

The crosslinked polyethylene formulation used for making hot water pipe differs

substantially from the forrmulations used by the wire and cable industry, but it

seemed likely that a compromise formulation could be found which would indeed be,

a suitable material of construction for a Freeze-Tolerant Solar Collector.

Crosslinked polyethylene also costs far less per unit volume than do the metals

that might be used in solar water absorbers. Its costin terms of energy required

for manufacture are also very much lower than the cost of metals on a unit volume .

basis as one can see from the following table:

Truckload Energy

Price Specific Required Volume Cost

¢/1b. Gravity BTU's/lb. ¢/cu.in. BTU/cu. in.
Crosslinked Polyethylene 43 1.05 30, 000 1.63 1,140
Steel 16 7.6 13,000 4.4 3,570
Aluminum 53 2.7 79,000 5.2 7,700
Copper 65 8.92 34, 000 20.9 11,000

A low money cost and a low energy cost will both be essential for any solar collector

planned for large scale use.



OBJECTIVE OF THE PRESENT PROGRAM

The objective of the present program as stated in the ERDA contract is to

examine the feasibility of using carbon-black- reenforced crosslinked polyethylene

as a material for Solar collector absorbers having properties of low cost, long

life, and tolerance to repeated freezing of water within the absorber.

ERDA asked that thé freeze toleraﬁce of cro;slinked poly;e‘chylene be testéd in the
form of short (10ft.) ie;xgths of crosslinked po'lyethy.lene tubing filléd with water at
various pressures in the range of domestic hot water préssures. These specimens
were to be subjected to 100 freeze-thaw cyclels, or until they burst and failed.
ERDA also asked that a simple s;)la;- collector using crosslinked polyethylene tubing
be built using crosslinked polyethylene tubing filled with water as the absorber
surface, and that its performance be measured and compared to similar solar
collectors. .Therefore, a collector design utilizing a flat spiral coil using cross-
linked polyethylene tujbing._;wé_s decided upon as the simplest design to use in that it

involved no problem of headering many tubes.




PROCEDURE

Tubes approximately 0,3" O.D. were made from nine different formulations of
carbon-black- reenforced crosslinked polyethylene shown on Table I.

F1fteen 10 ft. specimens of this tub1ng were selected. The wall th1ckness at each
end of the tube was measured by a mlerhemeter. Each specimen was capped on

one end, and on the other ehd it was connected to a 1 ft. length of 25 mm O.D. pipe
made frern white translucent crosslinlced polyethylene obtained from Europe - |
see Figure (1). o

The other end of the crosslinked polyethylene pipe wae connected to a preesur.e gauée
and to a needle valve throughvwhich hiéh-pfes sure nitrogen could be introduced.

The connections between the crosslinked polyethylene tu:bing and the pipe and the
pressure gauge and the nitrogen inlet, etc. were conventional fittings fol‘ copper
tubing and copper pipe.

The black tubing was completely filled with tap water up to a level about one quarter
of the way up the translucent pipe so that the volume shrinkage of the nitrogen
between roorrl temperature and the 0°F temperature of the freeze test would balance
the volume expansion of the water freezing and result in a minimum fluctuation of
pressure during freezing and thawing.

The tap water had the following composition:

Na 18.0 ppm SOy4 19 ppm Cul. 1 ppm

Ca 13.0 ppm NOz 1.4 ppm

Mg 5.2 ppm NHy 0.0 ppm

Cl 30. ppm Fe 0.5 ppm

Mn .08 ppm Si 1.0 ppm Hardness 54 ppm

The tubing was then wound into a coil of about 20" in diameter so that it could

conveniently fit inside of the deep freeze .



_FIGURE |
TEST COILS FOR FREEZE-THAW TEST OF CROSSLINKED POLYETHYLENE TUBING

SCALE: APPROXIMATELY 1/4%s |"

PRESSURE GAUGE

VALVE FOR INTRODUCTION OF
{' W HIGH PRESSURE NITROGEN

ﬂl l ~"PRESSURE BOTTLE" MADE FROM PIECE OF 3/4" I.D. XLPE
PIPE AND FILLED WITH NITROGEN

TEN-FOOT COIL OF 3/8" 0.D. XLPE TUBING
FILLED WITH WATER




Table 1
Crosslinked Polyethylene Formulations Used in Tubing Construction

" Formulation Number 1 2 k) 4 5 6 7 8 - 9

Used in Test Coils Numbered l 2,3,6&7 4 5 8 9 10,11,15 12 13&14
Polyethylene Resin Density g/cc 927 .96 .96 96 96 .96 .96 .933 933
Melt Index 2.17 3 3 k) 3. 3 3 2.33 2.33
L.oading of GPF* ' : . -
1 _Carbon Black phr** . 20 40 20 40 40 40 20 40 40
o0 - .
' Loading of-AgeRite Resin D : _ . )
antioxidant phr 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Type of crosslinking agent - Lupersol 130 Same Same Same Same Same . Same Varox  Lupersol 130

Loading of crosslinking ) . ;
agent phr 2.5 2.5 2.5 4.0 1.5 4.0 1.5 1.5 1.5

*GPF is Gencral Purpose Furnace Black
**phr is parts by weight per 100 parts by weight of resin.



In the initial tests the connection between the tubing and the pipe was insulated with
Dacron padding in order to belsure that the water did not freeze inside this metallic
connector before it froze inside of the XLPE tubing, and the1"eby' trap water in this
tubing during the freezing pfécess, and subject the tubing to a freezing strain greater
than what would occur in a solar collector. ~ Later it was found that the tubing
performed perfectly satisfactory without this Dacron insulation so it was removed.
As mentioned above, the water in the tubing was subjected to hydrostatic pressure
by means of bottled nitrogen fed through the needle valve.

’fhe diameters of each tube were measured by micrometer at least two points on
the tube, and at each point the diameter was taken twice, once in the plane of the
coil, and .once perpendicular to the plane of tile coil.

