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ABSTRACT 

The feasibility of building a freeze-tolerant  absorber .  for  a so la r  water  heater  

out of carbon-black-reenforced crosslinked polyethylene has been explored. Ten- 

foot tube specimens made f rom various crosslinked polyethylene formulations 

were  filled with water  a t  various pre.ssures,  and then placed into a deep f reeze ,  

then 'thawed and frozen again for 100 freeze-thaw cycles,  o r  'until the tube specimen 

failed. . Tube diameters  were  measured before.and af ter  each freezing to determine 

how much distention the freezing caused, and hoG much permanent distention was 

caused by the s t ra ins  .of repeated freezings; Five tube specimens oontaining 

water  a t  a s  high a s  80 ps i  survived 100 freeze-thaw cycles. 

Also; a flat  plate collector was fabricated using a s  absorber  surface a single 400 ,ft. 

tube of carbon- black- reenforced c r os slinked polyethylene in the fo rm  of a flat 

sp i ra l  coil  and this collector *wds tested fo r  performance a t  the l o s  Alamos 

Scientific Laboratory. The performance tes t  indicates that the absorbtivity of 

such a flat sp i ra l  coil to so lar  radiation i s  s imi lar  to typical black surfaces used 
. . 

on solar  absorbers .  Thus, i t  does s eem very feasible that domestic water  can 

be directly heated in a so lar  collector having an  absorber  made f rom crosslinked 

polyethylene, and that this collector can safely withstand a t  leas t  100 freeze-thaw 

cycles.  



INTRODUCTION 

As the pr ice  of energy continues to r i s e ,  the heating of domestic water by so la r  

ene rgy  should be justified economically before ojher 'hses. of so la r  energy. because 

there. ' is  a wteady year-round demand for hot water ,  and the cost  of inherently 

expensive solar  collectors can be amortized over more BTUts pe r  year than say 

in space heating o r  a i r  conditioning applications of so la r  energy. 

Unfortunately, water f reezes  during winter nights so  a non-freezing collector fluid 

mus t  be used and.then the heat mus t  be t ransfer red  f rom the collector fluid to 

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

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

associated with the temperature  difference ac ros s  the heat exchanger a r e  very 

considerable penalties (1). . In his present  study for ERDA (2), Francis  de Winter 

a l so  points out that non-freezing collector fluids have problems associated with 

viscosity, heat capacity, toxicity, and'corrosion which increase st i l l  fur ther  the 

cost  of t ransferr ing heat f rom the collector fluid to the hot wa te r .  

If the de;igner of a solar  collector elects to avoid the above costs and designs the 

collector 'to heat the water directly by the sun, then the solar collector mus t  be 

drained infallibly on cold nights, o r  the collector must  be made of a mater ia l  

sufficiently resil ient  to absorb  the s t ra ins  which freezing water can c rea te ,  yet 

a lso be able to contain water a t  domestic hot water  p ressure  without ballooning or  

corroding, and mus t  be able to withstand without melting, occasional no- load 

temperatures  when the supply of water i s  accidentally cut off on a sunny day. 

Polys e t ,  Lnc. suggested in an  unsolicited proposal to ERDA that carbon- black- 

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

the present  Contract No. E (11- 1)  2956 - Modification No. MOO1 - Supplemental 

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



The bas i s  of Polyse t ' s  confidence in  carbon-black-reenforced cross l inked  polyethylene 

(XLPE)  was the outstanding long t e r m  hydrostatic s t rength which in  the f o r m  of pipe 

i t  exhibits a t  60' and 95' Centigrade (3). Also, c a r b ~ n  -black-reenforced c r o s s -  

linked polyethylene i s  used on a la rge  scale  (about 100,000,000 lbs .  / y r .  ) a s  

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

res i s tance  to so la r  (ultra-violet l ight) degradation, and because i t  does not me l t  

when the wi re  becomes overloaded with e lec t r ic  c u r r e n t ,  yet i t  re tains  excellent 

res i l ience  a t  a r t i c  t empera tu re s .  

The crossl inked polyethylene formulat ion used for  making hot water  pipe differs  

substantially f r o m  the formulations used by the wire  and cable industry,  but i t  

seemed likely that a compromise  formulat ion could be found which would indeed be. 
3 

a suitable ma te r i a l  of construction fo r  a Freeze-Tolerant  Solar Collector.  

Crossl inked polyethylene a l so  cos t s  f a r  l e s s  p e r  unit volume than do the meta ls  

that might be used in  so l a r  wa te r  abso rbe r s .  Its cos t  i n  t e r m s  of energy  required 

for  manufacture a r e  a l so  very  much lower than the cos t  of meta ls  on a unit volume 

basis  a s  one can  s e e  f r o m  the following table: 
' .. , 

Truckload Energy 
P r i c e  Specific Required Volume Cost 
Cllb. Gravity BTU1s/ lb .  $ /cu .  in.  BTUIcu. in. 

Crossl inked Polyethylene 4 3 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 6 5 8. 92 34,000 20.9 11,000 

A low money cos t  and a low energy cos t  will both be essent ia l  fo r  any so lar  col lector  

planned for  la rge  sca le  use.  



OBJECTIVE O F  THE PRESENT PROGRAM 

The objective of the present  p rogram a s  stated in the ERDA contract  i s  to  

examine the feasibili ty o£ u s i n g  carbon- black- reenforced crossl inked polyethylene 

a s  a ma te r i a l  for so lar  col lector  absorbers  having propert ies  of low cos t ,  long 

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

EELDA asked that the f reeze  tolerance of crosslinked polyethylene be tested in the 

f o r m  of shor t  (loft .  ) lengths of crosslinked polyethylene tubing filled with water  a t  

various p r e s s u r e s  in the range of domestic hot water  p ressures .  These specimens 

w e r e  to be subjected to 100 freeze-thaw cycles ,  o r  until they burs t  and failed. 

ERDA also asked that a simple so lar  collector using crosslinked polyethylene tubing 

be built using crosslinked polyethylene tubing filled with water  a s  the absorber  

surface ,  and that i t s  performance be measured  and compared to  s i m i l a r  so lar  

col lectors .  .Therefore,  a c.ollector design utilizing a flat sp i ra l  coil  using c r o s s -  

linked polyethylene tubing.:wa.s decided upon a s  the s implest  design to use in that it 

involved no problem of heade.ring many tubes. 

, ... i '  



I Tubes approximately 0: 3" 0. D. were made f rom nine different formulations of 

carbon-black- reenforced crosslinked polyethylene shown on Table I. 
. -  . 

Fifteen 10 ft .  specimens of this tubing were  selected.  The wall thickness a t  each 
. . .  

end of the tube was measured by a micrometer .  Each specimen was capped on . . 

one end, and on the other end it was connected to a 1 f t .  length of 25 rnm 0. D. pipe 

made f rom white translucent crosslinked polyethylene obtained f rom Europe - 
see  Figure (1). 

The other end of the crosslinked polyethylene pipe was connected to a p re s su re  gauge 

and to a ,  needle valve through which high-pressure nitrogen could be introduced. 

The connections be tween the crosslinked polyethylene tubing and the' pipe and the 

p re s su re  gauge and the nitrogen inlet, etc.  were conventional fittings for copper 

I tubing and copper pipe 

The black tubing was completely filled with tap water up to a ' level about one quar ter  

of the way up the translucent pipe so  that the volume shrinkage of the nitrogen 

between room temperature  and the OOF temperature  of the f reeze tes t  would balance 

the volume expansion of the water freezing and resul t  in  a minimum fluctuation of 

I pres su re  during freezing and thawing. 

