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CHAPTER 1

I N r  R~~ P [C I ’ I

1. 1 1~_t I _u~ ç~~ p

This i n t e r i m  t e c h n i c a l  V t  por t  d e s c r i b e s  t h e  cot ~~t i n u i n g  p e r t  o rin—

a L i c e - of the  Solar  Test House a t  the  [n it ed  S t a t e s  \ ir  Force  Academy

( FI g u r e  1— 1 )  t ron May 1977  to A p r i l  1975 .  T h i s  repot t I s  t he  t h i r d

in a series of reports aimed a t  e v a l u a tin g  t h e  d a t d  co l l ec t ed  by the

dat.~ and c o n t ro l  sy s t e m  at  t he  h ou se .  Data an a l y s i s . eva lu a t  ion ot

mod i f ic~~t ions made t ’ improve  the  p e r f o r m a n c e  of t h ~- -i r i o u s  sv st  ems .

e v . i l ua t  ion ot  improved o v e r a l l  of  f t c  iencv . and d e s ig n  pa r a m e t e r

a n a ly s i s  are the ma in  p o i n t s  of t h i s  r e p o r t .  The f i r s t  i n t e r i m  t e c h —

n ica l repor t , F3SRL TR—76—0008, September 19Th 18], should he r e f e r —

enced t or d et ~i u s  on original svst em con st  r u ct  ion. The second interim

technical report . FJSRL TR— 77—OO ft and CEEDO—TR—7 7— i3 . S e p t em b er  H 7 7

[ 1 1 ,  should  be r e f e r e n c e d  fo r  d e t a i l s  on subsequen t  ch. tn ~ es in the

o r i g ina l  c o n s t r u c t i o n  and i n i t i a l  d at a  a n a ly s i s .

The p r o j e c t  c o o r d i n a t i o n  w i t h  t h e  A i r  Force Sy s t e m s  Command r e s t s

w i t h  the  C i v i l  and F . i v i r o nm e n t a l  Eng inee r ing  Development  O t t i c t ’

(CEE DO ) wh i c h  is Pet 1 ~~ TC (AFS C) at  Tyn d a l l  AFB , F lor i d a .

This  repor t  should increase t h e  base of  information already

e s t a b l i s h e d  by the  f i r s t  two i n t e r i m  t e c h ni c a l  r epo r t s  f o r  use by

eng ineers in the  f i e l d .  By d i s c u s s i n g  the  d i f f i c u l t i e s  observed ~:it h

an opera t ing  solar ener~;v sy st em , by .inal’.zing the e f f e c t i v e n e s s  of

the attempted corrections , by Illustrating the ef f ~~cienc1es poss ib le

L ~~~~
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Figure 1—1. USAFA Solar Test House
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I rem such a u vs t em, and by at ia i v  7 1 ug t he v a r i o us design paranie t era

t in s report can he reieren~ ed as a measure of t he per f orm anc e  and a

source ot p o s s i b l e  s o lu t  ion s to f u t u r e  problems . in this approach,

emp h a s i s  will be placed on observat tons ot the researchers in areas

( i t t  t ( c u l t  to  quant  l i v .  Data and Its analysis are included to sub—

st a r i t  t a t e  ;Ie t ual rerrul t a.

1 . .‘ Pr oJ oct  Ob J e c t i v e s

The eb~ ect ive~ ut t h i s  p r o le ct  r e m a i n :

a .  t o  develop baseline design criteria to suppor t  1 n t t i r ~

A i r  Force solar  energy pr ogram s ;

ii. to obta In sound des ign , cons t ruc t  ton , and e’pcra t ions

and ma intenance experience in rea l property—oriented solar energy

tons;

c . to o b ta in  sound cost d at  a on such aol ;tr c n e r g ~ systems

upon which fu t  ur t ’  economic e f f e c t  ivoness  mode is may be based .

1 I Approach

The appr oach t ak en  d u r i ng  the t ir st  two ye a r s u t operation o

t h i s  so lar  energy syst em was t h a t  ot observing the var  ions  components

in opi’rat: Ion and the e f f e c t s  u t  tire parameters on overall et t ie tcnc~’

The ana l  v a t s o t t he data  co l le c t-ed  was hand led throug h t he computer

pr ograms designed to give t h e  researchers the most vital in f o r m at i o n

at first glance. Detailed analysis of t i r e  more technical are as we r e

covered by f u r t h e r  computer  a na l y s i s  or by assi g n i n g  those areas to

c ad et  a as spec t a t  projects. This serjes ot pr fo r  it los ted to emphasis

be ing  placed on m a i n t a i n i n g  the sy stem at top perf orm an ce and addressing

I - i

~L. .~~~~~~~~~ 
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he probl ems w i t  in performance di roe’ I lv  as t h e y  appea ~~~ As w i l l  be

d i scus sed  in t h i s  report var  I ens at  t e m p t s  at improving that pet. tons—

ance were S nec ous f u l  • and t ine  da t  a an a l  v a t s  w i  I t show t ho ex t en t

Tire unit a used in tints report are a ni t xl t i r e  of  Eni g i t  sir  and S I

l ine  sunnma r tea u s  ted f o r  mont l i l y  and Ve:i r i  v i’e i t  o~~u i . i r i c  t ’ are i in S I

uni t o .  Where  app r opr  tate , both t vpe s  o f  u n i t s  a r e  g i v e n ; however .

due to comnitnu p r a e  l i ce  in t ine cons t rue  t t~ n I nidust vv • beat  t n’~ nsmi a —

si on and rca tat annce ccc file t e n t  a a r e ’ l i s t e d  in E n g l i s h  u n i t  a as we ll

- l I~~ d O g t ( ’e CLIVO of lie ’a t load ar ia  I r a  is.

I . •l Contents of the Fopon t

Tin is report covers the period o t dot a c o l l e c t i o n  t rent Mar (9 7

t o  A p r i l  1’) 1~ . Tine ewe ’ r ; r  11 per I 0 I fl1:iiie ’e pert Ott is t l i t ’ cut  ir e  opera I —

I n i c ~ t (ni t’ of t ine ar at em t o a I low d I seuss t on of  i nn proveme ’n t s i t t  e ’ t I i C I -

O l l e ’ v f r o m  onto y e ar  t o  the ’ n ex t  . Ti ne ’ co in t ro I or at em i~~i a med i t  ted e ’

:it I ow inca an renien I o t p rev t e r ra  lv  unsensed cue t g v  con I t t  h i n t  t en t s  and

I he Inc I us ton o I a HO W mint— rn i ~ ro e ’Oi l  I to I oval em. l’irer-nnugrapirv is

d (Sc U ssed t o  l i t  us t r a t e  t h e  app I I ~-a (  ( cnn  u t  t in is new t e e  hu t  quo 1 0

snake improvemen t s  in c o I l  oct  or per t elrnn~rttc(’ . Art ex t  ensi  Vt ’ sect tort  o

t i n e ’ report cove ’to tlit ’ da t  a u h i t  : n tncd  ( lu r ing  ope r -at  tort and Ito m o n t h l y

y e ar  lv , and o~’~’i . t t 1 :1 gut I iernncc . Design parame t en- s tised to e r i g i —

na l i v  des i gin Ihi ’  so I er r  energy av a  I em a te ’ d i  scinased w I  t in  emphasis tin

.i n ra  l v :  i us ( lie’ I r nc c e n t  aci . F t  m a  I l v  • cone l u s t  ens r e ’achnt ’d dur  tug (In is

per led 0 t  e ’pe ’ I O t  011.1 I i • ‘ au ’ .i i cii .iii , I t eceimniendat tons  I or ( lie’ t i n t  r i t e

. 1 1  0 1 r a t  e~d t u I II nat r at  o t Is’ se ’ e ’pe ’ ot co in I i u t i  t r ig  I e ’seO rein :11 LII is

I • ni ’~~’ i i  t e l l  V .

4.’
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CHAPTER 2

S\’S’rEM AND OPERATION CHANGES

2. 1 Entrodu ct ion

Tine Solar i’est House energy systems functioned v e E r  well during

t ine  yea r of opera t ion.  On lv mino r changes were needed t o  improve tine

performance or increase efficiencies. These changes discussed Iii

this 501’ t ion include the bleed air line on the roof a r r ay , the  make-

up water system , ground a r r ay  t i l t  change , t ank  mass reduction , f l ow

rat e k-al ib rat ion • exter icr ent rannc e , and the new evacua ted tube

c o l l e c t o r  sy s t e m .

2. 2 Bleed A ir  L ine  on Roof A r r a y

:\t t or t ine  success in ci  i m l i n a t  tr i g a i r  t rapped in t in t ’  ground

4 :  
array by t he  bleed a i r  l i n e  i n s t a l led  there , a s i m i l a r  l i n e  was

( n o t  a l ied on tIn e  roof a r r a y .  Together  wi t in  t he  same f l o w  r educ t ion

re;ni i’t cd In t i n t ’ second i n t e r i m  t ‘chnical  repor t  • t h i s  1 t rw was

desi gned to releasi’ any air which became trapped in eacln c o l l e c t o r ’ s

upp er ineader. This bleed air line consists ot  1.27 cm 0.1) . (1/2

Inn . 0.1).) copper tubing connected by flare fi ttings to the tipper

let t ~‘orner of each col lec tor  ( F i g u r e ’ 2 — 1 ) .  These l i nes  then run

t o  t int’ next collector to the left so that one line connects all the

p.nne ’t s  in cact i  cluster (Figure 2— 2 \  . Finally , the t ine  I orunina tea

at a bleed air valve specified to 525 kPa (75 psi). The entire

system is more complex than the ground array system due to the’

• h iginer elevation ol the roo f array defin itely causing any a i r  in tire

~

‘ 

t 

4 2-1

-~~~- - ---~~ -~~~~~~~~~~~~~~~ ~~- ~~~~~~~~ 
-

~~‘~~~~



______ - ~~- - -~~ --------- -

i’ ( ~~i n i e ’ I . ROei  I A t i~ iv il l ~~ ci A ( I  I .  ( tt e
(look t r i g  We ’O t  

~~~~~~~~~ -
•. - - -

~~~~~~~ • -~~~~~~~~~~~~~ --~ 



I

I

• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

“

I I  c r i r  ~‘ 
‘ . Roo t 2ei i . n v  h i  ,‘e ’j  •\ t l t t n e

1 e ’uj,, I r r y ~ I- a ;t ~

4

Li -~~ - - - - -  .- ~~--- ----



‘ol l ect o ra  to gather tinert’. Tine sy s t  em f u n c t  lonn s hr a l l o w i n g  t ine

air to escape’ when i t  beg iris to be t r apped  in  t h e  roof  a n -ra y panel  a.

Any a I r ( i t  t int ’ c lus t  o rs tine re t - ore itas a direct route’ out of t lie system.

h u t  Ia 1 opera t ion c i t tine too I ar r ay  bi e’ed a l t  l i n e  appeared

Si re ’ ce ’S a t ~ I however , proM ems began to eec tin ’ . The at r was bet rig

ve’n ted by the’ hi  ee’d a ( r va lve s  • hu t  t lncr’e  was rio wa y t o add f l u  Id

to the’ system to  rep t a t - c’ i t .  Th e’ m i n t e r  t e aks  t h a t  e ’xi  at  Oct in t ine’

svst  cnn le ’t iii m o t e ’ .11 r ove’r .t long per iod 01 t i m e’, l ine’ replacement

o f  t i r e ’ a I r by v a t  or was ntot be’ t r i g  at’t’omp 11 shod.  To I rh n e a s t ’  tine ’

I I Oe ’ I I ~‘e’it e ’55 of t i n t s  svs t tn t , t ine ’ m ak e—up  w a t t ’ r sv at  e’m~ d i scussed

iii t lie ’ nne ’xt SOt l ion , was added.

2.  1 Ma k e—It j ’ W a t e r  Sy s t em

A ma k e ’—up w at er  sv St em was  aeld e ’ci to tine ’ p 1 crmh I n~ cle ’S i gu in  the

baae ’nie ’nn t 0 t the’ So I a t  I’e’s t I loense . Tin is  srs t ens a l l  ova t ine ’ e ’aSV add I —

I lent of t’ i t  v vat e’r t o  t ine’ ground CII’ tar arid reiot ar - tar I low loops.