The tube specimens were then placed in a deep freeze held at OOF for at least three
hours by which time the water inside was solidly‘frozen. Then the specimens were
removed from the deep freeze, and the tube diameter immediately remeasured,
taking care to measure these diameters at exactly the same points where the
diameters were taken before freezing. The tube specimens were then allowed to
thaw at room temperature or slightly above. (On cold days they were placed at

the outlet of a space heater fan.) |

After the water inside the test specimen had thoroughly thawed the tube diameters
were again measured and then the specimens refrozen. This test procedure was
continued for 100 freeze-thaw cycles, or until the tube specimens had failed from
the strain of water freezing and swelling inside. During the first several freeze-
thaw cycles the tube walls usually stretched irreversibly and acquired a permanent

stretch of ! to 4%.‘. However, after twenty or thirty cycles the tube walls did not




continue to stretch irreve.rsibly and the diameteré before~ freezing seemed pretty
constant. Thereafter, the diameters were measured less frequently, However,
for the last five cycles, i. e. Acycles 96 - 100, the tube diameters were once again
measured before aﬁd after freezing. .

Two solar collectors were then constructed. The first collector was fabricated
from 403 ft. of 0.336" O.D., 0.047" wall thiékness tubing made from Formulatién
Number.8 on Table 1. 'This tube was coiled intd a square (42'' x 42") flat 'spiral
coil with the tubing bent on a 2' radius, so in theory there would be an area of

4" x 4", or 16 square inches, wheré sunlight would not fall upon a crosslinked
polyethyleﬁé tube. Thus, theoretically less than 1% of the sunlight entering the
collector has no black tubing to land on. The rest of the collector is pretty
conventional as indicated in Figure (2).

This collector was sent to the Los Alarnos Scientific Laboratory for performance
tests. Figure (3) is a photograph of this collector on the test rack at Los Alamos.
The second collector was fabricated from two 218 ft, lengths of 0.36'" O.D. tubing
made from Formulé.tion Number 7 on Table 1. These two tubes were laid in parallel
in the shape of a flat spiral coil, 43 3/8'" x 43 3/8", The purpose of using two
parallel tubes of about half the length of éne tube is to reduce the pressure drop of
the water flowing through the collector to a pressure down into the range that

conventional hydronic heating system pumps can handle.

-10-
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FREEZE - TOLERANT SOLAR COLLECTOR
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FIGURE 3

Photograph of Freeze-Tolerant Solar Collector on the Test Rack at Los Alamos
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RESULTS

The results of the freeze-thaw tests are shown on Table 2. Five of the fifteen
test specimens survived one hundred freeze-thaw tests, and the others failed,
after surviving somewhere between four a;nd seventy-four freeze-thaw cycles.
The results of the performance test are shown in Figure (4). The straight
line is the pe.rfo.rmance 'curve'' of the collector fabricated from a flat spiral
coil of crosslinked polnyethylene t\:.Lbe. It is the ‘'least squares' line of many
data points taken in the range"of Tp - Tap/1=0to0,4. The slightly curved
line is the performance curve that should be expected ffom a conventional
collector having the same area, the same single glazing (with a transmissivity
of 0.75), and the same insulation, but having an absorber surface with 0. 97 )

for both its absorptivity and its emissivity.

-13-
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Test Coil Number

TABLE 2

FREEZE-THAW TEST RESULTS

Made from Formulstion Number
Outside Diameter of Tube® Inches
Wall Thickness of Tube Inches
Water Pressure psi

Hoop Stress in Tube Wall psi
Average Percent Distention of Tube

] 2 3 4 s 6 7 8 9 10 1 12 13 14 I
1 2 2 3 4 2 2 [ 6 7 7. 8 9 9 71
0.390 274 282 .389 .397 .264 2m .385 385 .333 1367 384 .3405 362 2359
0.049 016 012 021 030 020 018 046 .043 023 .. .023 040 .035 0353 025
30 52 53 40 40 30 40 56 80 s2! < 82 56 s 94 131
104 419 597 350 " 245 183 28 206 38 350 613 241 501 411 875
Diameter during/and After Freezing, cycles  1- 5[ 2.38/- 1.52/- 0.92/- 3.45/- 1.12/- 0.68/- 1.37/- 0.14/- 1.50/- 3.10/- 2.80/- 0.56/- 1.22/- 2.10/- 3314
" 6 10]2.35/0.43 - - 3.33/0.30 0.06/1.55 | 1.67/0.63 |0.96/(-0.22)( 1.36/0.52 | 2.43/1.09 [2.1871.86 |0.83/1.39 | 1.17/8.45 | 2.8172.38 | 3.22/2.54
1115 1.17/1.38 2.98/0.02 (-0.33)72.56| 1.06/0.36 [ 1.09/(-0.22)| 1.24/0.93 | 2.86/0.89 |[2.87/2.98 |1.75/2.93 | 1.52/8.90. | 3.4474.29 | 3.36/2.48
" 16 20} 2.08/0.33 0.91/1.86 ) 0.95/0.06 |0.77/1.25 | 3.62/1.11 |2.28/2.73 |i.38/2.44
" 21- 25 2.14/(<0.28) 0.93/2.33 1.44/(-0.04)} 0.75/1.38 | 3.3170.713 | 2:92/3.12 | 1.76/2.63
" 26- 30[ 2.13(:0.31) 2.1/1.00 1.30/(-0.08)| 1.17/1.09 | 3.65/1.04 |3.10/3.60 |0.79/2.44
* 31 35 1.68/(-0.16) 1.55/1.35 1.08/0.03 | 1.73/0.81 [3.93/1.62 |2.62/4.13 |2.08/2.40
* 36- 40 1.28/0.11 2 g 0.78/1.97 £ 0.64/(-0.03)| 9.59/1.04 | 4.29/1.56 |[2.57/3.87 |2.4572.50 kY £ 8
. - . - |3 - R [
v a1- 4s] 1.39/0.03 5 & K H 0.58/2.24 ° 0.97/0.05 | 1.40/0.87 | 4.01/0.76 |2.61/3.99 |2.25/2.87 ;7 E ‘:
3 3 s g : .
" 46- 50| 2.22/(-0.36) = B N g 2.58/2.10 E 0.95/(-0.34) 3.27/3.82 [ 2307291 2 £ 2
" 51 55| 1.64/0.01 § § S & 3.27/1.42 § | rnoes 492027 |[3.11/3.75 ' § § §
* 56- 60| 2.25/0.03 < < § g 2.17/1.08 e ]0.62/(:0.35) i ; é :;
" 61- 65| 1.48/0.37 F] & ] = S - 1.77/1.13 1.07/3.34 1] & &
" ® ki Z z K - S S s
66- 70| 1.42/0.01 3 3 g g 33 T 475/1.01 13.29/3.28 3 ] T
" 71 75} 1.87/0.08 & & g 2 3 & 0.97/(-0.10) T8 & a &
L R~ =0 )
" 76 80| 1.84/0.33 E E < b 22 g 29 2. 2 2
° o - =4 LN
" 81- 85| 1.872/0.47 T 3 2 £ B3 3 i3 3 T T
g g | & §g g E ] g 3
" 86- 90 | 1.60/0.54 2 2 o v 28 2 ] S £ 8
2 2 3 H 33 H 82 3 3 5
* 91. 95 1.7670.13 o 2 2 i 35S ° 2 <
3 2 ¢ g 25 2 : 53 £ 2 H
" 96-100 | 2.03/0.45 = =3 o o =] = 1.81/0.31 | 1.36/1.22 | 4.38/0.37 35 [raezzs | - R & IS
=
- w -