I The tap water, had the following composition: 

I Na 18 .0ppm SO4 1 9  ppm Cu 1. 1 ppm 

I 
I i Ca 1 3 . 0 p p m  NO2 1.4 ppm 
! 

Mg 5.2 ppm NH4 0.0 ppm 

C1 30. ppm Fe 0.5 ppm 

Mn .08 ppm S i 1.0 ppm Hardness 54 ppm 

The tubing was then wound into a coil  of about 20" in  diameter s o  that i t  could 

conveniently fi t  inside of the deep f reeze .  



FIGURE I 

TEST COILS FOR FREEZE -THAW TEST OF CROSSLINKED POLYETHYLENE TUBING 

S C A L E  A P P R O X I M A T E L Y .  1/4"= I "  



Table 1 
Crosslinked Polyethylene Formulations Used in Tubing Construction 

I:ormulatio~i Nuniber 

Used in Test Coils Nu~iibered 

Polyetl~ylcrie Resin Density g/cc 

Melt l~ldex 

I - d i n g  of GPF* 
I - Cnrboti Black plir** 
00 
' Loading ofdAgeRite Resin D 

antioxidant phr 

Type of crosslinking agent 

Loading'of crossli~iking 
agent phr 

0.5 

Lupersol I30 

0.5 0.5 

Same Same Same . 

4.0 

0.5 

Same 

0.5 0.5 

Varox Lupersol I30 

*GPI: is  Gencral I'urpose Furnace Black 
**plir i s  parts by wcight per 100 parts by weight of rcsin. 



In the initial  t e s t s  the connection between the tubing and the pipe was insulated with 

Dacron padding in  o r d e r  to be s u r e  that the water did not f reeze  inside this metallic 
. . 

connector before it froze inside of the X L P E  tubing, and thereby t r a p  water  in this 
. (  . 

tubing during the freezing process ,  and subject the tubing to a freezing s t r a in  g rea te r  

than what would occur in a so la r  collector.  Later  it was found that the tubing 

performed perfectly sa t i s fac tory  without this Dacron insulation s o  it was removed. 

As mentioned above, the water  in the tubing was subjected to hydrostatic p ressure  

by means  of bottled nitrogen fed through the needle valve. 

The d iameters  of each tube were  measured  by mic romete r  a t  leas t  two points on 

the tube, and a t  each point the d iameter  was taken twice, once in  the plane of the 

coil ,  and-once perpendicular to the plane of the coil. 

0 
The tube specimens were  then placed in .a deep f reeze  held a t  0 F for  a t  l eas t  three  

hours by which t ime the water  inside was solidly frozen. Then the specimens were  

removed f r o m  the deep f reeze ,  and the tube d iameter  immediately remeasured ,  

taking c a r e  to  measure  these d iameters  a t  exactly the same  points where the 

d iameters  were  taken before freezing. The tube specimens were  then allowed to .: 

thaw a t  room tempera ture  o r  slightly above. (On cold days they were  placed a t  

the outlet of a space heater  fan. ) 

After the water  inside the t e s t  specimen had thoroughly thawed the tube d iameters  

were  again measured  and then the specimens refrozen. This t e s t  procedure was 

continued for 100 freeze-thaw cycles ,  o r  until the tube specimens had failed f r o m  

the s t r a in  of water  freezing and swelling inside. During the f i r s t  s e v e r a l  f reeze-  

thaw cycles the tube walls usually s tretched i r r evers ib ly  and acquired a permanent  

s t r e t ch  of ' to 4%. However, a f te r  twenty or  thirty cycles the tube walls did not 



continue to s t re tch  i r revers ib ly  and the diameters  before freezing seeme'd pretty 

constant. Thereafter,  the d iameters  were  measured l e s s  frequently. How'ever , 

f o r  the l a s t  five cycles ,  i. e .  cycles 96 - 100, the tube d iameters  were  once again 

measured  before and af ter  freezing. 

Two solar  collectors were  then constructed. The f i r  s t  collector was fabricated 

f r o m  403 ft. of 0.336" 0. D. , 0.047" wall  thickness tubing made f r d m  Formulation 

Number 8 on Table 1. This tube was coiled into a square (42" x 42") flat sp i ra l  
' 

coil  with the tubing bent on a 2" radius,  so  in theory there  would be a n  a r e a  of 

4" x 4", o r  16 square  inches, where smilight would not fall upon a crossliliked 

polyethylene tube. Thus, theoretically l e s s  than 1% of the sunlight entering the 

collector has no black tubing to land on. The r e s t  of the collector i s  pret ty 

conventional a s  indicated in Figure (2) .  
' 

This collector was sent  to the Los ~ l a m o s  Scientific Laboratory for  performance 

t e s t s .  Figure (3) i s  a photograph of this collector on the t e s t  rack a t  Los Alamos. 

The second collector was fabricated f r o m  two 2 18 ft. lengths of 0.36" 0. D. tubing 

made f rom Formulation  umber 7 on   able 1. These two tubes 'were laid in para l le l  

in  the shape of a flat sp i ra l  coil ,  43 318" x 43 318". The purpose of using two 

para l le l  tubes of about half the length of one tube is to reduce the p r e s s u r e  drop of 

the water  flowing through the collector to a p ressure  down into the range that 

conventional hydronic heating sys tem pumps can  handle. 



FREEZE - TOLERANT SOLAR COLLECTOR 
USING A SQUARE FLAT SPIRAL COIL OF CROSSLINKED POLYETHYLENE TUBING AS COLLECTOR SURFACE FIGURE , 2  

I 
I 

I /  WATER 

I I 
VIEW FACING THE SUN 

. WATER 
OUTLET 
TUBE 

INLET TUBE 

/ 
f THICK GLASS WITH A 

TRANSMlSSlVlTY OF 0.75 

/ jS IL ICONE SEALANT 

A - A  



FIGURE 3 

Photograph of Freeze-Tolerant Solar Collector on the Test  Rack a t  Los Alamos 



RESULTS 

The resu l t s  of the freeze-thaw t e s t s  a r e  shown on Table 2.  Five of the fifteen 

t e s t  specimens survived one hundred freeze-thaw t e s t s ,  and the o thers  failed, 

a f t e r  surviving somewhere  between four  and seventy-four freeze-thaw cycles  . 
The r e su l t s  of the per formance  t e s t  a r e  shown in Figure (4). The s t r a igh t  

l ine i s  the perforrnance."curve" of the co l lec tor  fabricated f r o m  a f la t  sp i r a l  

co i l  of c ross l inked  polyethylene tube. 'It i s  the " least  squa res"  l ine of many 

data  points taken in the range'  of TF - TA/  I = 0 to  0: 4. The slightly curved 

line i s  the per formance  curve  that should be expected f r o m  a conventional 

col lector  having the s a m e  a r e a ,  the s a m e  single glazing (with a t ransrniss ivi ty  

of 0. 75),  and the same  insulation, but having a n  abso rbe r  sur face  with 0. 97 

fo r  both i t s  absorpt ivi ty  . and . i t s  emissivi ty .  



