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ABSTRACT 

The experimental  s o l a r  c o l l e c t o r  systems a t  Middlebury 

College have been modified t o  permi t  s h o r t  time r e s o l u t i o n  

s t u d i e s  of s o l a r  c o l l e c t o r  loop performance. A v s r i e t y  of 

experiments have been performed t o  measure t h e  fol lowing 

system p r o p e r t i e s :  

a .  c o l l e c t o r  e f f i c i e n c y  

b. co ' l l ec to r  response t o  s t e p  changes i n  . i n s o l a t i o n  

c, c o l l e c t o r  response t o  t h e  introduct ' ion,of  co ld  

i n l e t  water - - 

d, pump cyc l ing  a s  a func t ion  of c o n t r o l  sensor  

l o c a t i o n  and set po in t s .  

Data from t h e s e  experiments h a v e b e e n  suppl ied  t o  t h e . s o l a r  

group a t  Drexel f o r  v a l i d a t i o n  of t h e i r  a n a l y t i c  c o l l e c t o r  

loop model. : 



PROJECT DESCRIPTION AND SUMMARY 

1. Project timing: .. -. 

Preliminary purchasing authority under this contract was 

not approved until 5/21/80', with a formal contract signed on 

6/25, Equipment orders were prepared before 5/21, and equip- 

' ment necessary for system modifications was ordered as soon 

as purchasing.authority was received. Early June was spent 

on software modifications necessary for. the. short timescale. 

studies. By mid and late June equipment began arriving, and 

the time was spent installing equipment. The last items - 
. . 

flowmeters - arrived at the end of the first week in July and 
were installed immediately. Experimental runs began even 

before the flowmeters arrived, and continued through 24 July, 

On 24 July Dr. ~isc'hl and a group of students from Drexel 

University visited and suggested experiments appropriate'to 

the model. . The group left with copies of all our data on 

floppy disks"and in graphical form. 

2. System modifications: 

Major modifications necessary for this project included 

the instal-lation of pump power -monitors (Hall effect multi- 

pliers with precision integrators from Ohio Semitronics) and 

.associated interrupt handling.software, installation of a 

. prec'ision mixing valve for precharging the,system to desired 
. . 

temperatures, installation.of turbine flowmeters and their 
. . 



connection to our data acquisition system, and installation 

of collector bypass piping and valves for performing transit. 

time experiments. Finally, seven additional sensors were 

installed on the system A collector, permitting detailed 

~. measurement of temperature'profiles across the collector and 

allowing analysis of system sensitivity to the location of 

the control sensor. An updated system diagram, incorporating 

major changes, is attached as fig.ure 1. 

3; Experimental results: 

We performed several basic types of experiments, including 

step.response measurements on empy and fullstagnant collector, 

step response on collector'with flow, bypass experiments in 

which a cold slug was introduced into the collector, and con- 

trolled runs to test system sensitivity to variation of con- 

trbl parameters and sensor location. Representative runs.of 

each type are discussed below and appropriate graphs included 

among the figures. 

Collector step response was measured by covering the 

collector with a large pi,ece of masonite-and removing it abrupt- 

ly. We concentrated 'on .measuring the rise curve because the 
. . 

decay curve is sensitive to the type o f  cover used to block 

the sunlight. We found it important to permit the collector 

to stabilize for many time constants.before removing the cover. 

Figures 2 and 3 show such runs for empty and full co&lectors 

respectively.. 'From these data the Drex'el group intends- to 



evaluate collector time constants. Step response' of a flow- 

ing collector was evaluated in the same way, but here it was 

necessary to measure differential voltages because the dynamic 

range of the response was much less than when the collector 

was allowed to go to stagnation temperature. Figure 4 shows 

analog data from such a run- The data displayed are the 

sensor voltages, and must be converted to temperatures via 

the thermistor transfer. functions. Digital data on differential 

voltages was taken at the same time, and has been supplied to 
' .  . 

the Drexel group. Time constants calculated from these data 

are consistent with those indicated on preliminary transient 

data which was shown at the meeting of the Middlebury and 

Drexel workers at LBL in ~anuak~., 1980. 

Transit time and collector temperature profiles were 

determined by circulating water through the system but by- 

passing the. collector. The coLlector was allowed to reach' 

stagnation temperature, then flow was switched abruptly to the 

collector. Figures 5-7 show results from one such run. It 

should be noted that the inlet and outlet sensors, S2 and S3, 

are actually in piping runs just beyond the collector, so 

they do no,t get bypassed. But collector plate sensors, S17 

at the inlet mainfold through S22 at ,the outlet mainfold, are 

initially bypassed and thus a.t stagnation temperature. Figure 

,5 shows the entire 20 minute run, with flow switching clearly 

indicated. Note the pulse of hot water to the outlet, as well 

as the time delays as successive sensors respond to the change. 



Figure  6 shows . t h a t  same d a t a  a t  h igher  time r e s o l u t i o n .  

F i n a l l y ,  f i g u r e  7 shows "snapshots"  of t h e  temperature pro- 

f i l e  ac ross  t h e  c o l l e c t o r  a t  success ive  t imes.  . . The bottom 

p r o f i l e  i s  s t agna t ion ,  which i n c i d e n t a l l y  shows some s t r a t i -  
. I 

I . f i c a t i o n  . ac ross  t h e  c o l l e c t o r  ( i n l e t  and o u t l e t  temperatures  I 
a r e  lowbecause  they a r e  n o t  bypassed).  Successively h igher  

p r o f i l e s  show c l e a r l y  t h e  i n t r o d u c t i o n  and propagat ion of 

I t h e  co ld  s l u g  through t h e  c o l l e c t o r , ,  and t h e  even tua l  a t t a i n -  

ment o f  t h e  s teady s ' t a t e .  These curves y i e l d  t h e  t r a n s i t  

t ime through t h e  c o l l e c t o r .  