*Based on the average of 20 measurements taken during the first 5 freeze-thaw cycles.
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FIGURE 4

THE ACTUAL PERFORMANCE OF CROSSLINKED POLYETHYLENE COLLECTOR COMPARED TO THE
THEORETICAL PERFORMANCE OF A CONVENTIONAL SOLAR COLLECTOR HAVING THE SAME GLAZING
AND INSULATION AND AN ABSORBER SURFACE WITH A SOLAR ABSORBTIVITY EQUAL TO 0.97
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DISCUSSION OF RESULTS

Volume Expansion of Water during Freezing

When pure water freezes at 32°f‘ its volume expands from .01602 cubic feet per
pound to a volume of . 01747 cubic feet per pound.: This is a 9.05% volume expansion,
and if one assumes an equal expansion in all directions this would be a 2.93% linear
expansion. Freezing of water inside of a tube does not. take place instantaneously
because a finite amount of time is required to remove the latent heat of fusion from
the water.” Therefore, during the gradual volume expansion the unfrozen liquid
water in the tube has a chance to escape, so long as its escape path does not itself
become blocked by ice. If f%'eezing takes place very slowly, and the escape route
for unfrozen. water is held op;zn there should be no expansion of the tube during
freezing. In fact, the dimensi%m of the tube could actually contract due to thermal
contraction. This appeared to be the case in the initial freezing cycles of Coil #6.
After the first several freeze-th#w cycles it was decided to remove the thermal
insulation from the outlet end §f the 10 ft. coils so that they would fre'eze as rapidly
as the rest of the tube (even more rapidly since the outlet fitting was made of brass
and had a smaller diameter than the XLPE tube itself.) As a result a considerable
amount of unfrozen water became trapped in the tube specimen. Then as this |
remaining unfrozen water did freeze and expand, it compelled the tube té expand

with it.

More properly we should say that the ice; expanding into the trapped unfrozen water, -

subjected the entire tube length to an increasing internal pressure, thus imparting

an increasing stress in the tube wall. Since n6,, tube is perfectly uniform in wall
thickness, some section of the tube would tend to distend under this increasing

pressure more than others, and in so expanding would open up a bigger volume for

-16-



the yet unfrozen water. Thus, it would be the section of the tube that had the
thinnest wall, and yielded the most to the increased pressure due to water freezing
that would be subjected to the most extreme strains due to water freezing. This
section with the thinnest wall would have to absorb the strain of the last bit of
water freezing after it had already been distended more than any other section of
the tube. This strain is far greater than the 2.93% strain that would occur if

all of the ice froze instantaneously and expanded evenly in all directions. One can
see in Figures (5) and (6) that in the region of failure the tube ballooned up to a
diameter far greater than the average diameter. Therefore, it became clear early
in the freeze-thaw test program that a distinctly more rubbery and resilient
crosslinked polyethylene compound would be needed to absorb the actual strains

of water freezing than had originally been anticipated. The early failure of Coils #2
and #3 indicated that Formulation 2 was too stiff and unyielding.

Rubbery or resilient crosslinked polyethylene compounds are not as strong as are
the stiffer formulations. Nevertheless, they appear to be adequate to withstand
domestic water pressure, yet tubes made from these more resilient formulations
will not have to be so thick-walled that solar heat will have much difficulty in

passing through the tube walls and into the water.

B YU Lhr,

The thermal conductivity of crosslinked polyethylene is approximately 0.3 S

Therefore, assuming a maximum solar heat flux of 300 BTU/hr. /ft. . the maximum
temperature drop of the solar energy passing through the tube wall perpendicular

to the solar rays can be calculated from the following equation:

SCI0T="21 %‘Q T, where m = collector efficiency
/12 t = tube wall thickness in inches
The thickness of the tube wall needed to contain the internal hydrostatic pressure

can be calculated from the following equation: Hi ZED-t)

29




FIGURE 5

Failure of Tube Specimen #2

FIGURE 6

Failure of Tube Specimen #3
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Where H represents the design hoop stress of the tube wall material, p equals
the internal pressure, D represents the outside diameter of the tube, t equals

the thickness of the tube wall in inches.

These two equations can be combined to give the following expression which permits
one to calculate the maximum local temperature drop for heat flowing through the
tubes as a function of the design hydrostatic pressure, the tube diameter, the

collector efficiency, and the design hoop stress of the collector material.