As s inowr t  In  i-i grn nt’ 2— 1 • t ine ’ m ake—up wel t e’t i s  p1 Iie~et pa s t  .n apr i t n g —

I o.i~f e’tl , e i r t e ’— wC n v c ine ck v a l v e’ Ic’ pres srn  to reduc t r i g ,  r’ e’gu 1 a t e l l ’  ~‘.n 1 vt’s

c e r n l r n e ’e ( e’cI to eae - i n  t’O I i  e’c t or f l u i d  loop.  The’st ’ regni I at or s  r e c l i i e ’e ’

t h e  c ( t v  wa ter I rem 42 0 kP a I,hO p s i )  to 140 kPa (2(1 psi’). Origina l l v

t int ’ e~a t 0 v at  yea were let t open and the  c ol l e c t  or 11 e n d  loop pre ssent - e’

was n n a t n t  a m e d  ~r 140 kPa.  At n ig in t , when t ine ’ f l u i d  In tine loops

coin t rae ted and iii r wor n LU he drawn t n t o t ine p lumb tr ig,  t ine  make— r ip

sv st  cnn wonni d m a i n t a i n  p o s i t i ve  pressure ’  and supply water on demand .

Thus,  any air me t bled out of the’ system by tine bleed air valve’s

won Id inc t he’ i nit ’ reased hr add i t  i cilia 1 tntcom I ng air . A citeck on how

• 
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much water was being added to o f f s e t  the  leaks was done by the

m o n t h l y  samp ling of the  array ’ s f l u i d .  Tests were conducted  to

moni tor t ine e t hy l e n e  glycol content , as well as the pH.  This sys-

tem functioned perfectly from 24 May 1977 until 3 January 1978.

The make—imp water line/bleed air vent combination worked in

theory as long as there  were no massive leaks in the  sys tem over a

short t ime period . If one would occur , and go unno tic ed by t ine

researchers or occupants , tine solution of etinylene glrcol and water

wou ld beg in to  dilute. If cold temperatures were etncountered during

t h i s  t ime , freezing of tine solution could result. This sequence of

even t s  occurred about 2 or 3 Januar y 1978. A connec t ion  in t l ic ’

bleed a i r  line on the ground array broke , allowing a steadi’ loss of

fl uid . The leak was not noticed hr any of the research personnel .

Finally, th e’ percentage of etinylenc girt-el dropped t o  .m low enough

lev el for freezing at —6°C (22°F). A large r l e a k  occurred at tin! a

t ime as t ih’  fluid f re~ c . F i n a l ly ,  one of t i r e  ground a r r ay  cc’ 11cc—

tors , the eighth front tine le ft , broke and a catastropinic leak was

riøt iced due to a large build-up of ice under tine ground array just

af ter a snowstorm , The percentage of ethylene glycol was checked

and found to he 7 per cen t .  One of the spare panels was installed

on th e ’ ground a r r ay  in place of the broken one and the bleed a i r

line was repaired . The automatic functioning of tine make—up water

system was stopped hr closing the gate valves. Continued operation

is now accomplished by a week ly ch eck o f the pressure in the collec-

tor loops and any necessary addition of water at nigint. Any .-nhnormal

2-6 
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1~
amounts of pressure drop or water addition is noted as evidence of

further leaks.

A double protection level exists to prohibit the collector

f lu id  f rom enter ing the city water system . The pressure reducing,

regulator valves and the one—way , spring-loaded check valve perform

this function. The bleed air line/make—up water system combination

does solve the problem of trapped air in the collectors.

2.4 Ground Array Tilt

At the beginning of spring 1917, the ground array was still

set at 600 with respect to the horizontal. This angle had been

used to more closely align the panel surfaces with the low solar

angle in win ter . On 24 May 1977 , the ground arr ay was again p laced

at 45°. This allowed better collection of solar energy as the

sun ’s path moved steadily higher in the sky.

The roo f array (whose angle is 520) and the ground array had

never been placed at the same tilt since the start of the research

project. This experiment was finally started on 1 October 1977 when

the ground array was moved to 520 slope (Figure 2—4). This setting

would allow the determination of any differences in a roof— or ground—

mounted solar energy collector system due to their positions on or

behind the structure. With both arrays at the same angle , they ‘

would receive exac tly the same amount of insolation throughout the

test. The third heat exchanger in the ground array loop and its

effec t could be more closely observed . Results of this change are

discussed in Section 5.3, Collec tor Performance.
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2. 5 Ta~ik ~ s_ du~~~~~

After the  reduction in stor .nge tank volume in J u ly  1976 . ti m e

s to ra g e  tank mass was st i l l  considered too large . To f u r ther reduce

t i n e ’ t i814  l i t e r s  (1800 ga l lons )  of water , the  fo o t  va lves  on the

i n t a k e s  to the  he’at ing coil and domest ic  hot wa te r  he a t  exchangers

were Lowered to tine top  of t he  s to rage  t ank  m e a t  exchangers .  When

t ine storage tank was refilled to this now level in August 1977 ,

approxima tely 5400 liters (1400 gallons) became the’ new s tor ag e ’

vo [ dime .

Once again , tine immedia te  e t t e c t  of t h i s  change’ was the  pre—

d i c t e’d f a s t e r  rc .r ct  ion of t i ne  s t o r age’ t ank  to the hi gh temperature

w a t e r  fr onn the c o l l e c t o r  loops.  The tank t emperature could now

r a is~ q u i c k ly  to a iti gher . more usab le  range . T in i s  inn i t s e l f

a l l o w e d  mor e  use o f  tine encrg\’ collec  ted f o r  house and dome~~t ic

water h e a t i n g .

l’able 2— 1 i l l u s t r a t e s  t ine  et  t e c t s  ~‘f tine ’ lowered t a n k  vo1urn~

on tie rise of tht’ sto r age  t ank  temperature tXl’) . The d a t e s  chosen

bSOt) L i t e r s  1 400 1 L t e ’rs

MJ 011 00
[~~~~ ( O (~) (

~
) fl~~~ ( O k ’ )  C I  1. (°~ )

1 0 F e b 7 7  13 697 29 2 l F e b  78 14 SQ7 30

11 Feb 77 5 38 1 30 t~ Feb 78 S 248 11

15 Feb 77 7 45 5 40 15 Feb 78 7 174 41

Table 2—1. Effects of Tank Volume Reduction
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were t)cfore and a t  t e r  t he  l a t  e a t  vo lume  c i ian ~ e’ . I eas ene rgy  was

re’&~u i red to o b t a i n  the  s,une t e m p e rat u r e  r ises a f t e r  t ine  vo lume

redcn c  t. ion . This  was s i g n i f i can t  in t h a t  i t  took  i n t o  accoun t  t h e ’

a m b i e n t  t e m p e r a t u r e s  t h a t  e x i s t e d  hr t i m e  c o m p a rab l e  ~1egree  days

(DO) . Tine temperature rises were the  resul t ot  less w a t e r  mass

and not less severe  wea the r  c o n di t i o n s .

Fi g u r e  2 — 5  show s grap h i c -a l  lv t he’ et f e c t  of v a r i e d  st o~ age

t a n k  volume on the  s t o rage  t e m p e r a t u r e ’ r i s e  over  t h e ’ e n t i re  pe r iod

of r e sea r c h .

2.  t ’ Flow Ra t e  Cal ib r at  ion

Th roughout t he  t im e  of t ine  cc’l lec t  ion sy s tem  operat ion , t he

f l o w  r a t e  d e t e r m i n a t i o n  has been a d i f f i c u l t  t a s k .  The’ i n i t i a l

calibration of flow rate to valve posit ions was accompi ishied and

the r e s u l ts  were inc luded  in  t he  da t a  a n a ly s i s  compu te r  p rog ram.

However , .is the v n lve5 operated o ver  t he  re~m r s , the  cal ibrat ion

-became more and more s u s p e c t .  An e~ p er m m e n t  was coudincted using

the’ annuh~n rs  a l r ea dy  in s t a l  led and a d i ap h r a m , d y n a m i c  I’r essurc

meter. The results obtained were t,nsatistactorv. Tine’ pressure

drops  t h rough  the ’ d i ap h r am  were  a p p a r e n t ly  too smal l  to . i c c m n r a t e l y

gage ’ t he  f l o w  r a t e  c o n s i s ten t ly .  This  r e a l i z a t i o n  led d i r e c t l y  t o

the’ p o t t e r  m e t e rs  b e i n g  r e i n st a l l e d  and c a l i b ra t e d  t o  t h e  f low r a te

by an e l e c t ron i c  f r e q uen c r  c o un t e r .  The r e s u l t s  are  shown in

Tab le  2 — 2 .  The a c t u a l  f l ow  rates were much lower t h an  the  ori ginal

calibrati on had sinown . The ground array (CA) and roof ari-av (CA) flow

rates varied one from the o ther  at t he  ,same microprocesson- command .

A new subroutine in the analysis program was added to r e f l e ct these’
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conditions and the roof array valve was adjusted to allow approxi—

mately the same flow rate as the ground array at the microprocessor

command of 208. This situation forced a re—analysis of the data

collected after the half—open position was commanded as the maximum

allowable. April 1977 was re—analyzed and is included in Section

5.2. A new electronic circuit for flow rate measurement is dis—

cussed in Section 3.3. This circuit will allow direct reading of

the flow rate and eliminate the calibration process.

- - VALVE CALIBRATION TO
- - FLOW RATE TEST

13 December 1977

Microprocessor GA (gpm) RA (gpm) RA (gpm)
Command Original Original Adjusted

0 0 0 0
20 0 0 0
40 1.2 0 0
60 1.2 0 0
80 1.2 0 0

100 1.5 0 1.2
120 1.8 0 1.5
140 2 .9  0 2 .4
160 3.0 0.5 3.0
180 3.3 1. 0 3.3
200 4.0 2.0 3.6
220 5.8 7 .0  4 .0
240 12.0 8.0 5.4
250 12.0 9.0 6.5
255 12.5 9.0 7.0

Table 2—2. Valve Calibration
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- 7 I’ x t e’ n to r En t  ra t t e ’ e’

(1 c’ e’ up.mn t coun t or t has .1 twa vs boe’n a p r i m a r y  c’Ofl s [do i’a t ion o

t i n e  res,’arc ’t m group . A f t e t  a number ot r e ar s  ot  ope ’ra t  t on  ot  t ime

so t  a n e’m ne F 5V s v st  ems w i t  in t n t  a Imouse’ e’ntv t ro m m nuen t • i t  was dcc I dod to

m e l t  i ’ve’ some’ of tine ’  t in t er r u p t  loins to  f a m i ly  l i f e ’  hr  i n s ta l l  lug

ant e t i ter out  r a m n c t ’ I nn to t he’ So t a r  l’ost  House ’. Tin is  cnn t r ance’ wa s

elt’5 I gttt ’d t o  at  low qin b k  , eli roe’ t access into t ine mee’It amt t e a l  room in

tine ’  h: n st ’n no n n t w i t  ito int 5e) in n g t imr o ugin t ito ma in l i v i n g  ar e a s .  Two

V I t ’wa o t t i m  i s  ox t o  r i o n  on t n au ce are  shnown in F igu r e  .~ — F - .