Trst Coil Number I 

Made from Formul~tlon Number I 

I Outside Diameter o f  Tube* Inches 1 0.390 

i Wall Thickness of Tube Inches 

Water Pressure psi 

I Hoop Stress in Tube Wall psi 1 IO4 

I Average Percent Dinention o f  Tube 
Diameter during/and After Freezing. cycles I- 5 2.38/- I 

TABLE 2 
FREEZE-THAW TEST RESULTS 

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



I FIGURE 4 
T H E  ACTUAL PERFORMANCE OF CROSSLINKED POLYETHYLENE COLLECTOR COMPARED T O  T H E  
THEORETICAL PERFORMANCE O F  A CONVENTIONAL SOLAR COLLECTOR HAVING T H E  SAME GLAZING 

I AND INSULATION AND AN ABSORBER SURFACE WITH A SOLAR ABSORBTlVlTY EQUAL T O  0.97 

- 
ABSORBER TEMP-AMBIENT TEMP. TF-TA O F ,  HR, F T ~  
SOLAR RADIAT ION INTENSITY I BTU 



DISCUSSION O F  RESULTS 

Volume Expansion of Water during Freezing 

When pure  water  f r e e z e s  a t  3 2 O ~  i t s  volume expands f r o m  .01602 cubic fee t  pe r  

pound to a volume of . 0  1747 cubic fee t  p e r  pound. This i s  a 9.05% volume expansion, I 

I 

and if one a s sumes  an equal expansion in a l l  d i rec t ions  this would be a 2.9370 l i nea r  1 
I 

expansion. Freezing of wa t e r  inside of a tube does not take place instantaneously 
I 

because a finite amount of t ime  i s  required to remove the latent  heat  of fusion f r o m  I 
I 

the wa te r .  There fore ,  during the gradual  volume expansion the unfrozen liquid 

wate r  in  the tube has a chance to  escape ,  s o  long a s  i t s  escape path does not i tself  

become blocked by i ce .  If freezing takes  place very  slowly, and the escape route 

fo r  unfrozen wate r  i s  held open there  should be no expansion of the tube during 

f reezing.  In fact ,  the dimension of the tube could actually contract  due to  t he rma l  

contraction.  This appeared to be the c a s e  in the ini t ial  freezing cycles  of 'Coil  #6. 

After  the f i r s t  s e v e r a l  freeze-thaw cycles  i t  was  decided to  remove the t h e r m a l  

insulation f rom the outlet end of the 10 ft. coils  s o  that they would f reeze  a s  rapidly 

a s  the r e s t  of the tube (even m o r e  rapidly s ince  the outlet fitting was  made of b r a s s  

and had a sma l l e r  d iamete r  than the X L P E  tube i tself .  ) As a resu l t  a considerable  

amount of unfrozen water  became trapped in the tube specimen.  Then a s  this 

remaining unfrozen water  did f r e eze  and expand, i t  compelled the tube to expand 

with i t .  

More  proper ly  we should say  that  the i ce ,  expanding into the trapped unfrozen wate r ,  I 

I 
subjected the ent i re  tube length to  an increas ing in ternal  p r e s su re ,  thus impar t ing I 

a n  increas ing s t r e s s  in the tube wall,  Since no tube i s  perfect ly  uniform in wall  I 

I 
th ickness ,  some section of the tube would tend to distend under this increas ing 

p r e s s u r e  m o r e  than o thers ,  and in so  expanding would open up a bigger volume for  



the yet unfrozen water.  Thus, i t  would be the section of the tube that had the 

thinnest wall ,  and yielded the mos t  to the increased p re s su re  due to  water  freezing 

that would be subjected to  the mos t  ex t reme s t ra ins  due to water freezing. This 

section with the thinnest wall would have to absorb the s t ra in  of the l a s t  bit of 

water  freezing af ter  i t  had a l ready  been distended m o r e  than any other section of 

the tube. This s t r a in  i s  f a r  g rea t e r  than the 2.  9 3 %  s t ra in  that would occur  i f  

a l l  of the ice  f roze instantaneously and expanded evenly in a l l  directions.  One can 

s e e  in Figures ( 5 )  and (6) that in  the region of fa i lure  the tube ballooned up to a 

d iameter  f a r  g rea t e r  than the average diameter .  Therefore,  i t  became c l ea r  ear ly  

in  the freeze-thaw tes t  p rogram that a distinctly m o r e  rubbery and res i l ient  

crosslinked polyethylene compound would be needed to  absorb the actual  s t ra ins  

of water freezing than had originally been anticipated. The ear ly  failure of Coils # 2  

and # 3  indicated that Formulation 2 was too stiff and unyielding. 

Rubbery o r  res i l ient  crosslinked polyethylene compounds a r e  not a s  strong a s  a r e  

the st iffer formulations. Nevertheless,  they appear  to be adequate to withstand 

domestic water  p re s su re ,  yet tubes made f rom these m o r e  res i l ient  formulations 

will not have to be s o  thick-walled that so l a r  heat will have much difficulty in 

passing through the tube walls and into the water.  
BTUIhr.  

The thermal  conductivity of crosslinked polyethylene i s  approximately 0 .3  "F ft.  

2 Therefore ,  assuming a maximum so la r  heat flux of 300 BTUIhr.  /ft.  the maximum 

tempera ture  drop of the so la r  energy pas sing through the tube wall  perpendicular 

to the so l a r  rays can be calculated f r o m  the following equation: 

T ,  where 71 = collector efficiency 300  = 3k 
t  = tube wall  thic kne s s in inches 

The thickness of the tube wall needed to contain the internal  hydrostatic p re s su re  

can be calculated f rom the following equation: H = p (D-t) 
2 t  



FIGURE 5 

Failure of Tube Specimen #7  

FIGURE 6 

Failure of Tube Specimen if3 



I 

I Where  - H r e p r e s e n t s  the design hoop stress::: of the tube wa l l  m a t e r i a l ,  2 equals  

the i n t e r n a l  p r e s s u r e ,  - D r e p r e s e n t s  the outside d i a m e t e r  of the tube,  - t  equals  

I t he  th ickness  of the tube wal l  in  inches . 
I These  two equations c a n  be combined to give the following express ion  which p e r m i t s  
i 

one to ca lcula te  the m a x i m u m  loca l  t e m p e r a t u r e  d r o p  f o r  heat  flowing through the 
! 
I tubes  a s  a function of the des ign hydros ta t ic  p r e s s u r e ,  the tube d i a m e t e r ,  the 
I 
I 
I col lec tor  eff iciency,  and the des ign hoop s t r e s s  of the col lec tor  m a t e r i a l .  

F o r  ins tance ,  i f  we had a col lec tor  made  up of 318" 0 . D .  tubes based on Formulat ion 

#8 ,  which can  safely be subjected to a hoop s t r e s s  of 241 p s i  for  100 f reeze - thaw 

c y c l e s ,  and i f  we a s s u m e  that  this  col lec tor  would be operat ing a t  32% t h e r m a l  

eff iciency,  (which would be typical  for  a  double-glazed col lec tor  operat ing i n  a n  

ambien t  t e m p e r a t u r e  of lo°F while producing 1 5 0 ' ~  wa te r  during pe r iods  of pure  

sunshine radiat ing a t  300 BTU's p e r  hour p e r  ft. ') the m a x i m u m  t e m p e r a t u r e  

d r o p  a c r o s s  the tube wal l ,  perpendicular  to the s u n ' s  r a y s ,  would be 0 . 7 9 0 ~ .  The 

t e m p e r a t u r e  d r o p  would, of c o u r s e ,  be lower  a t  o the r  points around the c i r c u m f e r e n c e  

of the tube because  they would have l e s s  heat  to t r a n s m i t  p e r  unit a r e a .  

It i s  wor th  noting that  a s  the efficiency of the col lec tor  d r o p s ,  s o  does the A T  a c r o s s  

the tube wal l .  T h u s ,  when the sun is  weak o r  the outside a i r  cool  and the co l l ec to r  

marg ina l ly  ac t ive ,  the t e m p e r a t u r e  d r o p  a c r o s s  the tube c a n  become v e r y  l o w  indeed.  
I 

On the o the r  hand, i f  the outside a i r  i s  w a r m  and the sun i s  s t rong ,  t h e r e  would be 
I 

a much  l a r g e r  AT a c r o s s  the tube wall ,  but dur ing such per iods  the eff iciency of 
I 

the co l l ec to r  becomes high anyway, and a s m a l l  d r o p  i n  eff iciency due to the 

:::Hoop s t r e s s  i s  the m a x i m u m  loca l  s t r e s s  impar ted  by the in te rna l  hydrostat ic  
p r e s s u r e  to the tube wall .  



t empera tu re  d rop  through the tube wal l  wil l  be to lerable .  