. 8.3312DE
T = 77H +p

For instance, if we had a c.ollectox'. made up of 3/8" O.D. tubes based on Formulation
48, which can safely be subjected to a hoop stress of 241 psi for 100 freeze-thaw .
cycles, and if we assume that this collector would be operating at 32% thermal
efficiency, (which would be typical for a double-glazed collector operating iﬂ an
ambient temperature of 10°F while producing 150°F water during periods of pure
sunshine radiating at 300 BTU's per hour per ft. 2) the maximum temperature

drop across the tube wall, perpendicular to the sun's rays, would be 0. 79°F. The
temperature drop would, of course, be lower at other points around the circumference
of the tube because they would have less heat to transmit per unit area.

It is 'worth noting that as the efficiency of the collector drops, so does the AT across
the tube wall. Thus, when the sun is weak or the outside air cool and the collector
marginally active, the temperature drop across the tube can become very low indeed.
On the other hand, if fhe outside air is warm and the sun is strong, there would be

a much larger ‘AT across the tube wall, but duringv such periods t;he efficiency of

the collector becomes high anyway, and a small drop in efficiency due to the

*Hoop stress is the maximum local stress imparted by the internal hydrostatic
pressure to the tube wall. '

-19-




temperature drop through the tube wall will be tolerable.

Untested Parameters Affecting Freeze- Tolerance of XLPE Collectors

There are many as yet inadequately-tested parameters in the formulation of
.crosslinked polyethylene and in the design of the collector which will affect

the ability of the collector to withstand the strains of water at domestic water
pressure freezing inside of it.

It may turn out that a freeze-tolerant solar water heater can easily be.made
without examining these many parameters. However, if service tests on cross-
linked polyethylene collectors prove that an improvement in freeze tolerance or
strength is needed then the following parameters should be investigated. |

Formulation Parameters in Crosslinked Polyethylene

There are many polyethylene resins, and they are usually graded according to .

their den51ty and their molecular weight, and also according to their content of
non-hydrocarbon co-ndonome_rs. The present investigation did not 1nclude any

study of the effect that the molecular weight of the polyethylene, nor of the effect

of non-hydrocarbon co-nionomers, have on the strength and resiliency'characteristics
oi Ac ros slinked polyethylene.

In the p-reeent inveetigation only two polyethylene densities were tried which is

hardly an adequate exploration of that parameter since den51ty of polyethylene
homopolymer has a direct relationship to the crystalhnity of the resin and

therefore its strength and resilience.

Only one grade of carbon black was used and this at only two different loadings in

the present investigation. These'loadings were 20 pé.rtsi/lOO of resin, and 40 parts/10C
There are many grades of carbon l)lack and they ere usually graded according to

particle size, surface chemistry, ‘and degree of aglomeration. We know that the
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particle size of carbon black and-its loading have a very pronounced effect on

the strength and rés'ilie-héy p'ro‘p"é”f'tiesz of ¢rosslinked polyethylene. The degree

of aglomeration and the surface chemistry of carbon black also to a lesser extent
affect the resilienc‘y and strength of crosslinked polyethylene. ' Thé amount of
croéslinikin'g -agent used in a &:r-o"sfslir'ikedVpoly'e'th'ylene formulation also affects

the strexig:'fl'i and resiliency ‘of the pr"oduc‘t',“'just as the amount of sulphur in a

rubber compound -affeActs the properties of the final vulkanizate.’

Within limits, highef loadings of crosslinking agent do increase the resiliency

and decrease the strength of a crosslinked polyethylene compound. However, the
optimum amount of crosslinking agent is also governed by the amount and type

of carbon black used in the formulation, and also by the molecular weight of the
polyethylene.

Although the loading of cros:slinking agent was varied in the present investigation
this parameter was nevertheless inadequately explored.

Therefore, it is most unlikely that the combination 6f carbon black loading, carbon

~ black type, and polyethylene. resin type, and peroxide loading, selected in the
present exploratory investigation will prove to be anywhere near the optimum for

the construction of a freeze-tolerant solar water heater. Nevgrtheless, the indications
are that formulations #5, #6, #7; #8, and #9,.should be good enough to do the job.
The fact that the two tubes, Coils #13 and #14, made from Formulation 9, failed
after only 12 and 13 cycles should not be held against it; because these tubes were
pressurized much more severely than was Coil #12 made from. Formulation #8 which
was identical to Formulation #9, except that different crosslinked agent was used,
Both peroxide crosslinking agents can give excellent crosslinked products that are
virtually indistinguishable in all respects if the other ingredients in the formulations

are the same, and if each formulation is cured properly. In the curing process used
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in the present investigation Lupersol 130 has some production advantages over
Varox. The situation might be reversed if a different tube production process
\ : .

were used.

Design Parameters

There is reason to believe that the length-diameter ratio of a water tube has an
effect on the amount of pressure that will build up inside the tube when the water
freezes. The smaller the tube -diametéz-"and the longer the tube, the more

difficult it is for the last bit of unfrozen water to escape, and thereby relieve the
pressure inside the tube.

Freeze-thaw tests performed on 10 ft. specimens of copper tubing, 1/4'" and 3/8" in
diameter, which were performed during the course of the present investigation,
support the theory that it is the last bit of unfrozen water that is trapped in the

tube that does the real damage when it finally freezes.