Tim e ’ e’on is t r ime - t len t o t I he ex t  or t o m  out t’ amn ce m cc l m l  reel cut 1. lug

h i t  o t i ne  ex i s t  l i n g  w a l l  5? rmn ~-ture of the ’  ino tnso.  The’ l oc at i o n

a I t owed ~I I i’ e’c t a c - o s s  t o  the h an d  t u g  on t ine at  a i n  a 1 e’ad I ng to

time ’  b: mse ’nne ’mm t . Tin Is r equ I i’e’d c u t  t I nn g I n t o  t int ’ hi’ h-k w a l l  on

hi ’ west a le li ’ ‘‘I t i n e  house. ttnn ‘F- Sept cmht ’ r I Q 7 1 , t i l e’ ~Ioo n w a ~

coni s t  rue t ion was st ~n, ’ t i ’d .  lilt’ 1 t ’st ’ n n e ’ hn  g roup  oha i - n v. ’41 t ime ’ t i n  I t  m a  I

- 
e’ut  t t u g  I n t o  t ito w a l l  t i m  c ’Fcle ’ l t c ’ n n o t  e t i m e’ i ’oi m c l I t  i~~n 01 t I ’e’ mi m-~’a I oam

t h a t  m aci he’enn I m ns e ’n I e’cl t h~e’~ e’ onn .‘ F’t ’h rua rv  l ’) 7 . The ’ m n i ’ ’ i  I cam c~a a

rev  i ’ i  led winomi the I mit or l ot  w a l l  was p u t  I t’d clown . i t  w , u a a t  1 1 1

pe’n lee’ t lv  I I t  I t u g  t ine ’  car  I t  v between t ine I ni t  e m b r  w a l l  ann d t in t ’

or I g i m l  t ’ock woo l I n smt hit  ten . ‘t’hon ’ i’ W Ot ’ e ’ “en r few “o I ch it nn O t  eel

between t ine ’ u t e’- i I oamm n m m c l  t int ’ .‘x6 e’emist m tn- t ton . SI  I gint  m e t a l  mmm ’ e’

marks ( s t a in s  ‘I w e’ m e ’ noted  mit  t int ’  bet t out of t in e ’ St tm d s but  no or idem’t’

0 I d I V  rot  was o 1’ at - F ~‘e’ct . ‘Vi~~ rent -k woo l I nan lmi t ion w .m a mit I l l  In

p1 ac ~ ‘ wit In no m ois t  ur e’ damage em - me I i ttuve ’  to It . Tint ’ St a (us en

( itt ’ be’ t torn of t int’ wall e’0t% let hav e-  been c ~use’d hr t he’ wmn t en I mig et
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grass outside and the sprinkler spraying the water onto the wall.

The urea foam, therefore , had not deteriorated at all , had completely

f i l l e d  the cav i ty ,  and had not caused any damage to the wall due to

the water pumped In with it during insertion.

The exterior entrance was constructed with a standard door ,

weather stripping and a storm door. An awning offers protection

from rain and snow. A vestibule was not constructed over this

entrance due to its cost and the use of the door only for access

during research activities.

2.8 New Evacuated Tube Collector System

After gaining experience with the parameters involved in oper-

ating the flat—plate collector system on the roof and ground arrays ,

the research group proposed to Investigate the operations of evacu— -

ated tube solar energy collectors. These collectors have been

developed in the past few years by various manufacturers to supply

higher temperature hot water than tI-me flat—p late collectors are capa-

ble of doing while still maintaining a high efficiency. This higher

temperature water Is necessary in some energy systems to power air

conditioning equipment such as absorption refrigerators . Although

tine Solar Test House is not programmed for researcin into solar

one’rgy cooling systems , it is felt research could still be con-

ducted Into the operations and maintenance of an evacuated tube

system. These collectors are beginning to be used in various large

systems In the Air Force. Practical applica t ions research and experi-

ence could be valuable to allow determ ination of and solution to

typical problems.
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After extensive investl ga r tonn u nto the different ty p e s  ot  these

c’Ol lectors [41, the on es made by ~emneral Electric - won ’ ~-inos emi .

Tine TC—100 Vacuunmn Tube Solar Collector (Figure 2-7) is representa-

tive of the current state-of-the—art for evacuated tube collectors.

Besides being less expensive than other collectors considered

( O w e n s — I l l i n o i s ) ,  the TC—lOO has tine following advantages:

a. Thermal energy is removed from the glass tubes by an

independent fluid system entirely contained In metal , which allows

the system to continue operating in the event of glass breakage.

h. Each tube lie’s in its own t ray which serves as a reflector

(Figure 2—8).

c. Improved reliability by omitting glass—to—met al seals.

d. Ten finned ioops are interconnected to form a serpentine

structure of ten ioops in series (Figure 2—9). This desi gn creates

s m nf  I t o  lent  co l l ec to r  pressure  drop to d r i ve  the  f l u i d  t t n m ’ om ng i m t ine

- s er p e ’ n t in e  w i t h o u t  t r a pp ing  a i r  and to insure u n i f o rm  f low d i s t r i h u —

thin in a row of collectors mount ed  in parallel to a common header

• [41. The final selection was also influenced by the  tact tha t no

research has been performed on the TC—lOO in the Colorado area,

while tine Owens--illinois collectors are being used by Colorado State

University on Solar Rouse III. All these factors led to the selec—

t h in  of tine TC—lOO for researcin at the Academy .

In order to install these collectors and still be able to have

quick access to t hem, the ground array will be modified as shown

in A ppendix  A dur ing the su mmer of 1978. By m o d i f v i n n g  jus t  tine
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SERPENTINE
OUTERGLASS TUBE I FLEX TUBE
(WINDOW )

HEAT TRANSFER
METAL FIN

+
EVACUATED
AREA

REFLECTO R SERPENTINE
FIXED TUBE

COATED INNER I
GLASS TUBE
(ABSORBER)

Figure 2-8. Cross Section of TC—lOO Active Elements [4]
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ground array , a direct comparison cami be made between flat—plate

collectors on the roof and evacuated tube collectors on the ground .

Tine microprocessor will be reprogrammed to change sli ghtly tine con—

t ren i algorithm Icr inclusion of special checks for evacuated tube

ccillectors. Due to ti-me rapid ability of these collectors to heat

water to very high temperatures , a check must be made on the col—

. le’ctor temperature before sending water out to the array after a

power failure on a sunny day . Ti-mi s and other peculiarities will

he’ observed and the capabil i t  ies of t ine cu r ren t  p lumbing  system

- 
determined for future A im - Force use of the evacuated tube  co l lec tors .

-
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CHAPTER 3 
—

INSTRUMENTATION_AND CONTROL_SYSTEM

3 1  Int roduct ion

The instrumentation and control system has performed very well

during the period of this report. Minor programming changes were

made to improve data gathering and transfer reliability but , in

general , no major changes were made. The main effort has been

spent on three systems yet to be installed : hot water prehea t

measurement system , flow rate measurement system and a new mini—

micro system controller.

3.2 Hot Water Preheat Measurement

The solar collection system provides energy for space heating

and domestic hot water preheating as described in the first interim

technical report. Measurement of that portion of energy provided

-to the hot water system has not been accomplished in the past hut

rather a comparison was made with t he  Control House. To enable tine

researchers to obtain more accurate data on the p e r f om -m a n c e  of t h i s

system , an electronic measurement system was designed and built.

Figure 3—1 shows the mechanical layout of the hot water preheat

system .

3—1
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Figure 3—i . Hot Water Preheat System

The equation descr ib ing  the  net  heat  f low r a t e  to the  domestic hot

- w a t e r  system is:

Q = M C ~ t\T

where: Q = Heat Flow Rate

M = Mass Flow Rate

C~ = Specif ic  Heat a t  Constant Pressure

A T = T2 - T
1

Over a given time Interval , with C~, constant , the total energy

gained by the domestic hot water system is:

t2 -
Q = C ~~~ M A T d~

tl
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I f  the t ime in t e rva l  is small , a reasonable - a p pr o x i m a t i o n  to t i - m is

equat ion can be obta ined  by assuming \T constant, t hus :

Q~~~~C M ~\T

In t h i s  p a r t i c u l a r  a p p l i ca t i o n , \T is obtained from 1, — T 1, amid

M f rom I n t e g r a t i ng  the f low meter  ou t p u t  over a one—see -om nd interval.

A block diagram of the ac tua l  e l e c t r o n i c s  sy st e m  designed f o r  t i n i s

measurement  sy s t e m  is presented in Figure 3—2 .

The t empera tures  T1 and 11 are - measured by two Relco P r o d u c t s .

In c .  , semiconduc to r  t e m p e r a t u r e  sensors placed in tin e ’ sy s tem as

i n d ica t e d  in Fi gure 3— 1. These t e m p e r a t u r e  v o l t a g e s  are i n p u t  to

an op— amp s u b t ra ct o r  to g ive  1, — 1~ or Vi’ . A pos i t  iv e ’ ramp ge’ne ’ra—

to r  w i t h  a per iod of  one second is one inpu t  to an 0 1)—amp compara tor

Power 
______

on reset L J

~~~~~~~ tr :ctor~~~~~~~~~p .mr~ftor ~~~~~~~~ 
Decade Cou n t er

_ _ _  ~ ~~~gi~ ~18L!~c i r c u i t r y 1

From Flow
Meter

Figure 1-2. Hot Water Preheat Measurement System
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w i t h  .‘\T as tine othe r  i n p u t .  Ti -me compara tor  o u t p u t  is thus  a square

wave with a one—second period whose pulse width is dir e ’ot lv propor-

tional to \T.

Tine potter meter output is a sine wave v o l t a ge ’ winos e t r e q u en c y

is  directly proportional to the flow rate. This si gnal is input to

a si gnal  c o n d i t i o n a l c i r c u i t  which provides impedance matching ,

ampl i f i c a t i o n ,  and o u t p u t s  a square  wave .

The comparator  o u t p u t  and condi t ioned  f low m e t e r  o u t p u t  a re

then  In p u t  to an ‘ AND ” gate , g iv ing  an o u t p u t  which is d i r e c t ly

p ropor t iona l  to Q. I f  t h i s  o u t p u t  is i n t e g r a t e d  ( c o u n t e d ) , a runn ing

total of the net heat transferred . Q, is ob ta ined .

The six di git output display tin -
~ represents a running total

o f  t i n t ’ net  energy provided to the lno t wa te r  p rehea t  system by solar

ene rgy.  To preclude erroneous readings  due to unmoni tor ed  power

fa i l u r e s , a power—on reset  c i r c u i t  c l ea r s  the c o u n t e r s  and f lashes

th e  d i sp l ay  u n t i l  the reset b u t t o n  is pushed.

3 3 Flow Rate Measurement Sys tern

The flow rate through the collectors is controlled by a variable

valve in series w i t h  the pump . One of 256 posi t ions  between f u l l

open and closed is selected by the microprocessor depending on the

values of the various control parameters. Originally , a valve cali-

bration curve was made , thereby allowing the flow rate to be deter-

mined by the data analysis program by knowing the selected valve

position. Due to play in the valve motor gears , slippage of ti-me

feedback potent iometer  and I t he r  errors  in the connecting l inkage,

3—4
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this method of determining flow rate has proven to be less than

desi rable. To measure more accurately and reliably the flow rate

through the collectors , an elect ron ic circuit was designed and built

to sample the flow rate over a time interval and input the results

to the microprocessor for recording.

A potter meter was installed in both the ground and r oof arr ay

loops. The sinusoidal voltage output  from this flow meter is input

to the circuitry shown in Figure 3—3.

Ground Array 
J~~~~di— Channel Selector

Flow ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I _____________

+ 8 Bit Counter

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

To Microprocessor
-‘*~~ ‘i-ca 

~ Input  Port
~~~ 0
0

Figure 3—3. Flow Rate Circuitry

The signal conditioning circuitry provides impedance matching and

amplification of the flow meter signal and outputs a square wave

whose frequency is directly proportional to the flow rate. The

channel selector merely provides a means for the microprocessor to

select and count the flow from one array at a time. An eight bit,

binary counter with  reset capabi l i ty  is used to Count the flow meter

3—5
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signal over a small t ime interval, The microprocessor subroutine

used to read the flow is presented in flow chart form in Figure 3—4.

~~~~ar)~~~~

- Enable Ground Arrayl

Reset Counter 
]

Delay 
I

Inpu t  Count and

Lstore in “Caf low ”

Enable Roof Array

— [~~Reset Counter

~~~~~~~~~~

Input Count and
Store in “Raflow”

1 _~

(Retu)~~~~

Figure 3—4. Flow Rate Subroutine

3.4 Mini—Micro System Controller

The Solar Test House facility is a research project and as such

has an extensive and elaborate data gathering and control system.

One of the main purposes of this project Is to recommend design

parameters and systems for use by the Air Force in actual applications.

With this in mind , a “mini—micro system controller” was designed and

3—6
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wil l  be installed to obtain design parameters and opera t iona l  data

on an actual solar system controller.