Untested P a r a m e t e r s  Affecting F reeze -  Tolerance of XLPE Coll'ectors 

There  a r e  many a s  yet inadequately-tested para .meters  in the formulation of . 

cross l inked  polyethylene and .in the des ign of  the col lec tor  which wi l l ' a f fect  

the abil i ty of the collector to withstand the s t r a i n s  of wa te r  a t  domest ic  wa te r  

p r e s s u r e  freezing inside of i t .  

It m a y  tu rn  out that  a f reeze- to le ran t  s o l a r  water  heater  can eas i ly  be made 

without examining these  many p a r a m e t e r s .  However,  if se rv ice  t e s t s  on c r o s s -  

linked polyethylene col lec tors  prove that  an  improvement  in f reeze  to lerance o r  

s t rength  i s  needed then the following pa r ame te r s  should be investigated. 
. , 

Formulat ion P a r a m e t e r s  in  C r o s s  linked PQlyethylene 

 here a r e  many polyethylene r e s in s ,  and they a r e  usually graded according to . 

the i r  density and thei r  molecular  weight, and a l s o  according to  the i r  content of 
. . 

non- hydrocarbon co-monome r s  . The p r e sen t  investigation did not include any 
. . 

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

of non-hydrocarbon co-monomers ,  have on the s t rength  and res i l iency cha rac t e r i s t i c s  

of cross l inked polyethylene. 

In the p r e sen t  investigation only two polyethylene densit ies we r e  t r ied  which i s  

hardly  a n  adequate explorat ion of that p a r a m e t e r  since density of polyethylene 

homopolymer has a d i r ec t  relat ionship to the crys ta l l in i ty  of the r e s in  and 

the re fore  i t s  s t rength  and res i l ience .  
. . 

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

the p r e sen t  investigation. These loadings w e r e  20 parts/lOO of res in ,  and 40 parts/ lOC 

There  a r e  many grades  of ca rbon  black and' they a r e  usually graded according to 

par t ic le  s i z e ,  su r face  chemis t ry ,  and degree  of aglomeration.  We know that  the 

- 20- 



par t i c l e  's ize of carb'on"bl=cg akd- i t s  l o a d k g  h a v i ' a  Se ry  pronounced effect  on 
. . 

the s t r eng th  and rks'ilie'n=y p'rbye'rties'of =rosklihked polyethylene. The degree  

of aglomerat ion and the su r face  . c h e m i s t r y  of ca rbon  black a l s o  to a l e s s e r  extent 

affect  the res i l i ency  and s t reng th  of cross l inked polyethylene. ' The amount  of 

c r o ~ s l i n k i n ' ~  .agent  used in a '  crdi 's l i iked poly'ethjrlene formulat ion a l s o  affects  

the strerig'th and r 'esiliency 'of the product ,~" jus t  a s  the amoui-it of su lphur  in a 
. .. n 

rubber  compound affects  the..p,r.ope'rties of the f inal  vu'lkanizate. . - .. 

Within l i m i t s ,  higher loadings of cross l inking agknt do inc rdase  the res i l iency 

and d e c r e a s e  the s t r eng th  of a c ross l inked  polyethylene compound. . However ,  .. the 

opt imum amount of cross l inking agent  i s  a l s o  governed by the amount and type 

of ca rbon  black used in the formulat ion,  and a l s o  by the molecu la r  weight of t h e  

. . . "' .. I . . polyethylene. 

Although the loading of cross l inking agent  was var'ied i n  the p r e s e n t  invest igat ion 

this  p a r a m e t e r  was  nevei.theles s inadequa te l i  explored. 

There fo re ,  i t  i s  m o s t  unlikely ' that  the combination of ca rbon  black loading, ca rbon  

. black..type, and polyethylene. r e s i n  type, and' peroxide loading, se lec ted  i n  the 

p r e s e n t  explora tory  investigation wi l l  prove .to 'be anywhere n e a r  the opt imum for  

the const ruct ion of a f reeze - to le ran t  s o l a r  w a t e r ' h e a t e r .  Never theless ,  the indications 

a r e  tha t  formulat ions #5 ,  #6, # 7 ,  #8,  and #9,  .. shou1d"be good enough to do  the job. 

The fac t  that the two tubes ,  Coils  '$13 and'!l4', made  f r o m  Formulat ion 9,  failed 

a f t e r  only 12 and l3.cy:cles should not be held agains t  i t ;  becau'se these  tubes w e r e  

p r e s s u r i z e d  much  mor'e s e v e r e l y  than was  .~o i l . "$12  made  f rom.  Formulat ion i#8 which 

was  ident ica l  to Formulat ion #9, except  tha t 'd i f ferent  cross l inked agent  was  used. 

Both peroxide c r o s s  linking agents can  give .e&cellent c r o s  slinked products  that a r e  

vir tual ly iiidistinguishable i n  - a l l  r e s p e c t s  i f  the o the r  ingredients  i n  the formulat ions 

a r e  the s a m e ,  and i f  each formulat ion i s  cu red  p roper ly .  In the curing p r o c e s s  used 



in the present  investigation Lupersol 130 has some production advantages over  

Varox. The situation might be r eve r sed  i f  a different tube production process  
\ 

were  used. 

Design Pa rame te r s  

There  i s  reason to believe that the length-diameter ra t io  of a water  tube has an 

e f fec t  on the amount of p re s su re  that will build up inside the tube when the .water 
. . 

f r eezes .  The smal le r  the,tube.diameter and the longer the tube, the more  . 

difficult it is  for the l a s t  bit of unfrozen water  to escape,  and thereby relieve the 

p r e s s u r e  inside the tube. 

Freeze- thaw tes t s  performed on 10 ft. specimens of cogper. tubing, 114" and 318" in 

d iameter ,  which were performed during the course  of the presen t  investigation, 

support  the theory that it i s  the l a s t  bit  of unfrozen water  that i s  trapped in the 

tube that does the r e a l  damage when i t  finally f reezes .  

These copper tube specimens were  identical in length to  the crosslinked polyethylene 

tube specimens,  and were  a l so  capped on one end and filled with tap water ,  and 

frozen in the s ame  deep freeze.  However, these copper tubes were  not p ressur ized  a t  

a l l  - they were simply frozen a t  atmospheric p re s su re .  - 

Diameter  measurements  were  taken close to the open end of each copper tube and 

in the middle of each tube, and a t  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 i r revers ib ly  af ter  each freezing, but a t  the open ends the d iameters  

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

thaw cycle a t  the middle and capped end of each tube was only about 1.570 pe r  cycle - 

i. e.  very much less  than the 2. 9370 l inear expansion of water upon freezing. 



. . , . . . 

After five f reeze- thaw cycles  both tubes fai led,  one nea r  the capped end, and one . . 
nea r  the middle.  

. . 

Since 114" copper  tubing has a higher th ickness-diameter  ra t io  than has  318" 
. .  . .. : . .. 

copper  tubing i t  can withstand a higher in te rna l  p r e s s u r e  before yielding; o r  in other  
. .  1 :  

words ,  i t  can  subject  the unfrozen wate r  inside of i t  to a higher p r e s s u r e ,  and 
. . .. . 

thus be able to fo rce  this water  through a na r rower  escape route than could the 
. . . , . . 

