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1 . N a r r a t i v e  Descr ip t ion  o f  s o l a r  energy system and b u i l d i n g  
-. . 

INTRODUCTION 
. . . . 

This p r o j e c t  i s  a s o l a r  r e t r o f i t  p r o j e c t  o f  Mount Rushmore Nat ional  

Memorial ' V i s i t o r  Center a t  Keystone, SD, where over two mi l l ' ion t o u r i s t s  

v i s i t  each year. 'The V i s i t o r  Center has a t o t a l  space o f  approximately 6,000 
I '  I . 

sq. ft. The sol.ar system i s  designed t o  f u r n i s h  approximately 45% o f  heat ing  

f o r  t he  t o t a l  f a c i l i t y ,  and approximately 53% p a r t i a l  c o o l i n g  o f  t h e  2,000 

sq. ft. observatory room.   here are a t o t a l  o f ,  112 ,panels o f  Lennox 1 i q u i d  

c i r c u l a t e d  c o l l e c t o r s ,  each 3 f t  by 6 f t i n  dimension, w i t h  a gross sur face 

o f  approximately 2,000 'sq. ft. C o l l e c t o r  panels a r e  mounted i n  5% rows on 

the roof o f  t he  V i s i t o r  Center owned by Nat ional  Park Serv ice o f  the  Depart- 

ment o f  I n t e r i o r .    he' b u i l d i n g  was, designed by t h e  Spitznagel Partners, Inc .  

The p r o j e c t  cons is ts  o f  f o u r  team members w i t h  South Dakota School o f  Mines 

and Technology as program manager; t he  Spi tznagel Partners, Inc.  as construc- 

t i o n  manager and designer; Honeywell as a c o l l e c t o r  supp l i e r ;  and the  Mount 

Rushmore Nat ional  Memorial- as t h e  owner. 

DESIGN PHILOSOPHY 

The f i , r s t  design dec is ion  was t o  i n s t a l l  c o l l e c t o r s  which used l i q u i d .  

r a t h e r  than a i r  as t h e  heat t r a n s f e r  f l u i d .  There were th ree  f a c t o r s  which 

i n d i c a t e d  t h a t  t h i s  was the  best  choice: (1  ) A l i q u i d  medium would i n t e g r a t e  

e a s i l y  w i t h  the  e x i s t i n g  system by simply i n s t a l l i n g  a heat ing c o i l  i n  the  

furnace a i r  duct. .The l i q u i d  cou ld  be c i r c u l a t e d  d i r e c t l y  from t h e  c o l l e c t -  

ors t o  the heat ing  c o i l  f o r  optimum t r a n s f e r  w i thou t  a d d i t i o n a l  blowers. 

(2 )  There i s  a need , f o r  e x t r a  a i r - c o n d i t i o n i n g  i n  the  observatory room which 

could be met by s o l a r  a c t i v a t e d . l i t h i u m  bromide absorp t ion  . r e f r i g e r a t i o n  . 

u n i t s .  A i r  c o l l e c t o r s  do n o t  produce h igh  enough temperatures t o  a c t i v a t e  

these . u n i t s .  . (3 )  The l i m i t e d  space t o  mount the  c o l l e c t o r  a r ray  requ i red  



collectors with high efficiency and a i r  collectors are generally less . '  

. e f f i c i en t  than l iquid collectors.  

Some of the more important design decisions were determined according 

to  the fol lowing conditions: (1 ) The collector area (active area of 1720 sq. 

f t .  ) i s  the maximum which can be f i t  on the roof and allow enough spacing 

t o  avoid shading (5% of to ta l  in ~ecember). This i s  a lso based on the actual 

total  fuel consumed in FY 1975 or  8;721 gallons. of No. 2 o i l ,  assuming a 

heating value of 140,000 BTU per gallon and a furnace efficiency of 50% due 

t o  the age of the furnace and an alpitude of about  one mile, the total  annual 
8 heating load of about 6.1 x 10 BTU's i s  deterinined. ( 2 )  The three 3-ton 