Most solar controllers  commerc ia l ly  available t oda y  are s implist ic

in desi gn and l imited in capab i l i t y .  They are p r imar i l y  b u i l t  using

disc reet components , i . e . ,  t r ans i s t o rs  and simple integrated circuits.

The si ngle most l imit ing capab i l i t y  of these e-on t ro l l e rs is tine

in a b i l i t y  to make control a lgor i thm changes. The cont ro l le r  essen-

tially has to be redesigned and rebuil t  for even minor changes. lt

Is fo r  t h i s  reason tha t a p ro jec t  was under taken to design a micro—

4 processor—based solar controller.

Figure 3—5 Is a f u n c t i o n a l  block d iagram of the prototype con-

troller. ii Is composed of three basic integrated -ircuits : the

2 
_ _ _ _  

_ _ _

- 
______________________-

~ 

i n t e l  8748 ~~~~~~~~~~~~~~ 1Ie~t t  Coil Pump
Microprocessor ~ A r r a y  I’mimp

Disp lay Chip  ~ Furnace (gas)
Selector  ~. ~ Furnace ( t a n )

Led Display

Teledyne 8700
AID Conver ter

Chip

- 

- Harris HT1818A 
-

Analog
Multiplexer

Chi p

Sensors

Figure 3—5. Functional Block Diagram of Prototype Controller

____ ______________  
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mie’i oprocessor chi p; the analog to digital convertt-r (ADC ) ; and

t ine  analog si gnal nnu l I Ip lex er  (AN UX) - The micropro cessor  sends an

address to t i n e  AMUX which g a t e ’s t in e  a p p r o p r i a t e ’  sensor si g na l  to

tine AIW. O u t p u t  f rom t ine  ADC is an eigh t  h i t  b i n a ry  rep r e semn t a t  ion

of t i m e -  sensor re -ad imng . Time con t ro l program I n ter n a l t o  t i m e  m t o r e —

processor  uses t h e  sensor readings to e- c n m t r o l  the outputs t o  the ’

f u r n a c e  m e a t  e’O 11 pump , roo t a r r ay  pump , furnace gas va lye  and fain

met  or .  Add it tuna  1 c- i  r cu i t r v  requ i t -ed  are tine di sp 1:tv and d ispla~’

Se 1 ~‘c t or sw i t  c-h used to  command the  microprocesso r to  dl  ~~ I a” sensor

re id I ngs ant i t i n e  ~c’we m~ supp I v t o  p rov ide  4- I ~ VDC f o r  t Inc sc -tm sor s .

AI)C and AMUX, and + 5 VDC t en r t ime mic roproe - e’ssur amn d d i s p l ay .  An~-

sensor providing a 0—10 VDC output may be used. lin t or face’ between

the  nn icr oproce ssor  and the pumps , gas v a lv e  and fan motor  is v i a  a

sol id  s ta te  AC swi tc in  such as Intet -nat ional  Re c t  if  ie -r swi t o m  #1) 1102.

The goal of t h i s  p r o j ec t  was t o  e1~~~ign a e- cm mn t rem t i e ’  r , when mass

4mr odue ’ed . to c-os t under  $100 ex c imi d in g  sensors and m t  or t ace swi t e’Ines

u n  add! t iomn , tine ’ svs t  em mus t  ha v e t h e  c~~p ah1i  I t v  f o r  easy program

changes.  The INT El. 8748 mi e  1-op roe 055c m r c hi 1m acc oump I i  ~ ite’ ~ t hose’

goals wi th  s t a t e — o f — t h e — a r t  t e chno l ogy .

1-8
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CHAPTER 4

THERMOGRAP H Y STUD I ES

4.1  Introduction

Thermography is the  app l i ca t ion of i n f r a r ed  photography to the

p r oblem of detecting thermal energy emissions from various sourc es.

I t  is  usual ly  used in the analysis of heat losses from structures

and underground pipelines as well as hot spots In electrical distri-

bution systems. Thermography studies of the solar collectors were

started in the second year of operation to attempt to apply tinis

technique to assist the researchers In discovering flow patterns

th r ough the clusters of panels. This section covers tine results of

the thermography studies during this past year of research.

4 2 Appii cat Ion of Techniq~~s to Roof Array

After the correlation of absorption surface temperatures on

tine ground array to thermograplmic data, ti-me thermography techniques

developed by the research group were applied to the roof array .

These techniques allowed observation of the flow patterns in the

roof array collector clusters in detail and eventually led to

correction of flow blockages [7].

Figure 4—la shows a typical thermograph of the first cluster

of tine roo f a r r a y .  This  p i c t u r e  ind ica tes  a norma l f low p a t t e r n

with a temperature difference of approximately 30°C between the  first

amid tinird panels. The fourth panel in the picture , which is tine

first one of the second or next cluster , is the same t emperature as

4— 1
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the first panel in the first cluster. Flow through these panels Is

therefore normal and apparently even.

However , the roo f array did occasionally experience blockages

dcie to trapped air. Figure 4—lb shows a telephoto picture of such

a blockage , The highest temperatures seem to exist in ti-me areas

where air would stop flow and fluid would flash to steam. Once the

first panel in this cluster is blocked , the entire cluster stops

transferring solar energy to the collector fluid and ti-me incoming

solar energy heats the absorbing surfaces. To clear this blockage,

an experiment was conducted to observe the effects of manual opera-

tion of the flow valves on the roof array .

Figure 4—ic shows ti -me blockage of the roof a r ray  in the th i rd

c l u s t e r .  Due to the hydrau l ic  s i t u a t i o n  in the  plumbing at the

collectors and the head losses in the supply l ines, the  t h i r d  clus-

ter was more prone to gather trapped air than any of tint ’ others.