These copper tube specimens were identical in length to the crosslinked polyethylene
tube specimens, and were also capped on one end and filled with tap water, and

frozen in the same deep freeze. However, these copper tubes were not pressurized at

all - they were simply frozen at atmospheric pressure.:

Diameter measurements were taken close to the open end of each copper tube and
in the middle of each tube, and at a point close to the capped end of each tube.
Near the capped end and in the middle of each of these copper tubes the diameter

distended irreversibly after each freezing, but at the open ends the diameters

remained constant after repeated freezings. The average distention for each freeze-

thaw cycle at the middle and capped end of each tube was only about 1.5% per cycle -

i.e. very much less than the 2.93% linear expansion of water upon freezing.
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Aiter.ﬁve freeze-thawrcyclesvboth tubes failed, one near the capped end, and one
near.the middle. | o o

.éince 1/4” copper-tubing has a.higher thickness-diarneter rath)than has 3/8"
copper tubmg it can w1thstand a higher mternal pressure before y1eld1ng, or in other
words, it can subJectthe unfrozen'water1ns1de of it to a higher pressure, and
thus be able to force th1s water through a narrower escape route than could the
3/8" copper‘tube Ckxthe other hand the 3/8“d1an1eter copper tubes gave the
unfrozen water a larger escape route Therefore the net result was that both
‘tubes falled after the same number oficycles- | |

The 10ft. spec1mens'of crosslinked polyethylene tubes used in the prese.nt investigation
should g.i{feta: reasonably good idea of the freeze tolerance?of a collector made up

of 10 ft tubes where the pressure is vented at only one end of the collector, and
should'glve an 1dea of the freeze tolerance of a collector made up of 20 ft. tubes
where line pressure is mamtamed at both ends of the tube. (It seems unhkely

that solar collectors would ever be designed where the water is shut into the
.collector by val"ve‘s. atboth the-.inle‘t and outlet of the collector, because if a collector
were ever exvposedv to. thel sun in this condltion it would cause a ''steam boiler
explosion''.) | '.'

Nevertheless; the 400 ft. cofl .of cros slinked polyethylene tubing‘in the collector
made in the present 1nvest1gat1on Wlll, in its proposed service test, be subjected

to a more severe freeze test than a 10 ft. tube spec1men because the unfrozen
water during the freeze test v‘vrll have-a much greater dlstance to travel in order

to escape.
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On the other hand, the heat transfer rate from a given length of tubing in the

solar collector during a ser';rice freeze test on a wintgr's night wili cer.t;ainlyl

be far less than the heat transfer rate from the same length of tube 1n the freeze-
thaw test of the present investigation because in thc; latter case tﬁe‘ tubes were
immersed suddenly into a 0°F deep frééze, whereaé ih a service test the terﬂperature
will not drop suddenly from above freezing to 0°F iﬁside of the céllector. The
outside temperature does not droi; fﬁat fast, and also.the' rate of heat t:r.ansfer

from the tubes will be ‘greatly retarded by the glazinés over the collecto.r'.

Thus, the unfrozen water will have a gréater time to escape in a service test, and
this might conceivably counteract the extxl'a pressure drop associated 'w.ith the
greater distance this water must travel in order to e‘sca.pe and relievé pressure.
However, once the escape route vfor the unfrozen water is blocked by ice, the

slow rate of freezing of the trapped unfrozen water inside the long flat spiral coil
of the collector might greqatlly i-ﬂérease the distention of the tube at one conce‘r‘xtrated
point. If the trapped watér is frozen very gradually it will have more time to
migrate to the portion of the long tube which has the thinnest wall and which, there-
fore, yields the most to the ever-increasing pressure inside the tubing.

If the weakest portion of the 400 ft. tubing can draw upon 40 times as much trapped
water as occurred in the weakest point of a 10 ft. freeze-thaw specimen it may

fail far far more readily than the 10 ft. specimen.

For this reason it should be very instructive to perform a service test on a
parallel-tube XLPE collector at the same time and the same place as the service

test on the flat spiral coil collector.
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Since we do not know at th;s t:im‘e whethe‘r the hea;def;s and the junctions of the
headers ax;xd .the pa;rallel ful;es can withst;nd'tkile strains éf freezing and thawing
it would be necessary to insulate and hea;c trace tf;e .ﬁeéders éo that they will
n.ever be squected to freezing. |

As “indicated on page 23 the distance between the'klleaders could be as much as

20 ft. and still give the ur;frozen water as mu;:hv-(‘)f a chance to escape as they

did in‘the 10 ft. specimens that are cavpped on one end and used in the present
investigation, | | |

The heat‘vlosses t;rom the .hea-t-traced and insulated -headers should presumably be
very comparable to the heat lqsses from-the similar iengtﬁs of the heat-traced
and insulated water lines"connecting the collector to the warm interior of the

house.

Salts in the Water

Another u.néxplored parar;leter i‘s the possible ef;féct of various levels of dissolved
salts that are fypically found in drinking wate.r. |

I1do no;c mean to suggest that the salt concentration is ever high enough to lower
appreciably the f;'éezing point <;f all of the water in the collector. However, I do
suggest that whenever the freezing r‘atehis slow (. i.e. a freezing front advance

of less than one inch per hour) ;chese dissolved salts have time enough to diffuse
ahead of the advancing freeze front and not become trapped between the ice
crystals. (This fact Was: diécc;)vered during the development of freeze processes
for desalinating séa water.) (4). Thus tl';e salt concéntration in the ﬁnfrozen water

could increase many fold as the ice front approaches the center of the tube, and
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this higher salt concentration could help some of the last bit of water to escape

and relieve some of the internal pressure before this last remaining water

becomes trapped and freezes and expands irresistably.

In most cases I doubt that the salt content of the water will have much effect on

the freeze tolerance of a collector, but in areas where cold snaps are not very

cold nor very sudden it might have an appreciable effect.

In any case, the very low dissolved solids content of the Manchester, Massachusetts,
water (see page 6) used in the freeze-thaw tests, makes this water relatively

easy to freeze totally, and, therefore, the freeze-thaw tests in the present
investigation should give conservative results from the salt content point-of-view.

Are 100 Freeze- Thaw Cycles Enough to Establish Freeze Tolerance?

Whenever the repeated strains of freezing caused the X1LPE tubes to distend
permanently, the maximum permanent distention was usually achieved after

20 to 30 cycles. Thereafter, the diameter of the tubes distended a little more,
but returned approximately to the same diameter that existed before the latest
freezing. Therefore, it does seem unlikely that a collector made from crosslinked
polyethylene will continue to grow after 100 freeze-thaw cycles, so failure from
unending ballooning of the tubes also appears unlikely.

On the other hand, a failure did occur in test Coil #11 after 74 cycles - long after
it appeared to have reached its stable diameter which was about 3% larger than the
original diameter. Therefore, there may be a fatigue mechanism working here
which cannot be detected by creep measurement.