318" copper  tube. On the other  hand, the 318" d i ame te r  copper  tubes gave the 
I 

. , . . 

unfrozen water  a l a r g e r  escape  route.  ~ h e r L f o r e ,  the net  r esu l t  was  that  both 
C . I . .  

. . 

tubes failed af ter  the s a m e  number  of cyc les .  
. . :. ., 

The loft.  specimens of cross l inked polyethylene tubes used in  the p r e sen t  investigation 
% .  

should give a reasonably good idea of the f r e e z e  to lerance of 'a col lec tor  made up 
. . 

of 10 f t .  tubes where  the p r e s s u r e  i s  vented a t  only one end of the col lec tor ,  and 
1 .  , . .  : . 

should give an  idea of the f reeze  to lerance of a col lec tor  made up of 20 f t .  tubes 
. .. 

where . l ine  p r e s s u r e  i s  maintained a t  both ends of the tube. ( It s e e m s  unlikely 

that  s o l a r  col lec tors  would e v e r  be designed where  the water  i s  shut  into the 
. . . . 

col lec tor  by valves a t  both the  in le t  and outlet of the collector, because if a  col lec tor  

we re  ever  exposed to the sun in  this  condition i t  would cause  a " s t e am boi ler  
. . 

explo's ion". ) 
. . : .  . . 

Never theless ,  the 400 ft. coi l  of cross l inked polyethylene tubing in the col lec tor  

made in the p resen t  investigation wil l ,  in  i t s  proposed s e rv i ce  t es t ,  be subjected 
. .  \ 

to a m o r e  s eve re  f r e eze  t e s t  than a 10 f t .  tube specimen,  because the unfrozen 
. , . . 

water  during the f reeze  t es t  wil l  have a much  g r e a t e r  d is tance  to  t r a v e l  in o r d e r  

to escape .  



On the other  hand, the heat t r ans fe r  r a t e  f r o m  a given length of tubing in the 

so la r  collector during a se rv ice  f reeze  t e s t  on a win te r ' s  night will cer ta inly 

be f a r  l ess  than the heat t ransfer  ra te  f rom the same  length of tube in the f reeze-  

thaw tes t  of the presen t  investigation because i n  the la t te r  ca se  the tubes were  
. . , . 

immersed  suddenly into a O'F deep f r eeze ,  whereas in a se rv ice  t e s t  the tempera ture  

will not 'drop suddenly f rom above freezing to  O O F  inside of the collector.  The 

outside temperature  does not d rop  that fas t ,  and a l so  the rat; of heat t ransfer  

f r o m  the tubes will be great ly  re ta rded  by the glazings over the collector: 

Thus,  the unfrozen water will have a g rea t e r  t ime to escape in  a service  tes t ,  and 

this might conceivably counteract  the ex t ra  p re s su re  drop  associated with the 

g rea t e r  distance this water  mus t  t rave l  i n  o r d e r  to escape and relieve p re s su re .  

However, once the escape route for  the unfrozen water is  blocked by ice ,  the 

slow ra te  of freezing of the trapped unfrozen water inside the long flat sp i r a l  coil  

of the collector might increase  the distention of the tube a t  one concentrated 

point. If the trapped water  i s  frozen very gradually i t  will have more  t ime to 

migra te  to the portion of the long tube which has the thinnest wall and which, there-  

fore ,  yields the mos t  to the ever- increasing p r e s s u r e  inside the tubing. 

If the weakest portion of the 400 ft. tubing can draw upon 40 t imes a s  much trapped 

water  a s  occurred in  the weakest  point of a 10 ft. freeze-thaw specimen i t  may 

fai l  fa r  f a r  more  readily than the 10 ft. specimen. 

Fo r  this reason i t  should be very instructive to pe r fo rm a se rv ice  t e s t  on a 

parallel-tube X L P E  collector a t  the s a m e  time and the same place a s  the service  

t e s t  on the flat s p i r a l  coil  collector.  



i : 

Since we do not know a t  this tim.e whether the headers and the junctions of the 
' , 

.headers and the para l le l  tubes can withstand the s t ra ins  of freezing and thawing 

i t  would be necessary  to insulate and heat t race  the .headers s o  that they will 

never be subjected to  freezing. 

As indicated on page 2 3  the distance between the headers could be a s  much a s  
" .  . . 

20 ft. and s t i l l  give the unfrozen water a s  much of a chance to escape a s  they 

did in the 10 ft. specimens that a r e  capped on one end and used in the present  

investigation. 

The heat losses  f rom the heat-traced and insulated headers should presumably be 

very comparable to the heat losses  f rom the s imi la r  lengths of the heat- t raced 

and insulated water lines connecting the collector t'o the w a r m  inter ior  of the 

house . 

Salts in the Water 
. . 

Another unexplored parameter  is  the possible effect of various levels of dissolved 

sal ts  that a r e  typically fdund in drinking water .  

I do not mean to suggest that the sal t  concentration i s  ever  high enough to lower 

appreciably the freezing point of a l l  of the water in the collector.  However, I do 

suggest that whenever the freezing ra te  i s  slow ( i . e .  a freezing front advance 

of l ess  than one inch pe r  hour) these dissolved salts  have time enough to diffuse 

ahead of the advancing freeze f ront  and not,become trapped between the ice  

c rys t a l s .  (This fact  was discovered during the development of f reeze processes  

for desalinating sea  water.)  (4) Thus the sa l t  concentration in the unfrozen water  

could increase  many fold as  the 'ice front approaches the center  of the tube, and 



this  higher sa l t  concentrat ion could help some of the l a s t  bit of wa te r  to  escape  

and re l ieve  some of the in te rna l  p r e s s u r e  before this  l a s t  remaining wa t e r  

becomes trapped and f r eeze s  and expands i r r e s i s t ab ly .  

In m o s t  c a s e s  I doubt that  the s a l t  content  of the wa t e r  wil l  have much effect  on 

the f r e eze  to lerance of a col lec tor ,  but in a r e a s  where  cold snaps  a r e  not ve ry  

cold nor  v e r y  sudden it might  have an appreciable  effect .  

In any c a s e ,  the ve ry  low dissolved solids content of the Manchester ,  Massachuse t t s ,  

wa t e r  ( see  page 6 )  used in  the f reeze- thaw t e s t s ,  makes  this  wa te r  re la t ively  

ea sy  to f reeze  total ly,  and,  the re fore ,  the  f reeze- thaw t e s t s  i n  the p resen t  

investigation should give conservat ive  r e su l t s  f r o m  the s a l t  content  point-of-view. 

A r e  100 Freeze-  Thaw Cycles Enough to Establ ish  F r e e z e  Tolerance? 

Whenever the repeated s t r a i n s  of f reezing caused the X L P E  tubes to  distend 

permanent ly ,  the maximum permanent  distention was  usually achieved a f t e r  

20 to 30 cycles .  Thereaf te r ,  the d iamete r  of the tubes distended a little m o r e ,  

but re turned approximately to the s a m e  d i ame te r  that exis ted  before the la te  s t  

f reezing.  There fore ,  it does s e e m  unlikely that  a co l l ec to r  made f r o m  cross l inked  

polyethylene wil l  continue to grow a f te r  100 f reeze- thaw cyc les ,  s o  fa i lure  f r o m  

unending ballooning, of the tubes a l so  appea r s  unlikely. 

On the other  hand, a fa i lure  did occur  in  t e s t  Coil #11 a f te r  7 4  cycles  - long a f t e r  

i t  appeared to have reached i t s  s table d i ame te r  which was about 3% l a r g e r  than the 

or ig inal  d iamete r .  Therefore ,  the re  m a y  be a fatigue mechan i sm  working he r e  

which cannot be detected by c r e e p  measurement .  