,This c-luster was left fully open and the fourth cluster was shut

down manually by closing the gate valves to ti-me supply and r e t u r n

headers. Figure 4—id indicates tha t  the  f o u r t h  c lus te r  absorbing

surface temperatures were beginning to rise. The temperatures on

the t h i r d  cluster  were dropping and ti -me second c lus ter  was also

getting hotter. The second cluster had been shut down just after

the fourth cluster flow was stopped . Figure 4—le shows that the

second cluster was the hottest one with the third cluster obtaining

high flow to force the air out of it. The fourth cluster had been

reopened and also ref lec ted  the increase of f low.  This  series of

thermographa clearly indicates that an air blockage was the problem

4-3 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - —~~~~~- .----- - — - - - ----~--- -----—--- -- -- -------
-



~~~~~~~ - -~~~ 
,-—

~~ 

4 with flow In the third cluster, and not some mechanical blockage.

This is obvious because the hot spots could be moved around tine

system by manual closing of flow valves and tine forcing of the air

out of the clusters. Also , the tlnernnographs indicate the tempera-

tures of the absorbing surfaces through the glass and are not just

showIng reflections of sunlight off the glass. The final figure

(Figure 4—lf) shows that the’ roof array returned to a normal flow

pattern after the experiment. The air had apparently been dispersed

throughout the system and was not blocking any one panel. This

type of indication on a thermograph would be acceptable to a tech-

nician if ti-me system was being checked for trouble spots.

The results of the thermography studies conducted over the

course of this project are the following . Thermography inas been

shown to be a reliable cec lnm nl que fo r  de te rmin ing  the uniform flow

pa t t e rn s  of large clusters of solar collectors by displaying

~ hsorb ing  s u r f a c e  t empera tures  p i c t o r i a l l y . This i n f o r m a t i o n  would

allow periodic checking of solar collector systems by maintenance

personnel without using temperature sensor systems installed on all

the collector absorbing surfaces. Uniform flow and temperature

distribution would then lead to higher efficiency from ti-me imistalled

collectors. Mechanical problems would be pinpointed and rapid repair

accomplished in minimum time.
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CHAPTER 5

DATA ANALY S I S

5.1 Introduction

This section e I tine report e’e~’e’rs the analysis of time data

from tine I~ast  s-ear of operat ion. Timis data is then compared to  t ime

data from the previous reports to allow yearly analysis. The

eel tector performance is discussed and problem areas of tine e n t i r e

system reported . Natural gas and e ’I e ’ c t r i c i t v  consumpt ion  are

I i st e ’d for use in determining time cost  of ti-me sem la m- energy system

opera t ion  and , f i n a l l y ,  overal l  an a ly s i s  of per~ om - nmance of the

tota l  system is discussed in d e t a i l .

5.2 Past Year Perform ance

Throug hout t h i s  past  y ear  • t ine pe r fo rmance  of the s o lar  e n e l g v

systems as a whole improved stead i l v .  This improvement was cv t denc’cel

~v improved cf I ic iency in supply i m g  t ine thermal  demand of t ine house’

and the lack of the major problems tha t  have been t vp i c - a l  of  t ine’

f i rst  few years.  This  sec t ion  d l s e ’tmsses the  past s-ear ’ s per formance

w i t h  emphasis on these improvements.

As an example of the differences between the per formance  in

the winter of 1977 and 1978. February was again chosen f o r  amnai vs is.

Fi gure 5—1 shows the heating demand during February 1Q78 and Fi gure

S— 2 the degree days for the same m o n th .  The total ineating demand

tints month was 938 1 NJ (8. 9x106 Stu) of which solar e’ne ’rgv supp l ieel

4646 NJ (4.4xl06 Btu) or 50 per cent. - The figures in 1Q 7 7  reflect

5—1
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t h a t  solar energy supplied 3436 NJ (3.3xl06 Btu) of a 7741 NJ (7.3

xlO 6 Btu)  load , which was 44 per cent  that  year .  Th i s  improvement

cannot be accounted for by a less severe February in 1978 due to tao

degree days in 1978 being 1002 and the ones in 1977 were 923. Thus,

the heating load in the past year increased due to lower ambient tem-

pera tu res , and yet  the solar energ~- contribution to the house heating

demand increased.

Other interesting comparisons can be made between the two February

figures. The house heating demand does not closel follow the degree

day s curve as would be expected . Most of the  month,  the demand stayed

around 300 NJ per day wi th  a small increase shown on the highest degree

day t i-me entire month (18 February). The Solar Test House apparently

was massive and resistive enough due to the extra insulation in the

walls to dampen out the severe weather effects , but a t  the same t ime

not benefit from warmer days toward the end of the month .  F u r t h e r

discussion on this point is included in Cinapter 6.

The performance of solar collectors is shown in Figures 5-- .1 and

5—4. The first one shows the high amounts of radiation available to

the arrays at their tilt of 52° when compared to horizontal during

this month. The second figure reflects the higher efficien cy of the

ground array during almost every day. The total energy avai1abL~ to

the two arrays was 18,776 Md (17.8x106 Btu) of which 7t~~7 NJ (7.2x106

Btu) was collected and sent to the storage tank. linus. the total

efficiency of the system this month was 25 per cent, which is tine

ratio of the available energy to the energy supplied to t i-me house.

5—4 
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When t ine t o t a l  year from May 1977 to A p r I l  1918 is  c l o s e l y

e’Xfifli  timed , t ine fol lowing results .ire found . Figure ~
— S shows t h e

mointhly house heat  lu g  demand fo r  t i n  is p ast  year  and t ine pe rcen t age

of solar provided energy to  suppl y t h a t  demand - As can he’ seen in

that  f i gur e , the solar energy system provided a s i z a b l e  amount

of energy t o heat t ine ’ m ouse , In c  I t i d Ing  100 per c e - i n  4 o f  ln e:n t ing

loads In May and Oct ohe’r - Tine t’ t f I  c icncy by mont In s I s  sinown In

F i g u r e  5—6. The months during tim e summer were  a l so  100 per ce’fl t

sel at • hut  the  n-c was l it  t i e  o m tie I oad elmi r l u g  t h at  t [me’ . Time ’

exac t  f i g u r e s  on tine c f f 1  c i  c i n cv  a r e - 11 steel I in Tab! e — 1  - T i n t s

t :nb Ic ’  11 im a s t r a t  es t ine  :nbi I i t  v o I t ime  s o lar  etn ergy  sy s t e m  t o  supp iv

energy to sa t  i s f v  soflI( ’ p or t  loins of large loads In t ine ’ w f m n t er when

t ine ’ demand is t he l it ghes t and lie energy ~~~ I lab I t - t li& ’ l owest - Tim e ’

in 1mm imum e f f 1  c lency was r e ach ed to J:ntnunry when t he’ per ~
- cii  t supp ii e’d

hot  t omed e m i t  f i t  34 p en - cen t  of  t he demand o i ~07 N~I 4 - 1 x I 0~’ lit  u )

- supp l t ed  f o r  a t inerm a I defll)Lfl(l of 10 .425 N_ f (q - Qxl t)~ ’ l i t  i t )  -

f ur  l og  t in t ~ r epo U t in g per I od , t h e ’  degree .f.ivs dii t -n sinowe d ha t

a in u : n ry  was t ine  c o l de s t  mont  in ( Figu to ‘ — 7 )  . This  d i t  :i a I so simowe .d

m t  t ine homi so ine.’n t i  ng d e’mand on Ft gure S— S f o i l  owed t he mon t i n  I v

degmt -m- d ay s  t r t - i n c i s  v er y  -lose l V w i t  in t ine I i i ~tht’st load a l so  in

J an u ar y  - However , t ine s teep I y de -re ’:ns ing degree d.i~’s cu rve  f r o m

.J - iinii:n ry to April was not mat cined exact ly by tine t ot -i I I oad dropp I in g

as rapid Iv . Winen c o m p a ri n g  Fi gu re  ‘ — S and Fi gu re’ S— i , t m l s  e’fifl he

observed by not  I mig t i ne  e l i  4 I ( ‘rent rate of dec toas t -  In  L i n t ’ ~ienks

di i  r I ing t inese mom t i n s .  Detail H of  tints observa t [on are  Inc  En d e d  in

L 

Se c t I o n  6 — 2 .  I t  Es sufficient here to say tints rate - d i i  fe re ince 18
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TABLE 5—1

House Heating Demand

May 1977 to Apri l 1978

Mon th Provided R~j~1red

May 1977 542 100 542

Juno 1977 000 —— 000

. Iu ly  1977 000 ——
Augus t  1977 000 —— 000

September  1977 68 100 68

October  1977 3576 100 1576

November 1977 4396 67 6525

December 1977 4427 61 7244

.Ian uarv  1978 3507 14 10425

February  1978 4646 50 Q 183

M arch  19/8 5428 66 8201

- A p r i l  1978 6086 89 h865
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the effect of the house not being occupied .

Finally , Table 5—2 lists the cumulative house heating demand .

This table r e f l e c t s  the continued improvement of t he  solar energy

sy s tem ’s per fo rmance  over previous periods. The to ta l s  on tine

table accumulate ti-me energy required and solar provided for e’acln

~-e.mr ending during that month .  The final figure of 59.8 Imer cot-m t

is the per cen t  of tine house tneatlng demand supplied by solar energy

from May 1977 to April 1978. This is much higher tinan the  same

per iod of time last ~‘ear when tine percentage was .~8.6 i~’m- cent.

5 . 1 Collector Performance

The past vc’ar ’s collector performance was d i r e c t ly  a f t  ect ed  1mv

t ime r educ t ion  of f low t in at  was mentioned at ti -m e end of the second

in te ’r lm tech n i c a l  rep ort •  Figure 5—8 shows the reduced ci f i c i e n e y

tha t resulted from the reduc t ion f rom 30. 3 l l t e r s / m i m n  (8 gpm) to

15. 2 1 i t e r s /m in  ~ gpm) - A f t e r  tI n is cLinge’ in ope’r at  ton • it

obviou s  tha t tine values had to be r ec a l i b r at e d  to a c cu r a t e ly  ~nn a l v ;t ’

the f low rates .  The lack of . nccu ra t e  data  in June and J u l y  i s

r e f l e c t e d  by tI-ic incomplete a n a ly s i s  du r ing those mon t In s .  Also .

A p r i l  1977 is included In Appendix B to show the a na l y s i s  of t h a t

d a t a  wi th  the new ca l i b r a t i ons .  Ti-me t o t a l  amount of c’mwtgv av a i l- -

able is shown in Figure 5—9. Tine pyranomctct- was calibrated at

National Oceanograpinic and Atmospincrie Admini stration (NOAA ) In

September 1977 and was shown to be within 4 per cent of tine staineia rtl .

Ti-me system was shut down during July 1977 to allow d ra i n ag e  ~~t tine

storage tank to lower the intake va1ve~.

5— 12 
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TABLE 5-2

CUMULATIVE

House Heating Deman~!
(I-ti)

Month Solar Provided Total Req~~jymnnents

May 1977 25433 49.0 51b98

June 1977 24542 48.3 50804

Ju ly  1977 2454 2 48.3 50804

Augus t 1977 24492 48.3 50754

September 1977 23760 47.5 49984

October 1977 23715 49.9 47530

November 1977 23417 54.1 43284

December 1977 25392 58.1 43688

January 1978 25785 55.7 46259

February 1978 26995 56.4 47901

- March 1978 17842 56.6 40210

Apri l  1978 31702 59 .8 51051

5— I l
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a The steady rise in efficiency shown in Figure 5—8 was examined

closely. The analysis of the data during January to April shows a

steady decrease in the temperature’ difference between the fluid in

the collectors and the ambient air. This difference was 51°c (91°F)

in -January, 48°C (87°F) in February, 47°C (85°F) in March and 42°C

(75°F) in April. These figures came from analyzing the data for

good collection days during those months while the system was func-

tioning normally from at least 10 a.m . to 2 p.m. This data analysis

also led to Figure 5—10, the efficiency curve for the solar collec—

tors during good periods of collection when there was clear weather

and no snow. This data therefore supports the steady increase in

efficiency at a slower flow rate during the spring.

The overall efficiency of tine solar collectors during t ine past

year was 32.9 per cent with 66.863 Md (63.4xl06 Btu) collected out

of 203,067 NJ (l92.5xlO 6 B t u )  available . This was cohmpared ti ’ tine

efficiency during the period in the second interim tecinnical report

where the ef f i c i ency  was 52 .5  per cent (98 ,417 NJ col lected from

187,588 NJ available). The sacrifice in collector efficiency was

the resul t  of the slower flow ra te  which allowed h igher  temperature

water to reach ti-me storage tank. The effects of ti-m is higher temper-

ature water are discussed in the overall analysis in Section 5.6.

5.4 Problem Areas

This report period was charac ter ized  by fewer major problems

tinan during the past years of operation . Generally, the solar energy

sy ste m ran well wi th  most minor d i f f i co lt i e s  involving ti -me actual

collection and distribution of the energy . The problems that did

5—1 6
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occur are discussed in th i s  sec t ion ,  inc lud ing  air  in t i n e  roo f a r ray ,

the make—up water system , absorbing surface deterioration , and i low

rate determina tion.

The solution to the air in the roof array problem is discussed

in Section 2.1. This bleed air system functioned relatively well,

releasing the air during the day and not allowing it hack in at

night. The problems that developed had to do mainly w i t h  the

specifications on the valves themselves. Caution had to bc used to

insure that the bleed air valves could stand the 420 kPa (60 psi)

pressure that sometimes occurred in the roof array plumbing due to

the flashing of tluid to steam in areas where air had not been

completely released . Some of the valves chosen were not specified

to at least this level and failed , allowing steam and fluid to escare

and leak during normal operation . New valves were procured w i th

maximum allowable pressure at 525 kPa (75 psi). These functioned

very well , and completely cleared up this problem area. The bleed

air system now functions perfectly when combined with tine make-up

water system.

The make—up water system functioned as planned after it was

installed. It replaced any released air in the systems with water

at-md maintained positive pressure at all t imes. However , the failure