The resistance to fatigue failure in metals can be determined fairly quickly by

high speed flexing of a specimen. However, in a plastics material the stress-strain
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characteristics are very time-dependent (also, very temperature-dependent),
and it seems unlikely that a very much:;accelerated test could reliably establish_
the fatigue resistance of a plastics material such as crosslinked polyethylene,
especially at the te_mperathre of a tube wall surrounding water as it is about to
_become completely. frozen, Extensive field tests appear to be the only way
that freeze tolerance can be established with confidence.

Nevertheless, 100 freeze-thaw cycles should be more than adequate for the
lifetime of solar collectors in Southern states. Four freezings per winter for
£wenty-five winters should be typical for a large portion of the United States
because not all frosty nights are likely to be cold enough for a long enough period
to freeze completely the contents of a solar.collector.

Also, if the collector is dré.ined most nights by an automatic drain valve, the
collector's tolerance to 100 freeze-thaw cycles should amply take care of the
inevitable malfunction of such an automatic drain valve sometime during the life
of the collector. (It might be mentioned here that crosslinked polyethylene '<l:an
"very easily withstand the oxidative corrosion that occurs when air is introduced
daily into the collector as a result of the nightly drainings, whereas metals find
this kind of corrosion hard to take.)

Therefore, we can with some confidence say that the tests performed in the present
investigation indicates .that crosslinked polyethylene can be used as a material of
construction for a non-drain freeze-tolerant solar collector suitable for all
Southern states. We can also conclude that if a XLPE solar water heater is
drained automatically on all but 100 'nights during its lifetime by a fallible drain

valve it can still be used in Northern states without bursting and failing.

3
’
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A Flat Spiral Coil of Tubing as a Collector Absorber Surface

An absorber surface for a solar collector can be fashioned out of a tube by
coiling this tube into a flat spiral. If just one tube is used there is no problem
of joining a multiplicity of tubes into a header. Headers:inherently involve

problems of stress concentrations and other joining problems which could

result'in leaks, etc. - For this reason, in the present investigation ''to examine
the feasibility of using - - - XLPE as a material for solar collectors having

- - - tolerance to repeated freezing of water within the absorber', the flat

spiral coil design was adopted for the collector surface itself.

However, the flat'spiral coil design has several disadvantages:

(1) It cannot be drained easily.

(2) It tends to have a much higher pressure drop than have the conventional
parrallel-tube designs, and, therfore, a larger dia',meter tube must be used for

a given pressure drop. This larger diameter in turn necessitates a proportionately
thicker tube wallv in order to withstand a given internal hydrostatic pressure.

The thicker wall in turn results in a higher temperature. drop through thé tube
wall for a given absorption rate of solar energy. A thicker wall also increases
the raw material cost, and the thermal inertia of the collector.

(3) During the period when the water inside of the collector is freezing, the
unfrozen water has a greater distance to travel before it can escape from the
collector and thereby relieve the internal pressure caused by the expanding
newly-formed ice. This extra escape distance means greater pressure drop and
therefore greater pressure on the tube wall.

(4) During the no-load operation the water remaining in the collector will have a

narder time to escape under the impulse of the expanding steam generated inside
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of the collector. Therefore, dangerous vibrations, and possibly dangerous steam
préséureé might occur inside of the collector before all of the water is flushed
out of it by the steam generated-

(5) When the perimetéf'of the flat spiral coil is to be rectangular or square, as
the collectors made in the present investigation, the tubing in the coil is alternately
straight whén parallel to the side” 6f the collector, and curved to make the bends
at the corners. .When a crosslinked polyethylene .tube: is bent it becomes slightly
'"egged' so its diameter in the plane of the coil becomes somewhat smaller than
its diam'eter when it is not bent. | |

This reduced diamefer gives solar light a ch;.nce to miss the absorber altogether
and simply st.rikeA the insul'atic:n'i on the é’éher side. This loss in projected area
must be added to tihe lqss in projected area resuiting from the inability to coil
_the tube any srnaller' than a fadius of 2'" which in turn resulfs in a 4"' diameter
hole ih the absorber surface in the middle. of the collector and for smaller
segments in the cor_n'er. |

In order to keep pressure drop within reasdhable bounds the second collector was
produced in thé pre«;ént investigation frém two tu'-bes, both wound parallel to

eac'h other into a flat spir'al' coil. In theory, this should reduce the pressure drop
for a gi\;eﬁ ‘flov;/ of v;/atér by a factox; of more tﬁén seven, assuming turbulent flow.
The extra tube necessit‘a'ted an extra connector at the inlet and outlet of the
collectvor,~ but th;lts ;Nas é médest- additional cost compared to the savings in

pumping power,

Test Coil #10
Test Coil #10 was unique in that the measured distention in tube diameter caused
by freezing averaged 3 3/4%, or distinctly more than the 2.93% distention that

“one would predict from theory.
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However, it should be remembered that the tangential stress in a tube wall

is twice that in the longitudinal direction, and therefore in a tube made from
a classical solid material which obeys Hooke's law, the tangential strain should
be precisely twice as great as the longitudinal strain, |
Furthermore, since plastics materials do not obey Hooke's law, but have convex
stress-strain curves, a doubling of the stress more than doubles the strain.

Therefore, the 3 3/4% distention of the diameter is quite understandable.

Viscoelastic Response of Crosslinked Polyethylene to the Strains of Repeated
Freezing.

In one respect the freeze-thaw tests .performed in the present investigation were

unrealistically severe. When any unoriented or isotropic plastics material is

subjected to a étress, it‘ders not return immediately to its original size after
the stress is removed as does a piece of metal. For this reason one could not
use an isotropic plastics material as a spring in a spriﬁg balance. Due to a
"'viscous'' drag between the polymer molecules it takes time for these polymer
molecules to move éut from their most comfortable position when the plastics
material is stressed, and when the stress is removed it takes time for these
molecules to bour;ce themselvés by thermal agitation back again intb their most

comfortable position.