The res i s t ance  to fatigue fa i lure  in  me t a l s  can be determined fa i r ly  quickly b y  

high speed flexing of a specimen.  However,  in a p las t ics  m a t e r i a l  the s t r e s s -  s t ra in  



a - 

cha rac t e r i s t i c s  a r e  ve ry  t ime-dependent (a lso ,  ve ry  temperature-dependent) ,  

and i t  s e e m s  unlikely that a  ve ry  much,accelera ted t es t  could rel iably es tabl ish  

the fatigue res i s t ance  of a p las t ics  ma t e r i a l  such a s  cross l inked polyethylene , 

especial ly a t  the t empera tu re  of a tube wall  surrounding wate r  a s  i t  i s  about to 

become completely frozen.  Extensive field t e s t s  appear  to be the only way 

that f reeze  to lerance can  be established with confidence. 

Never theless ,  100 f reeze- thaw cycles should be m o r e  than adequate  f o r  the 

l ifet ime of so l a r  co l l ec to rs  in Southern s ta tes .  Four f reezings  pe r  winter  fo r  

twenty-five winters  should be typical  fo r  a l a rge  port ion of the United States 

because  not a l l  f ros ty  nights a r e  likely to be  cold enough f o r  a long enough period 

to f reeze  completely the contents of a s o l a r ,  col lec tor .  

.Also, i f  the col lec tor  i s  dra ined m o s t  nights by an  automatic dra in  valve,  the 

co l l ec to r ' s  tolerance.  to, L O O  freeze-thaw cycles  should amply take c a r e  of the 

inevitable malfunction of such a n  automatic d ra in  valve somet ime  during the life 

of the col lec tor .  (It niight,be' mentioned here  that  cross l inked polyethylene can 

very  easi ly,withstand the oxidative cor ros ion  that occurs  when a i r  i s  introduced 

daily into the col lec tor  a s  ,a  r esu l t  of 'the nightly dra inings ,  whereas  meta ls  find 

this  kind of cor ros ion  hard  to t ake .  ) 

There fore ,  we can with some confidence say  that the t e s t s  performed in the p resen t  

investigation indicates .that cross l inked polyethylene can be used a s  a ma t e r i a l  of 

construction for a non.-drain f reeze- to le ran t  so l a r  col lec tor  suitable f o r  a l l  

Southern s ta tes .  We can a l so  conclude that  i f  a  X L P E  so la r  water  heater  i s  

dra ined automatically on a l l  but 100 nights during i ts  l i fet ime by a fal l ible d ra in  
. . .  

valve, i t  can s t i l l  be used in Northern s ta tes  without burst ing and failing. 
. . 



A Fla t  Sp i ra l  Coil of Tubing a s  a co l l e c to r  Absorber  Surface 

An a b s o r b e r  surface  f o r  a s o l a r  col lec tor  can  be fashioned out of a tube by 

coiling this tube into a flat sp i ra l .  If just  one.tube i s  used the re  i s  no p rob l em 

of joining a multiplicity of tubes into a heade r .  Headers ; inherent ly  involve 

problems.  of s t r e s s  concentrat ions and o ther  joining p rob lems  which could 

resu l t . in  l eaks ,  etc.  ' For  this reason ,  in the p r e sen t  investigation "to e.xamine 

the feasibil i ty of using - - - X L P E  a s  a m a t e r i a l  for  s o l a r ~ c o l l e c t o r s  having 

- - - to lerance to  repeated f reezing of wa te r  within the a b s o r b e r t 1 ,  the f la t  

s p i r a l  coi l  design was adopted fo r  the col lec tor  su r face  i tself .  

However,  the f la t  . sp i ra l  coil  design has s e v e r a l  disadvantages : 

(1)  It cannot be dra ined eas i ly .  

( 2 )  It tends to have a much higher p r e s s u r e  d rop  than have the conventional 

pa r ra l l e l - tube  des igns ,  and,  the r fo re ,  a l a rge r  d i ame te r  tube m u s t  be used fo r  

a given p r e s s u r e  drop.  This l a r g e r  .d iamete r  in t u rn  necess i t a tes  a proport ionately 

th icker  tube wal l  in o r d e r  to withstand a given in te rna l  hydrostat ic p r e s s u r e .  

The th icker  wal l  in turn  resu l t s  in a higher t empera tu re  d rop  through the tube 

wal l  for  a given absorpt ion r a t e  of so la r  energy.  A th icker  wal l  a l s o  i n c r e a s e s  

the raw m a t e r i a l  cos t ,  and the t he rma l  ine r t i a  of the col lec tor .  

( 3 )  During the period when the wa t e r  inside of the col lec tor  i s  f reez ing ,  the 

unfrozen wate r  has a g r e a t e r  d is tance  to t r ave l  before it 'can escape  f r o m  the 

co l lec to r  and thereby re l ieve  the in te rna l  p r e s s u r e  caused by the expanding 

newly-formed ice .  This ex t ra  escape  dis tance  means  g r e a t e r  p r e s s u r e  d rop  and 

the re fore  g r e a t e r  p r e s s u r e  on the tube wall.: 

(4)  During the no-load operation the wa t e r  remaining in the col lec tor  wil l  have a 

Larder  t ime to  escape under the impulse  of the expanding s t e a m  generated inside 



. , . . .  . . .  . 
. . 

of the col lec tor .  ~ h e . r e f o r e ,  'dangerous vibrat ions,  and possibly dangerous s t e a m  

p r e s & u r e s  might occur  inside of the col lec tor  before a l l  of the wate r  i s  flushed 

out of i t  by the s t e a m  generated-. 

( 3 )  When the pe r ime t e r ' o f  the flat s p i r a l  coil  i s  to be rectangular  o r  squa re ,  a s  

the co l l ec to rs 'made  in the p resen t  investigation, the tubing in the co i l  is  a l ternate ly  

s t ra ight  when para l l e l  to the side' .of.the col lec tor ,  and curved to  make the bends 

a t  the c o r n e r s .  ..When a cross l inked polyethylene .tube: i s  bent i t  becomes slightly 

"egged" so i ts  d i ame te r  in the plane of the coil  becomes somewhat s m a l l e r  than 

i t s  d i ame te r  when i t  i s  not bent .  

This reduced d iamete r  gives so l a r  light a  chance to m i s s  the abso rbe r  al together 
. . 

and simply s t r i ke  the insulation on the other  side.  This loss  in projected a r e a  

mus t  be added to the loss  in projected a r e a  result ing f r o m  the inability to coil  

the tube any s m a l l e r  than a radius of 2" which in tu rn  r e su l t s  in a 4" d iamete r  

hole in  the abso rbe r  su r face  in the middle of the col lec tor  and fo r  s m a l l e r  

segments  in the co rne r .  

In o r d e r  to  keep p r e s s u r e  drop within reasonable bounds the second col lec tor  was 
.. . . .. . . 

produced in the p resen t  inve.stigation f r o m  two tubes,  both wound para l l e l  to - 
each other  into a f l a t  sp i r a l  coil.  In theory,  this  should reduce the p r e s s u r e  d rop  

. . I, .., . . . . 
I .  . . 

f o r  a given flow of wa te r  by a fac tor  of m o r e  than seven,  assuming turbu1en.t f10.w. 

The ex t r a  tube necess i ta ted  an ex t r a  connector a t  the inlet  and outlet  of the 
. , 

co l lec to r , .  but this was a modes t  additional cos t  compared to the savings i n  

pumping power . 
. .; 

Tes t  Coil ?!lo 
. . 