of the bleed air line on the ground array , coupled with the research-

ers not spotting tine leak, led to the failure of a collector by

freezing the diluted fluid . This problem was cleared up by the

manual operation of the make—up system- by the resident engineer.

The occasional checking of the collector loop pressures and opening

5— 18 
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the make—up system to allow water  into the col lectors  proved sa t i s—

factory . Any a i r  in the system was cleared out gradually and h ig in

e f f  i i -iencv was restored to the  a r r ay s .  Tine t empera tu res  on tine

absorbing surfaces would decrease over the period of a f e w  day s ,

and steam and air  would stop coming out of the bleed air  valves.

A close check f r leaks and a periodic check on ti -me f l u i d  mix ture

insures  no reoccurrence of tine d i lu t ion  of tine e thylene  glvcol down

to f r eez ing  levels. Tine two sy s tems , bleed a i r  and make—up wa te r ,

f i n a l ly  solved the  a i r  blockage p rob lem.

The c o l l e c tor s  themselves have performed very w e t i  s ince  ac tua l

d a t a  ga the r ing  on performance s t a r t ed  in December 1q75. However ,

minor  su r face  de ter iora t ion  has occurred on some of the col lector

absorption s u r f a c e s .  Fi gure S— li  sinows th is  d e t e r i o r a t i o n  on one

of tine roof a r ray  panels. The s u r f a c e  pa in t  has peeled o f f  in a few

l em e’at ions on t h i s  co l l ec to r  to expose the  copper undernea th  to direct

.sun l i g ht .  This s p e c i f i c  panel ’ s sur face  was the wo rs t  one of all the

c o l lee - t o rs , at-m d tine vast m a j o r i ty  of them do not h ave aim f a i l u r e s  at

a l l .  Tinis minor amount of peeling was not considered a si g n i f i c a n t

problem. The stains that show up in this figure are from the out—

gassing ment ioned  in the f i r s t  i n t e r i m  technical  r e p o r t .  The absorb—

ing sur faces  were allowed to be in the sun w i t h o u t  f lu id  flow dur ing

tine first days of installation and these patterns of stains on the

glass resulted . Both of these problems , the surface deterioration

and the glass being stained , will be investigated by cadets in the

ma te r i a l s  a rea through individual  research projects.

Flow rate determinat ion continued to be a problem in the data

5—19
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I ot t lie p t i ’c I $t ’ vat Ut’S of ~-o l l ~~c t t~d energy used In so t a r  pa t n e l

i - f  I l~- ie ’u -v c a l c e i l a t  lo ins .  Th e- I low t a t e  t - a l  i h r i t  te n t n men t ioned  in

Sect iou 2 . S was su I I  I c  I e’n t I ot ac ~ ti rae v on t int ’ ( 1  tin e’ ~ t ’ r I od in ca i

the act nat ~-a I t  b r at  t etn  Meci n at ~ I c a t  s l i ppage I tn t he’ v~1 1 ye coin t ro li e ’ r

w ou l d  make’ that a-a L thrat b i t  a innoint tnt v t n ec -ess i t  v - Tint’ I tow e-ouut er

t I re ’u I t  dl 5e~U 5 sed n t~in~ni’ t e’ t I w i l l solve tin is prenb Ienn by providing

t i t t ’ at~ t ua I flow r a t e  to tine ’ ama lv i s  pre igr am t t i r oug in t i n t ’ dat  a

~~ I t i i cEc ’tI t ’v t i lt ’ m i e ’t-opt -ocessot - t i n  i s  w i l l  be ’ ex t  retlt e~ I v  et -  i t  i i a  I
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‘. Nat  u t a  I t : .ls anti i- l e c t i  Ic  t t y  ~o m n s t t u n p t 1 o n

Tin e m u ’  t t’r I ng of t int’ m a  C u t a h  gas usage ’ - i nil c i  t ’t t  t Ic i t  v comnsump—

Ion t -OU t I tnue ’d t i n  t -ougit  t i n t s rt ’pen i t  period - A i t  t nou gt t  cc ’ i t e l  at  t on

b et  wt ’cn he Cotn t t o I h ouse’ (& 11 ) a in tl t int ’ So I a i Fi~st ito use i, ~ I l l )  e’on t t i n—

tit ’ cl t o  be ve tv t i l t  I I cii i t  due t o  t .itin i i v  s I _~t ’ . t m n ~i a c t  I v  i t  v u t  I t r t ’n ccs

tie I I Sn ics I o t ( . l ) ~ in ~ t t ime I I I  Et ’ c u t  st  i l l  be i i s t ~et t o n  I m d  I - a t  t ons  o f

I inc  t ’ I I cc t I ~t ’tn ess o f the t i  so l ar  t’tn i ’rgy sv st  t ’tnn and c i te  t gv t - o m n s e ’ t v a

iotn. tat ’ 1 ’  ‘
— I si n ews t iii ’ s.uv i ings t e a  I I :t’el by titt ’ t15e 01 Se 1 Lu t

t’unt - I 5\ t e ’ t t m c ’ 5TH t i n e u m a  1 1 Olnils - Tin is tab  i t ’  is a sifluIthi t V 0 t tine’

( t n t  e t  wa t I oi-m In  Append ix t~ - Th ese’ I I gures sinow an i mn ~ t e ’~lse ltn ( itt ’

i u . i  t n ra  I gas say I ngs ol t i n  is  j nas  t ve ’.u t whe ’n cotn ip. l red w (tin the same’
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savings  were only 36 per cen t .  The f i gu re  on domest ic  hot water

(DHW) savings reflects the solar energy contribution t o  that load

by saving 46 per cent of tine na tu ra l  gas. This number is s t i l l

the only means of determining the effectiveness of the solar energy

system until the hot water preheat measttrement system is installed .

NATURAL GAS SAVINGS ( f t 3)

Total HHI) DHW

CII 202 ,190 145 .630 49 ,840

STI1 97 , 740 73 , 340 27 .130*

Savings 104 ,450 72 , 290 22 , 710

2 52 50 46

*Includes 800 f t 3 added fo r  February to April 1978

Table ~— 3.  Na tu ra l  Gas Savings

Electricity consumption of the STH is also listed in Appendix c

i c y  to ta l s  measured f o r  each of t ine major  components:  tine f an  and

tine four pumps. The total consumption of electricity to power the

solar energy systems during this last year was 3942.6 KWH. Since

ti-me fan would have been used to provide the house heating demand

(iIHD) even with all natural gas, the consumption witinout it was

2569.3 KWh . Tine energy delivered by the solar energy system during

tin is t ime was 50,756 MJ including tine figure of 19,054 MJ (l8xlO 6

Btu) for 22,710 cubic feet of natural gas for 0)1W. The ratio of

MJ/KW }I was 19.75 and 18,720 for Btu/K,WH.
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5.6 0verall Anal~~~f s

This sect ion of the repor t  w i l l  examine the t o t a l  performance

dat. i fo r ti -me solar energy system throughout  the e n t i r e  opera t ion

since start up and data gathering began. The system ’s efficiency

for supplying the heating demand of the Solar Test Rouse is shown in

Figure 5—12. This figure shows the gross amounts of solar energy

provided toward satisfying the thermal demand . As the system opera-

tion became more efficient and the Parameters more closely aligned

with design values, the solar energy system supplied more and more

e’mtergV to the house. Figure 5—i I illustrates t h i s  overall increase

in etficiency. The earliest nnonths of operation were plagued with

start—up problems and the latest months reflect tine changes in

operation that allowed the system efficiency to increase. Some of

t in &’se ct-manges were tine storage tank voh.me reduc’tion , slowing of

the ’ f low r ate tinrough tine solar ce’ l lectors and tine u se’ t c f  urea foam

- in ti e structure to decrease the load.

Figure 5—14 shows the over all degree days data for tine period

ot the project. This illustrates t h a t  the two winters tot all y

covered by this time were not extremely different in severit y .

Figure 5—15 si-mows tine insolation ~n va t1ab 1e to the a r r ay s  and Illus-

trates that tine two summers m ad sli ghtly different peaks in radiation

rates. These two figures re’flect the varIations that occurred due to

weatiner phenomena affect ing temperatures and m acm t ion . The varia-

t ions between them are illustrations ot actual data as It occurred

and i-mow It cain he different from year to ve’ar. Des igne’i-s must

remember the averages listed in most sources can he mIsleading
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,, when extreme years occur or exact predicted performance is expected

during each period of operation .

Overall , tine following data are the results of the compari-

son between the two years , May 1976 to April 1977 (1977) and May

1977 to April 1978 (1978). The degree days decreased 9 per cent

from the first year to the second with the figures being 7148 in

1.977 and 6480 in 1978. This was reflected in a slight decrease in

the house heating demand over the same period . The heating load

In 1977 was 53,256 MJ (50.5xl06 Btu) and in 1978 was 53,051 MJ

(50.3x106 Btu), which was a decrease of 2 per cent. The explanation

why this decrease was not greater is discussed in detail in the

energy conservation section. For now, the lack of decrease is

thought to be a reflection of the effects of no occupants in the

house during the winter of 1978.

Solar energy provided 48.6 per cent of the house heating demand

in 1977, 26,353 MJ (25x106 Btu) while in 1978 it provided 59.8 per

cent , 31, 702 MJ ( 30x106 B t u ) .  This overall increase of 20 per cent

more energy provided from one year to the next was due to a number

of factors. First , the collector flow rate was slowed to a lesser

value during 1978. This led directly to a decrease in collector

efficiency, but an increase in tine temperature of the hot water

coming back from the collectors into the storage tank. Secondly,

the storage tank mass had been lowered to a level which allowed the

mass to react more quickly to the hi gher temperature , slower flowing

solar collector fluid. This effect then allowed the tank to rise

to a higher, more usable temperature level for use in tine house

5—29
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p heating cycle. The storage tank did not have the capability to

store for as long a period , but was usable more often . Thirdly ,

the urea foam and other energy conservation did decrease the thermal

load of the structure at first and allowed the solar energy system

to attack a smaller problem. Figure 5—12 shows this lowered load

in the two Octobers and Novembers. Continued performance improve—

Inent due to this action stopped when the occupants departed.

If the efficiency of the total system is examined in detail,

the following results. The ratio of the energy available to the

energy actually delivered to the house was 14 per cent in 1977 and

16 per cent in 1978. These percentages in just the heating seasons

were 19 per cent in ).977 and 25 per cent in 1978. Both sets of

figures show the improvemen t of overall performance obtained by the

variation of the previously mentioned parameters. Specifically,

collector performance was sacrificed for overall system performance.

- The slower flow through the collectors lowered their efficiency,

the lowered tank mass decreased storage capability, but the energy

supplied to the house increased . Since the problem is one of

keeping the structure warm, those sacrifices were considered worth-

while. At present , it Is not known if the optimum has been reached.

If some slowing of the flow rate is good , could there be an even

lower rate that ’s better? Storage tank mass could be lowered further

to investigate the effects of the tank mass parameter . These

two steps will be possible during the next research period with

the following problems. Flow rate must be determined by actual

measurement and not valve calibration. The flow counter will

Y 5—30

-5 
—



-- - • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5~~
—

~
•-.

~

perm it this determination and overcome the hys ter isis e f f e c t s  of

the valve position during operation . However , the storage tank

may be heated to a much higher level during testing and operation

of the new , evacuated tube collectors. This will cause problems

in determining the e f f e c t  of the f low rate reduction during the

next winter due to the possible elevation of the total system ’s

fluid temperature. The storage tank heat exchangers are currently

In position at the bottom of the tank. Any further reduction of

the water level would expose them to t u e  a i r .  Thus , w i t h o u t  new

plumbing of the heat exchangers , the present level is as low as the

- 
I water can be without very poor heat exchange occurring .
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CHAPTER 6

ENERGY CONSERVATION

6.1 Introduction

Since the outset of the solar energy project, the Solar Test

House heating load has been closely monitored and attempts were

made to reduce it. The second interim technical report listed the

major efforts at reduc tion, including the use of urea foam. This

chapter will cover the continued results of those energy conserva-

tion techniques and the apparent effects of the lack of occupants

during 1978.

6.2 Reduction Due to Conservation Techniques

• The last energy conservation technique applied to tine Solar

Test House was the ins ta l la t ion of in ter ior  s torm windows on a l l

the windows of the s t ruc tu re.  This t r ip le  glazing would cu t  down

- the conduct ive  losses through the windows by c r e a t in g  an o t h e r  dead

ai r space of insulation between ti-me outside and inside air. Infil-

tration losses would also be decreased due to the more ti ghtJ~-

sealed windows resulting from the close f i t  of th i s  ex t ra  l ay e r  of

glass and frame. Some extra solar gain would also occur by the

reduction of the re—radiation of the energy back through the glass

• after the interior had absorbed it and emitted the radiation.

Appendix D shows the expected difference that the third layer of

glass could make. The reduction in expected load would he 13 per cent.

Table 6—1 l i s t s  the heating demand for  tine Solar l e st  House as i t

actually occurred from October 1976 to April  1978 for  comparison .

4 6-1
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“ TABLE 6-1

HEATING DEMAN D
(Natu ral Gas and Solar Energy)

Month DD CH STH STH/CH STH/DD
°F MJ MJ

Oct  76 698 9 , 27 9 6 , 056 0.61 8.68
Nov 906 15 , 169 10 , 771 0 .71 11.89

Dec 1054 21,537 7 ,029* 0.33* 6 .67

Jan 77 1125 25 , 103 7 ,854* 0.31* 6 .98

Feb 921 21 , 126 7 , 741 0.37 8.40

Mar 986 20 , 371 6 , 892 0.34 6.99

Ap r 603 17 .132 3,024 0.18 5.01
May ?97 1, 737 542 0.31 1.82

Jun 20 0 0 — —  ——
J u l  16 0 0 —— ——
Aug 56 0 0 —— ——
Sep 173 655 68 0.10 0.39

Oct 546 5, 521 3, 576 0.64 6 .55