F i n a l l y ,  nea r ly  50 runs  were made t o  show t h e  e f f e c t s  

of varying c o n t r o l  parameters and sensor  l o c a t i o n s .  A number 

of  these  were made while  D r .  F i s c h l  from Drexel was here ,  s o  

t h a t  'parameters could be ad jus ted  as appropr ia t e  t o  t h e  Drexel 

c o l l e c t o r  loop model.. ~ a t a  from a  few of t h e s e  runs  a r e  

shown i n  f i g u r e s  8-10. Fig-8 shows a  run i n  which S18, a  I 
sensor  near  t h e  i n l e t  e n d ' o f  t h e  p l a t e ,  was used f o r  controy. 

A g r e a t  d e a l  of c y c l i n g  occurs  d e s p i t e  t h e  d i v e r g e n t  s e t  

p o i n t s  because t h e  co ld  s l u g  qu ick ly  reaches t h e . c o n t r o 1  
, . 

sensor .  Note the l a r g e  amplitude of the  cyc l ing ,  due t o  the 1 
s u b s t a n t i a l  h y s t e r e s i s  i n  the.  s e t  po in t s .  F igure  9 shows a  

run i n  which t h e  sensor  n e a r e s t  t h e  o u t l e t  was used f o r  con- 

t r o l .  In  b r i g h t  summer sun, it is .near ly impossible  t o  g e t  

cyc l ing  wi th  t h i s  c o n t r o l  senaor .un1 ,e . s~  u n r e a l i ~ t i c s l l y  

high o f f  b e t  p o i n t s  a r e  used. Beyond t h e  i n i t i a l  pump t u r n  

on, no cyc l ing  i s  shown i n  t h i s  run. F i n a l l y ,  f i g u r e  10 



shows t h e  r e s u l t s  of r a i s i n g  t h e  o f f  s e t  p o i n t .  Here, even 

though a ' sensor  near  t h e  middle of t h e  p l a t e  i s  used, f o r  

control;cycling i s  ev iden t .  The runs  shown i n  f i g u r e s  7-9 

a r e  bu t  a small  sample of a whole matr ix  of runs represent -  

ing  v i r t u a l l y  every combination of  s e t  p o i n t s  and c o n t r o l  

sensor .  Many were performed on a . s i n g l e  very c l e a r  day, i n  

which i n s o l a t i o n  was much more c o n s t a n t  'than i n  f i g u r e s .  8-10. 

Together t h e s e  runs  should provide abundant d a t a  f o r  t h e  

Drexel s imula t ions .  

A l l  d a t a  taken i n  these  experiments was provided t o  

Drexel group both  a s  o r i g i n a l  data on f loppy d i s k s  and i n  

g raph ica l  summaries. I n  a d d i t i o n ,  analog d a t a  from a s t r i p  

c h a r t  recorder  monitoring s e l e c t e d  parameters was a l s o  provided. 

I t  i s  a n t i c i p a t e d  t h a t  t h e  Drexel group w i l l  a t tempt  t o  

s imula te  t h e  a c t u a l  runs with t h e i r  model and t h a t  r e s u l t s  of 

t h i s  work w i l l  be presented a t  t h e  nex t  SSEA conference.  
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MIDDLEBURY SOLAR ENERGY' PROJECT SYSTM D I A W  

S Y S T ~  A - System B ident ica l  exca t 513, S11, S15, S29, 530, 53.1, v l l  , V12 shared 
by both systems. ~~17-;?;  on system A only. a ST4 . .. 

-nometer 
Vacuum breaker a Sensor, 

0 Sl3 & a i r  vent non temperature 
ambient 

Vlb Q Temperature Seneor 
(Fenval UIPT43J1 . 

NO Thermistor) 

Freeze @solenoid valve 
dump 

~ l l  valves NC 
except a s  indicated. 

Hand valves not shown, 

outdoor 
temp. 

from Columbia Chase 3494 Valve 
manifolds . 82 AS1 8 Vla,b and V3' - V6 
AS23 same 2.1 m on freeze protect: 
height a s  . power removed i f  ' 8 AS17 . Armp power temperature a t  S1 o r  S 
-on .outer pipe. of 'e i ther  system drops 
fThese replace below-4 C. 
BS1'7 when in use. 1 I ~ 2 , ~ 3  approx. 

60 cm from - 
col lec tor  ' i n l e t  
and o u t l e t  
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. .' 
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Tank 
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AS1 7-22 
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pipe, 
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& 22 3cn 
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RUN 62 TEMP LIMITS 38 - 70 4Td, ( 6 ' ~  ; 

FLOW MAX 50 ML/S, INS MAX 1KW/MA2 Co:s\u20L 5niscut 57.r 

JNS 

FLOW 

OUT 

S22 

S21 



2 O c .  
4% rr 
6TN SOL 

RUN 63 TEMP' LIMITS 38 - 93 
(-~-~QS-X~UL sz!pm'L s 23- 

FLOW MAX 50 ML/S, JNS MAX 1KW/MA2 

I 

- J U 
\ 

INS 

- 
.. . 

1 1 L A L 

.-. FLOW . '  1 r  , . = -= z 

I 1 

OUT 

1 L 

S22 

S21 

- 
1 L 

1 
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r "&pF 4 "c 
i )̂ 2 - AT7&, sCc. < . 

RUN 66 TEMP LIMITS 40 - 69 
FLOW MAX 50 ML/S, INS MAX 1KW/Ma2 

. . .  

OUT 
- 9 

, . - 7 .: 