Tes t  Coil  #10 was unique in that the measured  distention in  tube d iamete r  caused 

by freezing averaged 3 3/4Yo, o r  dist inctly m o r e  than the 2 .  9370 distention that 

one would predic t  f r o m  theory.  



However, i t  should be remembered  that the tangential s t r e s s  in a tube wall I 

I 

i s  twice that in the longitudinal direction , and therefore  in a tube made  f r o m  I 
i 

a c lass ica l  solid mater ia l  which obeys Hooke's law, the tangential s t ra in  should 

be precisely  twice a s  g rea t  a s  the longitudinal s t ra in .  
I 

Fur thermore ,  since plastics mater ia l s  do not obey Hooke's law, but have convex 

s t r e s s -  s t ra in  curves ,  a doubling of the s t r e s s  more  than doubles the , s t r a in .  

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

Viscoelastic Response of Crosslinked Polyethylene to the Strains of Repeated 
F ree  zing. 

I 

Ln one respect  the freeze-thaw tes t s  performed in the presen t  investigation were  

unrealist ically severe .  When any unoriented o r  isotropic plastics ma te r i a l  i s  

subjected to a s t r e s s ,  i t  does not re turn immediately to i t s  original  s ize  af ter  

the s t r e s s  i s  removed a s  does a piece of metal .  For this reason one could not 

use an isotropic plastics ma te r i a l  a s  a spring in a spring balance. Due to a 

" v i s c ~ u s ' ~  drag between the polymer molecules i t  takes t ime for these polymer 

molecules to move out f rom their  mos t  comfortable position when the plastics 

ma te r i a l  i s  s t r e s sed ,  and when the s t r e s s  i s  removed i t  takes t ime for these 

molecules to bounce themselves by thermal  agitation back again into their  mos t  

comfortable position. 

I 
During the freeze-thaw tes t  of the present  investigation the specimens were frozen 

l 

and thawed sometimes twice a day. So the tubing really did not have much of an I 
opportunity to re turn to i t s  original  d iameter  a s  i t  would have i n  actual  service  

where i t  would be frozen once a day a t  most .  

Fur thermore ,  in actual  service  the tubing would usually be subjected to higher I 

temperatures  between freezings than they were  in the freeze-thaw tes t s ,  so the 
I 



t h e r m a l  agi tat ion bouncing the po lymer  molecules  back into t h e i r  o r ig ina l  

configurat ion would be ' s t rong 'er  and l e s s  'opposed by the viscous d r a g  of the  

v i scoe las t i c  c h a r a c t e r i s t i c  of the  c ross l inked  po'lyethyle.ne .. T h e r e f o r e ,  the 

10 ft. t e s t  spec imens  w e r e  probably distended m o r e  during the f r eeze - thaw 

t e s t s  than would be the co l l ec to r  tubes 'of the s a m e  length and d i a m e t e r  i n  

ac tua l  s e r v i c e .  - \  

The ~ e r f o r ~ a n c e  of 'carbon-Black-Reenforced Cross l inked  Polyethylene 
Tubing a s  a n  A b s o r b e r  fp r  So la r  Radiation 

. . .  

The manufac tu re r  (Libby Owens F o r d )  of the g l a s s  used  in the co l l ec to r  tes ted  

a t  the Los Alamos Scientific Labora to ry  c l a i m s  tha t  the 114" thick untempered 
. ?  _ * . . 

't 1 plate g lass  used in  the col lec tor  has  a  t r a n s m i s s i v i t y  of 75 - l Z b / o .  This  g l a s s  
. - .  

i s  o rd ina ry  g l a s s  used f o r  s t o r e  windows, e t c .  , and i t s  low t r a n s m i s s i v i t y  

can  be a t t r ibuted  to i t s  high i r o n  content  coupled with i t s  114" th ickness .  

At f i r s t  blush i t  s e e m s  imposs ib le  tha t  the m e a s u r e d  eff iciency of the co l l ec to r  

a s  shown in Figure  (4) could e v e r  be higher than the 75% t r a n s m i s s i v i t y  of the 

g laz ing,  even when the co l l ec to r  t e m p e r a t u r e  i s  the s a m e  a s  ambient  and the re  

a r e  no  heat  l o s s e s  ( i. e .  the conditions tha t  occur  a t  the "y" i n t e r c e p t  on 
. . 

Figure  (4) .  However,  on fu r the r  c 'onsideration one r e a l i z e s  tha t  a t  "y" in te rcep t  
. - . . 

condit ions,  the a b s o r b e r  s u r f a c e  r e c e i v e s  not  only shor twave s o l a r  radia t ion ,  

but  a l s o  a subs tan t i a l  amount  o f ' t h e r m a l  radia t ion  and convec'tion f r o m  the  glazing 
, . , . 

which i t  acquired  by absorpt ion  of some  of the s o l a r  r a d i a t i o n .  Even a t  conditions 

indicated a t  points  on the cu rve  to the r ight  of the "y" ax i s  the efficiency i s  not 

a s  bad a s  one might  expect  because  the s o l a r  heat  absorbed  in  the glazing r a i s e s  
. . 

. the t e m p e r a t u r e  of this  glazing' above that  which i t  would. have if i t  had received 

i t s  heat  only by radiat ion and coniect iol? f r o m  the hot a b s o r b e r  ' sur face .  T h e r e f o r e ,  

the A T between the a b s o r b e r  s u r f a c e  and the glazing i s  reduced,  the reby  

reducing heat  l o s s e s  and inc reas ing  the c o l l e c t o r ' s  efficiency. Thus the . 
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absorption and degradation of s o l a r  heat by the i ron  in  the glazing i s  not a to ta l  

l o s s  f o r  the co.llector's efficiency. 

Since g lass  with untreated sur faces  typically ref lec ts  870 of the  s o l a r  radiat ion 

s t r ik ing it a t  n e a r  no rma l  angles,  we can  calcula te  that  approximately 17% of 

the so l a r  energy i s  absorbed by the i ron  in the g lass .  

Of the 75% that  i s  t r ansmi t t ed ,  about 1% mi s sed , t he  flat s p i r a l  coi l  of X L P E  

tubing and f e l l  upon the insulation:: and was  e i the r  reflected d r  absorbed and 

re rad ia ted  in a l l  d i rec t ions .  

Of the 74% of the light t ransmit ted  that  s t r uck  the f la t  s p i r a l  coil  of the c r o s s -  

linked polyethylene tubing presumably m o s t  of i t  was  absorbed,  but some was 

reflected.  

Of the light (o r  short-wave radiat ion) that  i s  reflected f r o m  the cross l inked 

polyethylene tubing, and f r o m  the insulation behind the polyethylene tubing 

back to the g lass  ,870 i s  again reflected and 17% absorbed.  All  of the heat  

radiat ing f r o m  the insulation is a l s o  absorbed by the g lass .  There fore ,  I 
I 

dist inctly m o r e  than 17% of the so l a r  energy  s t r ik ing the outside of the glazing 

i s  absorbed by the i ron  impuri t ies  in this  glazing, and i f  the ab so rbe r  su r face  

i s  maintained a t  the s a m e  tempera tu re  a s  ambient:  (i. e .  Tf - Ta = 0 on F igure  (4) 

this  so l a r  heat  absorbed  i n  the g lass  i s  t r an s f e r r ed  i n  both di rect ions  by both I 
radiat ion and convection. The amount which i s  t r an s f e r r ed  in  each  di rect ion i s  

:::As indicated on page 10 the coi l  of X L P E  tubing did not cover  a 4" d i ame te r  
c i r c l e  in the cen te r  of the col lec tor ,  no r  four  s m a l l e r  segments  in the c o r n e r s  
of the col lec tor .  Also, the  "egging" of the tube whe re  it i s  bent leaves  c r a c k s  
between the tubes where  sunlight can f i l ter  through. 