Nov 846 12 ,493 (-i , 525 0 .52  7 . 7 1
- Dcc 950 18 , 626 7 , 244 0.39 7 .63

Jan 78 1191 22 ,385 10,425 0.47 8 .75

Feb 1002 19 , 348 9, 383 0.40 18.12

Mai - 801 18 , 005 8, 201 0 .46  10.24

Apr 582 10, 102 6, 865 0.68 11.80

* P a r t i a l  Data
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Ti-me heating demand supplied by either natural gas or solar energy

continued to show a reduc t ion  f rom past loads through tine f a l l  of

1977.  This is evidenced by the lower r a t io  of hea t ing  load to

degree days between 1976 and 1977. The data fo r  the  months  of

— December 1976 and January 1977 were cha rac t e r i zed  by problems w i t h

the t r a n s f e r  programs and were considered to be p a r t i a l  f igures .

Therefore , fo r  the  ear ly par t  of the heating season this last year ,

cont inued energy conservat ion resul ted  from the techniques employed

at the  house.  The d i f f e r e n c e s  in the magni tudes  of the demands

of the Control House and the Solar Test House once again illustrate

the poor co r re l a t ion  between these two s t r u c t u r e s .

6 .3  - inc reases wi th  Lack of Occupants

The con t inua t ion  of the r educ t ion  in heat ing  demand of the

s t r u c t u r e  stopped in Februar~- l97S.  This can be seen by examina-

t ion of Table 6— 1. The r a t io  of hea t ing  load to degree  day s

increased dramat ica l ly  that  month and remained hi gher ti -man the

previous year ’s f igures  th rough  Ma rch and April 1978. The only

si g n i f i c a n t  change that  occurred dur ing th i s  period was the lack

of occupants  in the Solar Test House.  The resident engineer  and

h is  f ami ly  depar ted PCS In January  1978. From then on , the  hea t ing

demand apparen t ly  increased w i t h o u t  a large increase in degree

days .  That  r a t i o  went up ,  and so did the r a t io  between the Cont ro l

Hou se and the Solar Test House loads. Correlation between these

two demands is not good , but the fact that the ratio changed in

parallel with the apparent increase in Solar Test House heating

+
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load w i t h  respect to degree days leads to conf idenc e  in the f i g u r e s

in genera l .

Some possible reasons why a house load could increase w i t h o u t

occupants follows. The Solar Test House Is so well insulated ti-mat

infiltration has been cut down to insignificant levels far below

ti-me usual figure of 20 per cent to 30 per cent of t h e  heating load .

Tine urea foam in the walls and especially the addition of vestibules

would account for that phenomena . The occupants leaving eliminated

the usua l gains from cooking, lights , body heat , c l ean ing , and

o the r functions of a household . There is less  mass , such as fur-

niture , in tine structure to hold energy and less i n s u lat i o n  on the

f loors  due to no rugs . Sola r ga ins throu gin the windows were reduced

due to the  b l inds  being f u l l y  closed with no occupan t s  in ti-me h ouse .

Th is e f f e c t  is especially im port an t du r ing the  w i n ter  month s  when

the sun is low in tine sky. From all  these reasons , and from tine

- f i g u r e s  on h e a t i n g  demand , i t  appears  t ina t  a wel l  i n s u l a t e d  m ouse

experiences  an increase In inea t i n g  load w i t h  the lack c t  occupan t s

when t i-me onl y measu rements being made are  t inose o f t i ne  natural

gas and so l ar  energy c o n t r i b u t i o n s .  The input  f rom other  sources

‘1 t h e r m a l en er gy  were not measured dur ing  t h i s  t ime . These f i gures ,

,.- r , - t . ’re . must he viewed w i t i n  t lie consideration of the possible

- - - i ’ -  I ~~~ t .’ me i’ t I ng t h e  he.i t lug demand of ti -me n a t u r a l gas used

- - - - . ~ I eel r Ic t v consumed In Lin e lions’-’



CHAPTER 7

DESIGN PARAMETER ANALYSIS

7 .1  I n t roduc t i on

When the solar energy research project  began a t  the  USAF

Acade my in 1975. desi gn pa rameters were usua l ly  found in very

technical papers or reports on research. Few, If any , existed

within easy reach of a typical engineer just starting out in this

desi gn process. A few rules—of—thumb [SI existed within the

solar design field, hut they , too , m ad to he tracked down by obtain-

ing reports on past work. Today , the  area of design parameters has

expanded greatly, almost to the point of having so nnuc h In f o r m a t i o n

tha t an engineer is hard pressed to separate  proven ones from hopeful

ones. This section of the report will list the various desi gn

parameters that were used originally In the desi gn of tine Solar

Test House and the verification or modifications of these as tine

pro jec t  progressed . The “ f ”  char t  method 16 1 w i l l  he d i s c u s s e d  in

l i g h t  of how closely t h i s  techn ique ot  p r e d i c t i n g  pe r fo rmance  came

to the  ac tua l  f i gures  b r  t ine  Solar  Test House.

7 . 2  Collector Area

Due to the high cost of t h i s  component , col lecto r area Is

usual ly  the f i r s t  considera t ion examined in desi gning  a solar energy

system . Collectors ” “rv greatly in their efficiency , absorption

surface materials , glass layers and even general construction .

However , some guidance does exist on first estimates of the required

area of panels.

‘U-
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A rough es t imate  can he made of the  area of t h e  c o l l e c t o r s  i f

the following parameter is used . The area ~f ti-me structure to be

heated is de te rmined  and 25 per cent to 40 per cent of that area is

required for the  solar co l l e c tor  area . It  is es t ima ted  t h i s  w i l l

provide between 40 per cent to 70 per cent of the heating demand

in an active system .

The area of tine Solar Test House to be heated Is 176.5 m2

(1900 ft 2). Using the recommended factor for collector area yields
- )  -)  2a range of 44.1 rn (475 1 t )  to 70.6 m (760 ft ). The overall

e t f i c i e n c y  for heating the m ouse with solar energy from Section 5.2

was 60 per ct’nt. This f i g u r e  f a l l s  in to  the efficienc y range men-

tioned for the  estimated area o t  co l l ec to r s  since t i n e  a rea used on

the  Solar Test h ouse was 50.7 m2 (546 it 2). Since there is a wide

spread in the possible performance of t h e  various collectors and

t he  loads of different houses , this design parameter appears suf—

- 
f i c i e nt  fo r  use as a first estimate collector area.

7.  1 Col lec tor  Ti l t

Once the  area of the c o l l e c t o r s  has been e s t i m a t e d , t h e  t i l t

or slope w i t h  respect  to t ine  h o r i z o n t a l  must be det e rmined , impor-

tant structural and arcinitectural considerations depend greatly on

t h i s  parameter. The additional load onto a roof structure , or t ine

p l a c e m e n t  of a ground a r ray  both  require  tine ang le a t  w h i c h  the

c o l l e c t o r s  w i l l  be placed in order  to desi gn the  s t r u c t u r a l  members.

In a retrofit application , the tilt determines whether or not the

collectors can he placed on the roo t without additiona l strengthen—

lug of the existing trusses .

_ _ _ _ _ _ _ _  
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Many sources  l i s t  guidance on d e t e r m in i n g  the t i l t  ot the

solar energy c o l l e c t o r .  The angle  depends gr ea t ]\ -  on t ine  applica-

t ion intended . Most ru le s  recommend t i-i c slope t o  be l a t i t u d e  plus

100 to 15° for heating appli cations , latitude for domestic hot

water or other all year applications , and latitude minus 100 to

15~ for cooling .

The angle act on the roof array is 52°. This falls into the

range of lat i tude (39 °N) plus 10° to 15° (49° to 54°). Although

structural considerations played a large role in th is angle ’s

d e t e rm ina t i on, it was set at t i n e  a nn i e  t o n -  heat tug or w i n t e r

a p p l i c a t i o n s .

The ground array t i l t  was cons t ruc ted  at 450, w i t h  saddles

and hinges to allow changes to 520 and 600 . These var i ous  angles

a l lowed  research into the e f f e c t s  of t i l t  in co l lec tor  e f f i c i e n c y .

As has been discussed in the second in te r im techn ica l  repor t  and

- in Section 2. 1 of t h i s  repor t ,  the va r ious  angles wer e h o t t e r  than

52” for  c o l l e c t i n g  solar energy a t  d i f f e r e n t  times of t h e  y e ar .

Not surpr i s ing  was the discovery of 600 being the best angle  fo r

winter collection from 3 November to 20 February and 4~ 0 b e i n g

better for summer collection . The overall compromise angle of 52°

for all—year collection was shown to be lus t that , a compromise

tha t functions best from 1 October to 3 March [3]. Since over—

a l l  ~‘ol lector oft ic tency during this researcln was 1 - i per cent .

the  tilts of the ground array and ti-me setting of the  roof array at

520 proved reasonable. Most construction will not allow variation

of collector angles. Therefore , the slope of latitude plus 10° to
-4
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150 is considered a good angle fo r  solar col lec tors  for heating appli-

cations in the winter and domestic hot water in the summer as well.

7.4 Storage Tank Volume

Another large item in ti-me design of a solar energy system is

the storage tank. This tank can be considered the heart of the

system because it ties together the  solar energy gained by the

collectors to the thermal energy required by the load. If the

storage tank is too large , most of the collected energy is used to

r a i se its temperature a few degrees. This raise may not he to a

sufficiently hi gh level to be usable In a direct he ’at tu g  sy s t e m

such as the one in the Solar Test House. If the s tor a g e  tank is

too small , tinere is not enough mass to suft lci ent lv store t h e  e’nergv

to  last overni ght or duri in~, low c o l le c t  loin pt -r  io ds

A reconunnended ye lunne for a typ I cal  so lar  energy S t e  n~~n g& - tank

is 60 to 100 liters/rn 2 (1.5 to 2 ,5 g.nllons/ft 2) of c o l l e c t o r  are.i.

With 50.7 m 2 of collectors in t h is system , the  volume range would

he 3042 to 5070 liters (819 to 1 165 gallons) of water.

The initial volume ot the storage tank was approximately 9464

liters (2500 gallons). As was discussed in the second interim

technical report, this volume was first reduced to 6814 liters

(1800 gallons) due to a lack of high enougin ,Jater temperatures in

the tank for use in heating the house. A further reduction to 54p~
’)

liters (1400 gallons) was discussed in Section 2..-4 The immediate

effects of both of these reductions in tine storage tank mass was

t he  increase in the water temperatures to allow longer usage of the

U - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



coll ected energy . However , t he storage capab i l i ty  was reduced by

ti -me smaller mass , al lowing storage to last a maximum of two days in

March and April  1978. The presen t volume is s t i l l  s l i g h t l y  more

than the recommended range. After observing the e f f e c t s  of t h is

smaller mass on the overall system efficiency for heating the

structure , no further reductions are planned . This design volume

is s u f f i c i e n t  to allow usage of the stored energy a t  an increased

ra te  and yet store energy for  long periods of no c o l l e c t i o n .  Also ,

once the storage tank was run down to a low t e m p e r a t u r e , t in i s

volume would allow re la t ive ly  rap id r e tu rn  to a usable  level d u r i n g

the next  collection period .

7.5  Storage Tank Heat Exchangers

Except for other than normal design procedures for heat

exchangers , no specific guidance was available to the  desi gners

on the si ze of ti -me ones used in the  s torage tank. Af ter  t i n t - I i t s t

year of opera t ion , i t  was noted tha t  tine p o s s i b i l i t y  e x i s t e d  fo r

improving the performance of the c o ll e c ti on  system by a more c i t  j e t -

ent heat exchange between the col lector  f l u i d  loop and ti -me s t o rag e

tank wate r .  This led to the  a d d i ti o n  of tine t h i r d  heat  exchanger

in the ground array loop .

As was discussed in collector efficiency in Section 5. 1 . the

third heat exchanger did improve the efficiency of the ground array

collection of solar energy . This extra exchanger allowed that sys-

tem to work at Li relatively cooler temperature than the roof array.

With the fluid at a lower temperature., the ground array collector

efficiency was slightly higher than the roof array with both systems

~~-
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at the same t i l t .  It is s u f f i c i e n t  to say tha t  the hea t exchangers

should be designed for the best possible heat transfer in tine storage

tank without any large pressure drops and subsequent pumping require-

ments.

7.6 Collector Flow Rate

After the panel type , size, and plumbing configuration is

designed , and the heat exchangers and connecting pipes sized , the

flow rate for the system must be determined for proper pump selec—

tion. This flow rate will directly affect the efficiency of the

solar energy collectors due to the fluid ’s capacity to carry away

the energy in the absorbing surface. If the flow rate is too high,

the collectors function at a high efficiency due to a rap id heat

transfer from the tubes to the cool fluid. This lowers the absorb-

ing surface temperature and increases panel efficiency. However ,

the fluid is not as warm as desired and does not hea t the storage

tank to a usable level. If the flow rate is too low , the fluid is

heated to a very high-i temperature and the absorbing surface is

allowed to warm up considerably. Tine higher the absorbing surface

temperature , the greater the driving force transferring energy across

the glass into ti-me atmosphere and ti-me higher the collector losses

in general .

The rule of thumb for flow rates usually recommends 0.81

1/min/m 2 (0.02 gpm/ft 2) of collector area for water systems . As