During the freeze-thaw test of the present investigation the specimens were frozen

and thawed sometimes twice a day. So the tubing really did not have much of an
opportunity to return to its _original 'diametéf as it would have in actual service
where it would be frozen once a day at most,

Furthermore, in actual service the tubing would usually be subjected to higher

temperatures between freezings than they were in the freeze-thaw tests, so the
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thermal agitation bouncing the polymer molecules back into their original

confi.guration would be stronger and less opposed by the viscous drag of the
viscoelastic characteristic of the crosslinked polyethylene. Therefore, the
10 ft. test specimens were probably distended more during the freeze-thaw
tests than would be the collector tubes ‘of the same length and diameter in
actual service. o -\

The Performance of Carbon-Black-Reenforced Crosslinked Polyethylene
Tubing as an Absorber for Solar Rad1at10n

The manufacturer (Libby Owens Ford) of the glass used in the collector tested

at the Los Alamos Scientific Laboratory claims that the 1/4" th1ck u.nternpered
plate glass used ln the)colle’ctor has a transm1ss1v1ty of 75 13%. This glass

is ordmary glass used for store Q1ndows, etc , and its low transm1551v1ty

can be attributed to its high iron content coupled with its 1/4' thickness.

At first blush it seems impossi'ble that the measured efficieney of the collector

as shown ianigure (4) could ever be h1gher than the 75% transmissivity of the
glazing, even when the collector temperature is the same as amblent and there
are no heat losses (i.e. the cond1t1ons that occur at the "y" intercept on

Figure (4). However, on furthe'r c'onsideration one realizes that at ''y'' intercept
conditions, the abs..orber surface receives not only shortwave solar radiation,

but also a substantial amount of'thermal radiation and convection from the glazing
which it acquired by absorptioh of sorne‘ of the solar radiation. Even at conditions
indicated at points on.the curve to the right of the ''y'' axis the efficiency is not

as bad as one might expect because the solar heat absorbed in the glazing raises
‘the temperature of this glazing above that which it \x./ould have if it had received
its heat only by radiation and convectionffrom the hot absorber surface. Therefore,

the /A T between the absorber surface and the glazing is reduced, thereby

reducing heat losses and increasing the collector's efficiency. Thus the
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absorption and degradation of solar heat by the iron in the glazing is not a total
loss for the collector's efficiency.

Since glass with untreated surfaces typically reflects 8% of the solar radiation
striking it at near normal angles, we can calculate that approximately 17% of
the solar energy is absorbed by the iron in the glass.

Of the 75% that is transmitted, ‘abOut 1% missed the flat spiral coil of XLPE

tubing and fell upon the insulation* and was either reflected or absorbed and

reradiated in all directions.

Of the 74% of the 4light transmitted that struck the flat spiral coil of the cross-
linked polyethylene tubing presumably most of it was absorbed, but some was
reflected. |

Of the light (or short-wave radiation) that is reflected from the crosslinked
polyethylene tubing, and from the insulation behind the polyethylene tubing
back to the glass,8% is again reflected and 17% absorbed. All of the heat
radiating from the insulation is also absorbed by the glass. Therefore,
disfcinctly more than 17% of the solar energy striking the outside of the glazing
is absorbed by the iron impurities in this glazing, and if the absorber surface
is maintained at the same temperature as ambient (i.e. Ty - Ta = O on Figure (4)
this solar heat absorbed in the glass is transferred in both directions by both |

radiation and convection. The amount which is transferred in each direction is

*As indicated on page 10 the coil of XLPE tubing did not cover a 4' diameter
circle in the center of the collector, nor four smaller segments in the corners
of the collector. Also, the 'egging'' of the tube where it is bent leaves cracks
between the tubes where sunlight can filter through.
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governed to a great extent by how much wind is blowing outside of the glazing.

If there is no wind tAhe heat ’cransfg‘rred in each direction would be nearly the
same, and indeed tﬁe wind was very light during the period when performance
tests were made on the crosslinked polyethylene collector at Los Alamos.

The personnel at the Los Alamos Scientific Laboratory conclude that the
performance curve of the c;"c_ss‘linked polyethyleng collector submitted to them

for tests had anynintercept of 0.804-{i.e. when the collector surface was the

same temperature as ambient t-he‘collector efficiency was 80. 4%) and that this
curve had a negative slope of 1. 04.

Figure k4),also shows what the theoretical performance curve of a collector having
an absorber surface with a solar absorptivity of 0.97 (typical for a good flat black;
p;.int),_ and a single glazing having a transmissivity of . 75, and assuming that '
8% of the solar energy ;t_r_iking this glazing is reflected, and 17% absorbed on the
first pass that the solar energy makes through the collector. For this
theoretical case the ambient temperature is assumed to be 80°F and no wind.

One can see from Figure (4) that the performance of the crosslinked polyethylene
colleqtor is very close to what one might expect in theory from a conventional
collector having the same single glazing with the rather low transmissivity of . 75,
At the time of this writing, September 21st, the Los Alamos Scientific Laboratory
had not yet subjected the collector to anything approaching stagnation conditions,

i. e. conditions approaching the points on the performance curve approaching the
Ux't axis.

Since radiant heat losses are not linear with temperature difference, but:

increased as a fourth power of the absolute temperature, the author predicts that
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the slope of the performance curve will steepen from the minus 1.04, which best fit
the present data i)oints near the ''y''axis, and that the actual measured performance
curve will follow more closely the theoretical performance curve than the
extrapolation of the present ''least squares'' line.

The Los Alamos personnel also noted that inadequate provision had been in the
test collector for thermal expansion of the flat spiral coil so it buckled, and at
some points actually touched the glazing. This should even further reduce the
high température efficiency of the test collector.