. . ... _ . . . . . 

governed to  a g r ea t  extent  by how much  wind i s  blowing outside of the glazing. 

If the re  i s  no wind the heat  t r a n s f e r r e d  i n  e ach  di rect ion would be  near ly  the 

s a m e ,  and indeed the wind was ve ry  light during the period when per fo rmance  
. . 

t e s t s  we re  . . made on the cross l inked polyethylene col lec tor  a t  Los Alamos.  

The personnel  a t  the Los Alamos Scientific Laboratory  conclude that  the 

pe r fo rmance  curve of the crcss, l inked polyethylene col lec tor  submitted to them . . 

f o r  t e s t s  had a ly l i n t e r cep t  of 0. 804-4 i. e .  when the . . co l lec to r  su r face  was the 

s a m e  t empe ra tu r e  a s  ambient  the col lec tor  efficiency was 80. 4%) and that this  

curve  had a negative slope of 1. 04.. 

Figure  (4) , a l so  shows what the theore t i ca l  pe r fo rmance  curve  of a col lec tor  having 
. . 

a n  abso rbe r  su r face  with a so l a r  absorpt iv i ty  of 0.97 (typical for  a good f la t  black.. 

pa int ) ,  . and . a single glazing having ,a  t r ansmiss iv i ty  of . 75, and assuming that 

8% of the so l a r  energy  str iking this glazing i s  ref lec ted,  and 1770 absorbed on the 

f i r s t  pa s s  that the s o l a r  energy makes  through the col lec tor .  Fo r  this 

theore t i ca l  case  the ambient  t empe ra tu r e  i s  a ssumed  to be  8 0 O ~  and no wind. 

One can  s ee  f r o m  Figure  (4) that  the pe r fo rmance  of the cross l inked polyethylene 

col lec tor  i s  ve ry  c lose  to what one might expect  i n  theory f r o m  a conventional 

col lec tor  having the s a m e  single glazing with the r a the r  low t ransmiss iv i ty  of . 75. 

At the t ime  of this wri t ing,  September 21st ,  the Los Alamos Scientific Laboratory  

had not yet subjected the col lec tor  to anything approaching stagnation condit ions,  

i. e .  conditions approaching the points on the per fo rmance  curve  approaching the 

l lX l !  ax is .  

Since radiant  heat  l o s se s  a r e  not  l inear  with t empe ra tu r e  difference,  but. 

inc reased  a s  a fourth power of the absolute t empe ra tu r e ,  the author p red ic t s  that  



the slope of the performance curve will steepen f rom the minus 1.04, which best  fit 

the presen t  data points near  the ~lyllaxis, and that the a c b a l  measured performance 

curve will follow more  closely the theoretical  performance curve than the 

extrapolation of Bhe present  "least squares"  line. 

The Los Alamos personnel a lso noted that inadequate provision had been in the 

tes t  collector for thermal  expansion of the flat sp i ra l  coi l  so  i t  buckled, and a t  

some points actually touched the glazing. This should even fur ther  reduce the 

high temperature  efficiency of the tes t  collector.  

The second collector which will hopefully be used for service  tes ts  a t  Colorado 

State University in a future ERDA contract  has been finished with a glazing 

consisting of two panes of low-iron g lass  supplied by ASG industries.  Presumably 

this glazing will substantially increase  the efficiency of the collector when 

operating a t  domestic hot water temperatures  on a cold winter day, and i t  will 

a l so  make the collector f a r  l e s s  affected by winter winds. 



CONCLUSIONS 
- .  . .. . . . .. . . .i .. ' 

( 1 )  The objective of the p r e sen t  investigation has been achieved i n ~ t h a t  we can  
. . . I . . . . 

positively say  t ha t ' i t  i s  indeed m b r e  than '!feas.ible to u se  carbon-black-reenforced 
... .: . . . . .  

c ros i l inked  polyet'hylene a's a  m a t e r i a l  fo; s o l a r  col lec tor  a b s o r b e r s  having - - - 

to le rance  t o  repeated freezing of  wa t e r  within the absorber" .  

(2)  A fa i r ly  res i l i en t  XLPE compound should be used in  making a f reeze- to le ran t  

so l a r  wa te r  hea te r .  Formulations based on high density polyethylene should contain 

about 20' phr G P F  carbon-black and low density r e s i n s  about 40 phr  G P F  carbon-  

black,  but the formulation p a r a m e t e r s  have by no means  been optimized by the 

p r e sen t  investigation. 

( 3 )  The p r e s s u r e  of water  within a XLPE abso rbe r  during freezing c a n  probably 

be held a s  high a s  that  occurr ing in any likely domest ic  water  supply without 

necessi tat ing a const ruct ion so  thick and heavy a s  to cause  in no rma l  operations 

m o r e  than one o r  two deg ree s  Fahrenhei t  of t empe ra tu r e  d rop  to t r a n s f e r  s o l a r  

h,eat a c r o s s  the a b s o r b e r  su r face  into the wa t e r  on the o ther  s'ide. 

(4)  When X L P E  tubing i s  bent  into a square  f la t  s p i r a l  coil ,  the c r o s s  section of 

tubing becomes "egged" and a substant ia l  amount of projected a b s o r b e r  a r e a  i s  

lost .  

(5 )  A f lat  s p i r a l  coi l  des ign f o r  an abso rbe r  su r face  has s e v e r a l  def ic iencies .  

There fore ,  fu r the r  development work on XLPE a b s o r b e r s  should concentra te  on 

the m o r e  conventional para l le l - tube geome t r i e s ,  and should evaluate the problems 

of headering the para l l e l  tubes such a s  the dangers  of s t r e s s  concentrat ions and 

leaks  that a r e  inherent  with headers .  ( 

, . - 



(6 )  The absorptivity' to solar  radiation of a f la t  sp i r a l  coil  of 0 .3"  d iameter  

carbon- black- reenforced crosslinked polyethylene i s  about a s  absorptive 

to solar radiation a s  a r e  typical black paint coatings. 



RECOMMENDATIONS , 

(1 ) C r b s  s'linked polyethylene a b s o r b e r  s u r f a c e s  in the  f o r m  of conventional  
, . 

tube des igns  s houid:.be developed a s  outlined i n  the r e s b o n s e  which 

P o l y s e t ,  Inc. made  to ERDA's  PRDA EG - 77 D - 2 9  - 0003 submit ted  on 
, '  ,.. 

Apr i l  26 ,  1977 to ERDA's Albuquerque Opera t ions  Office. 

( 2 )  Se rv ice  t e s t s  on both the f lat  s p i r a l  co i l  co l l ec to r  and on co l l ec to r s  having 

1-tubes -with h e a d e r s ,  configurat ions should be  to  d e t e r m i n e  
I 

whether,  o r  r a t h e r  t o  what  ex ten t , the re  a r e  p r a c t i c a l  d i f f icul t ies  a s soc ia ted  

with f r eeze - to le ran t  s o l a r  col lecto ' rs  made  f r o ' m ~ c r o s s l i n k e d  polyethylene tha t  
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~ h e o r e t ~ c a  1 PerF'ormance da Solar  Collector havlnq; 1 

i 
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I d  
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72.7.P 0.21 -7296 04 l~ghf ener y absorbed by absorber 
72.%+ 8.50 , 5881 9 6 I374 absorbed by a % sorber both d ~ r ~ ~ t ! ~  + ~ n d l r a d l t  3 
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I 
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