mentioned in the second interim technical report, tine initial flow

rate for this system was at a much higher rate of 2.39 1/min/m 2
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(0.059 gpnn/ f t 2 ) which is almost three  times as high as recommended.

Informa tion available at the t ime of the or i g inal desi gn seemed to

indicate this high flow rate. After the initial thermography

stud ies, this rate was supposedly cut in half. After tine correla-

tion of valve positions to flow rate mentioned in Section 2.5, the

final flow rate at full open was set approximately at 15 I/mm

(4 gpm) which equals the ratio of 0.60 1/mm /rn2 (0.015 gpm/ft 2) .

This reduced flow rate had the immediate predicted effect upon the

efficiency. The panels began to run at lower efficiency of co l—

lection as the fluid was allowed to heat up to a higher temperature. —

However , overall system efficiency improved as the storage tank

water temperature rose more often intO a usable range for heating

the house . This trend continued through the last winter as the

arrays struggled at efficiencies near 20 per cent hut the system

supplied larger than ever amounts of thermal energy to the Solar

- Test House. Thus, the parameter for the flow rate is a valid one

for overall system efficiency. The most important task is to heat

the m ouse and domestic hot water. A sacrifice in collector effi ci-

ency toward this goal is well worthwhile.

7.7 Control Temperatures

The importance of properly chosen control temperatures for the

various solar energy systems cannot be overstressed . Control tem-

peratures dictate the performance of the collection system by deter-

mining when the valve should be opened and the pump turned on. The

temperature difference between the inlet and outlet of ti-me collector

4 -
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controls the flow rate into the panels. The return temperature

from the collectors , when compared to the storage tank , determines

the shutdown rate of the collection system . Final ly ,  ti -me lowest

storage tank temperature allowed for solar energy usage in the house

di rectly a f f e c t s  the overall ef f ic iency of the total system when

supplying thermal energy to the structure.

The initial selection of a difference of temperatures between

the absorption surface of the collectors and the storage tank was

11°C (20°F). This temperature difference was sufficien t to allow

the valves to open to their first positions and turn on the pump

without losing energy during the first winter of operation . If a

simple , two—position valve arrangement had been used , this start up

setting would have proven acceptable in all cases except very mar-

ginal days.

The temperature difference chosen for the gain across the

panels was 6°C (10°F). Ti-mis setting allowed the control system to

determine if the valve position being used was correct. Any lower

temperature difference would cause a reduction in flow rate by the

valve being closed slightly. Any higher temperature difference

would cause an increase in flow rate until full open was obtained .

After full flow , monitoring of the temperatures into and out of the

array continued and valve adjustments were made accordingly. Although

it proved completely satisfactory for our operation , a microprocess or

and a variable valve is needed . Simplicity would be improved and

extra expense eliminated if this procedure was not used. The loss

7— 8
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in energy during start—up due to less tempera ture  gain would be

minimal .

As the solar energy col lect ion system reached the end of the

day , shutdown was accomplished by comparing the r e t u r n i n g  col lector

water  t empera tu re  to tha t  of the storage tank .  When t h i s  d i f f e r e nc e

reached 3°C (5°F) ,  the valve was complete ly  closed and the pump shut

down . This check temperature proved completely sa t i s f ac to ry . At

no time during the project was there energy loss due to this tern—

perature difference being too small. Microprocessor reaction for

closing the valve was too slow in the initial system operation , but

this was improved through programming changes. Again , a simpler

valve with two positions would have been closed quickly and would

have eliminated this problem with very little energy loss. Storage

tank temperature gait-is during this shutdown procedure very rarely

occu rred at a l l .

The f i r s t  tempera ture  mentioned in the previous  r epo r t s  fo r

use of the storage tank for house heat ing was 41°C ( 105°F) . This

was eventually lowered to 30°C (86°F) .  This t empera tu re  proved

very satisfactory for supplying the thermal energy to heat the house,

especially after the linear diffusers were installed to control the

air flow from ti-me heating ducts. The resu1tinj~ 27°C (80°F) air used to

heat the house did not cause discomfort or any other problems . Tine

use of this temperature water from the storage tank was also suf—

fictent to give some preheating to the domestic hot water by main—

t .nining the heat exchanger at that level until the flow sensor

demanded addi t ional  storage tank w a t e r .  Settings other than this

7—9
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would force the pump to the domestic water  heat exchanger to work

continuously .

7.8 “f’1 Chart

To put all the design parameters together in one desi gn pro—

cedure usually requires the use of a computer. Numerous techniques

exist to overcome the complexity of the analysis problem . These

vary from using “rules of thumb” to complicated hand calculator

computations. A system developed by researchers at the University

of Wisconsin E6~ has been used throughout solar energy designs.

This method, known as “I” chart , was included in the Solar Heating

System Design Workshop , conducted by the Civil Engineering School at

the various Air Force bases [1].

Briefly, the “f” chart method takes a performance chart for

solar heating system (Figure 7—1) and uses this to estimate the

yearly output of a typical solar energy system . This analysis is

a valuable design tool in that it allows relatively rapid calcula-

tions to be made whose accuracy exceeds the initial rough estimates .

Cost comparisons can then be made using the predicted savings in

fuel for heating to offset the capital investment in solar equipment.

Three calculations using the “f” chart method are shown in

Appendix E. These calculations were designed to illustrate the

effects of the various assumptions and parameters. When using the

initial information on the Solar Test House available in the begin-

ning of the project , columns one and two of Table 7-1 show the

predicted performance of the solar heating system . The next column

— 
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Fi gure 7-1. Frac t ion  of Hea t i ng /D HW Load Supplied by Solar
Energy [1]
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i l l u s t r a t e s  the changes in the predict ions if the lower hea t ing

demand and actual area of collectors is used. Since the actua l

yearly performance is approximately 60 per cent excluding domestic

hot water , the use of the “f” chart requires some caution. The

main problem is the value of the insolation taken from ASHRAE

Chapter 59 [2] and used for the calculations . These were taken

from data available for Colorado Springs , whose weather varies

greatly from that at the site. If this difference in cloudiness

is considered , the “f” chart would prove satisfactory for estimating

the performance of typical solar heating systems. The monthly

figures can also be used to estimate the relative performance of

the solar energy system during the heating season. By varying the

area of collectors, marginal effects of each additional collector

can be estimated . When more accurate information is available for

exact solar contribution to the domestic hot water requirements ,

this method of estimating the function supplied by solar energy

should be even more satisfactory .

Heating Loss Rate Area of Collectors Fraction Supplied
(Btu/ft 2/DD) Ac by Solar

( f t 2 )

15.80 500 0.49

15.80 600 0.57

7.83 546 0 . 7 3

Table 7—1. Results of “f” Chart Calculations
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The conclusions f rom the exper ience  ga ined  on t in i s  p ro jec t  and

the data analyzed by the researchers are the fol lowing :

a. Year ly  per formance  improved throughout  t h i s  repor t ing

period to reach 60 per cent of the house heating demand being met

by solar energy .

h. Bleed air valves in conjunction with a make—up water

system cleared the air blockage problem in the solar col lecto r

arrays.

c. Fur the r  decreasing the s torage tank water  mass once

again  increased the time the energy in the tank could ~e used and

increased the overall solar cont r ibut ion  to m e e t in g  the house

heat ing  demand .

d. Collector e f f i c i e n c y  was sac r i f i ced  by reduc ing  the

f low rate to improve overall system efficiency.

e. The energy conservat ion techn iques employed th roughout

t ine  p ro j ec t  e f f e c t i v e l y  reduced ti -m e i-mouse h e a t i n g  demand.

f .  Thermography can be used to detect  a i r  blockages and

aid in the observat ion of the  c lear ing e f f o r t s .

g. The various parameters used to design the system

originally were shown to be valid for ti-m is application .
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8.2 Recommendations

The following are recommendations for continued research on

this project~

a. Continue to monitor the effects of the various system

and operational changes for comparison to previous performance .

b. Install the mini—micro controller to determine its

effectiveness for simplified and accurate controlling of the solar

energy systems.

c. Instal l the evacuated tube solar collectors to gain

experience in the operation of this advanced system component.

d. With both collectors set at 520 slope, compare the

performance of the flat plate solar collectors with that of the

evacuated tube solar collectors.

e. Allow the solar energy system to attempt to supply

all the thermal energy during a sunny winter period to discover

the environment that would exist in the house under complete

dependence on the sun.
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APPENDIX C

NATURA L GAS ANt) ELECTRICITY CONS 1T?-~~T I ON

ILTh~ PAGE N~~
- 

i Natural Gas Consumption (STH) C-2

• Natura l Gas Consumption (CII) (‘-I

Electr icity Usage (STH ) C— 4

C -
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I

NATURAL GAS CONSUMPTION

(ft 3)

STH

M 4340 1450 2320 560

J 3300 1660 1110 530

J 3200 1340 1170 690

A 4280 1330 2290 660

S 3350 1320 1400 630

0 5180 1650 2850 680

N 8950 5260 2880 810

18270 12940 4620 710

1978 19640 19160 480 — —

F 14430 14430 —— — —
M 9560 9560 —— — —

A 3240 3240 —— — —

Total 97 ,190 73,340 19,130 5270

1 House cleaning

2 DHW and s tove tu rned off

C-2



‘ 
NATURAL GAS CONSUMPTION

(ft 3)

M 7830 3620 3680 530

I’J 7240 1950 4660 630

J 5320 1530 3040 750

A 5730 1540 3640 550

S 6060 2330 3220 510

H 0 12920 8130 4170 620

N 21650 16440 4430 780

D 28580 2375 0 437 0 460

1978 32830 28230 4160 440

F 29690 24610 4640 440

t 3t-t 28020 21460 6020 540

A 16320 12040 3810 47 0

Total 202,190 145 ,630 49,840 6720

Seven house guests for eight days

2 Three occupan ts absent one week

Two house guests for six days

4, C-3
I
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ELECTRICITY USAGE

(KWH)

Month Fan pjs, HC GA DHW

M 1977 85.0 89,4 40.0 88.4 4,3
J 0.0 110.6 0.0 116,7 2 .5
J 3,0 79.0 0,0 78.7 5.7

A 2.0 83.1 0.0 76 2  3 4

S 11.0 95.4 4.0 82.1 4,1

0 74.9 107,0 19,0 96.0 1,8

N 185.0 9 0 ,7  48.3  8 4 9  1,4

D 209.5 86.7 54,2 78,4 19.4’

1978 187J 77.6 39 ,2 t2. b —-

F 257 . 7  ~)5.5 61.5 100.1 ——

M 179.1 94,0 52.3 93.0 — —

A 178.4 94.1 53.9 92.1 --

1 
House cleaning

DHW turned o f f

C—4
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APPENDIX D

-

~~ REVI SED CALCULATED HEAT LOS S FOR
- 

TYPE 12 QUARTERS (INCLUDES

ENERGY CONSERVATION CHANGES)

I D—1
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- - Room! Structural Area Heat Load Totals
Space Component Crack L U liT (Btu/Hr) (Btu/Hr)

Entry Floor 44 0.070 50 155
Ceiling 44 0.029 72 92
863 Wall 6 0.064 72 27
Glazing 56 0-360 72 1452
Panels 0 0.300 72 0
Door 21 0.330 72 499
Infil

~
.
~.D 20 1.000 72 1440

Infi 1t,55~ 42 0.500 72 1512 5177

Living Floor , 270 0.070 50 950
Room Ceiling 270 0.029 72 563

Brick Wall 132 0.051 72 483
B&B Wall 128 0.064 72 590
Glazing 84 Q.360 72 2177
Panels 0 0.300 72 0
Infil t 63 0.500 72 2268 7031

Kitchen Floor 104 0.070 50 366
H Ceiling 104 0.029 72 217 583

C Dining Floor 104 0.070 50 366
Room ceiling 104 0.029 72 217

B&B Wall 16 0.064 72 74
Glazing 56 0.360 72 1452
Panels 0 0-300 72 0
Door 17 0.330 72 404
Infi lt 17 1,000 72 1224
lnf 1l t~ 42 0.500 72 1512 5249

Bath #1 Floor 40 
— 

0.070 0 0
Ceil ing 40 0.029 72 84
B&B Wall 40 0.064 72 185 269

Bath #2 Floor 40 0.310 0 0
Ceiling 40 0,029 72 84 84

Master Cei l ing  192 0.029 72 401
Bedroom Floor 192 0.310 0 0

Brick Wall 128 0,051 72 468
368 Wall 32 0.064 72 147
Glazing 40 0. 72 1037
Panels 16 0.300 72 346
Inf ilt 42 0.500 72 1512 3911

D—2
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Room/ Structural Area Heat Load Totals
Space Componet1 t Crack L U liT (Btu/Hr) (Btu/Hr)

Hall/ Floor 120 0.310 0 0
Stairs Ceiling 120 0,029 72 250

Brick Wall 48 0.051 72 176 426

Bedroom Floor 130 0.310 0 0
#2 Ceiling 130 0.029 72 271

Brick Wall 180 0.051 72 366
B&B Wall 16 0.064 72 74
Glazing 40 0.360 72 ).044
Panels- 16 0.300 72 346
Infil t 42 0.500 72 1512 3613

Bedroom
#3 Same s Bedroom #2 3613

Basement Floor 720 0.10 20 1440
H Walls 112 0.10 38 426 1866

t -‘ GRAND TOTAL : 31, 822 Btu /Hr
( 1 3 %  reduc t ion)

D—3
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APPENDIX E

1 “ f’1 CHA RT CALCULATIONS

} s  TITLE PAGE NO.

Ii Original Calc ulations E— 2

I - Revised Calculations E-7
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