The second collector which will hopefully be used for service tests at Colorado
State University in a future ERDA contract/ has been finished with a glazing ;
consisting of two panes of low-iron glass supplied by ASG industries. Presumably
this glazing will substantially increase the efficiency of the collector when
operating at domestic hot water temperatures on a cold winter day, and it will

also make the collector far less affected by winter winds.
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CONCLUSIONS

(1) The obje'ctive‘ of the present invééfiga;ti'on has been achieved in that we can

positivély say that it is indeed more than 'feasible to use carbon-black-reenforced

crosslinked polyetﬁ&lené as a material for solar collector absorbers having - - -

tolerance to repeated freezing of water within the absorber'.

(2) A fairly resilient XLPE compound should be used in making a freeze-tolerant
solar water heater. Formulations based on high density polyethylene should contain
about 20 phr GPF carbon-black and low density resins about 40 phr GPF carbon-
black, but the formulation parameters have by no means been optimized by the"
present investigation. |

(3) The pressure of water within a XLPE absorber during freezing can probably

be held as high as that occurring in any likely domestic water supply without

necessitating a construction so thick and heavy as to cause in normal operations

more than one or two degrees Fahrenheit of temperature drop to transfer solar
heat across the absorber surface into the water on the other side.

(4) When XLPE tubing is bent into a square flat spirél coil, the cross section of
'tubing becomes ''egged' and a substantial amount of projected absorber area is
lost,

(5) A flat spiral coil design for an absorber surface has several deficiencies.
Therefore, further development work on XLPE absorbers should concentrate on
the more conventional parallel-tube geometries, and should evaluate the problems
of headering the parallel tubes such as the dangers of stress concentrations and

leaks that are inherent with headefs. <
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(6) The absorpt1v1ty to solar radiation of a flat spiral co1l of 0.3" diameter
carbon-black- reenforced crosslinked polyethylene is about as absorptive

to solar radiation as are typical black paint coatmgs.
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RECOMMENDATIONS

(1) Crosslinked polyethylene absorber surfaces in the fonrr"n of conventional
paraH:eI tube designs shf;uid:'be developed as outlined in the resﬂponse which
Polyset, Inc. made to ERDA's PRDA EG - 77 D '.\29'4- 0003 submitted on
April 26, 1977 to ERDA's Albuquex;que Operations Office. .

(2) Service tests on both fhe flat spiral coil' collector and on collectors having
parallel-tubes-with headers, configurations should be perfo‘rr:ned to determine
whether, or rather to what extent,there are pfactical diffié:\.{lties associated
with freeze-tolerant so.la".r ccllectors made from ‘crosslinked polyethylene that

could not be anticipated by the freeze-thaw tests on the 10 ft. specimens.
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APPENDIX
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T heoretical Performonce ofa Solar Collector having:

|
DOne 6’07:!:‘1@ with 8% r‘ePIGC'}’tv_ufj} 177, absorbtuit P 757, fmnsm.-s;b;v;?'-.j

RTU  hr anol 0,937 emissiviiy
2)3'/z“ of insulation with K= 00225 527 : S
5>qn absorocr surface with = €=0.97
4-> Spacmj betweéen 3Iazm5 4 abserter = %E"
5) 45° slope

C) 4« 4 3|azm3

In all cases assume B0°F amb/ent & no wind i

Coase | Absorber TémP, : 8O°F '('QUU“ intercept conditions on performance :p(rvg)\*

Heai transtfer coeficients from ylazing at an assumed temgerature 2L 20°F
!

2,%
it Al R
h, inside = 0,15¢ —Zo%'v "E.o* D,OOI(f"S’O)] *0u5¢ né‘;—qn [{0*0,00!(?0-50)}:0. 349 irﬁ:_

ot 0.2% 0 225 BTU/hr
he outside 0.33(1“') = D,33(+:> = 0.4—!4—"?;{,7

N\ Y ¥
hr in both dirzctions = 0,173 6((‘?&5'(%)] :0,173.0,%7[(%‘) '(%’Z ‘q: Lo5 ATUYhr

°F >
T -1, $£50-540

Basis: 100 BTU  striKing the glazmﬁ

) reflected
17 absorb?o) in the slamna
75 transmitted

75 <0477 72.75 absorbed on first bounce :n the absorber
75 20037 2.25 reflecfed back to the glazing

PR OINT7= 047 absorbed on first bounce 1n Thea al’azma
2.25x0.08° 022 reflected bock te the abserier
0.22 % C,87= 0,21 absorked opn second bounce in the absorber

(‘7*0-47 22105 . g,6p of heol transterred from glazing to absorber i
34905 +H4-[08 ;
72,75+ 0.21 7296 of hght energy absorbed by absorber

72.9(+%.50  =Bl46 BTY absorbed by & sorber both d.fecf!~1 + mohfecﬂrj
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Case 2 Stagnaton

|
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Cornditions

‘ " " f g T -~
1e Z  intercept conditionson performonge cu

Assume. Plate temp. = 270°F Glazing temp, = 140°F .
rlM
l_) ~D.173x, ‘?7[ ) ( 109 ' .QLI_?SQL/?[Z%’)‘Q ?7‘ -127 ] ’ q? i .,{‘ hp
. T piate - ’ L
270 {40 130 : S
(46pe180\" w, +83
he 011437 [(555 ) -2 )J Q,l‘7‘5x;f7[laq/ 350. 3)_ /.aom
cover 140-80 ¢o’ °F f£t*
0.3
. . (A'l’ BTU/ hr
T/[‘L‘ - | ‘ . '4-_ l h hL,P; =015¢ 1027 (0#000!{1‘ Fo] .90 or é.:.
T "trp_ + h e "",’_4')' c.e-A ' 2, iy 25 f3TJ’;”‘
e r hc,,,A—az's</‘) 0'53( + .).- 0,73———":‘5
_ [ |

D ————— o —

Ur 199+0490 12+0.78

‘/AT= 0.3%( + 0,505 = 0,851

srabr

MT= ’.174 s ‘FTL

Calculate &olar Flux needed to gwve a 279°F 5+a3n4+uan femp
__I’u absorkosy. .

LI% x [ x(270-%0) =

‘ ! Z - Z7.;2—Q/"

I

283.7
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