Arkla units are  the maximum number 'which can be. operated with the given col- 

lectors .  (3) The 3,000 gal. storage. tank i s  a compromise between performance 

and available space. (4) The solar  heat co i l ,  effecti'veness = 0.538, i s  the 

largest  reasonable coil which can f i t  into the existing furnace duct. . (5) 

The angle a t  which the collectors a re  placed i s  a combination of the orienta- 

tion of the roof, a 45' angle relat ive t o  the roof f o r  ease of construction, 

and a need f o r  solar  collection both in winter and summer. The optimum angle 

f o r  t h i s  particul ar  appl ication was not determined, b u t  other simple models 

show tha t  the performance i s  probably only 2% less  a t  th is  angle than a t  the 

optimum of about 550 in winter. The. angles used here favor the a i r  condi - 
tioning application. (6)  The control system i s  designed t o  use solar  heating 

or  cooling f i r s t  and then the current conventional system as backup. I t  will 

be possi.ble t o  a i r  condition and solar  heat during the same day, even though 

t h i s  feature i s  not in the computer model for' simplification. 

Solar energy system calculations were based on cl imatol ogical data fo r  

Rapid ~i ty supplied by the National Oceanic and Atmospheric Admini s t rat ion 

.(NoAA)'. The climatological conditions a t  Mount Rushmore (25 miles southwest 



and 2,000 f e e t  h i  gher than Rapi . d  . City ) are expected. t o  be more favorable 

due t o  t h e  a l t i t u d e  and l a c k  o f  p o l l u t i o n  i n  the  a i r ,  making these calcu-  

1  a t ions  conservat ive. 

TRNSYS system developed by the  Uni ve rs i  t y  o f  W i  sconsin modi f i  ed by 

South Dakota School o f  Mines and Technology was used t o  s imulate t h e  s o l a r  
. . 

system. The c l ima to log ica l  data for..197.1-74 was used f o r  t h e  s imula t ion  

model. The TRNSYS program used here shou1.d enable the  user t o , w r i t e  a  work- 

. a b l e  t r a n s i e n t  s imula t ion  program w i t h  a  minimal knowledge o f  computers. 

TRNSYS has b u i l t - i n  checks t o  spot obvious e r r o r s  such as c a l l i n g  f o r  an 

i n p u t  from a  non-existent  u n i t ,  f a i l u r e  t o  spec i f y  i n i t i a l  cond i t ions ,  e t c .  

.Other e r r o r s  such as improper conversion o f  u n i t s ,  crossing the  temperature . . 

w j t h  the  f l o w  rate., e tc .  can be very d i f f i c u l t  t o  spot.  I n  t h i s  case the  

user must know enough about the system to. r e a l i z e  t h d t  theanswers are non- 

sense, even though t h e  computer processes the  numbers w i thou t  p r i n t i n g  an 

e r r o r  message. I f  t h e  program.fai1.s t o  produce answers which converge 

w i t h i n  the  s p e c i f i e d  to lerances i n  the  s p e c i f i e d  number o f  i t e r a t i o n s ,  t he  

user  has recourse t o  decreasing t h e  t ime step, r a i s i n g  the  to lerances o r  

number o f  i t e r a t i o n s ,  o r  s t i c k i n g  the  con t ro l  u n i t s  a f t e r  fewer c a l l s  i n  

one . t ime step. When these f a i l  t o  produce convergence, then i t  i s  essen t ia l  

t o  have fami P i a r i  ty  w i t h  FORTRAN and general knowledge o f  i t e r a t i v e  tech- 

niques t o  t race  and c o r r e c t  t he  d i f f i c u l t y .  

The flow r a t e  i s  ca l cu la ted  on. the  .,basis o f  .3 gpm per  c o l l e c t o r  panel 

speci f i .ed by the  supp l i e r .  

The 3,000 g a l l o n  storage tank t o  provide reasonable h e a t  s torage f o r  

heat ing  and reasonable pe r iod  o f  continuous c o o l i n g  . . i s  housed above the  

ground w i t h  th ree  3-ton .Arkla un i t s ,  heat exchanger, pumps, and a l l  con t ro l s  

i n  a  b u i l d i n g  connec.ted t o  the  V i s i t o r  Center on .the east  s ide .  This selec-  



t i o n  gives ease i n  i n s t a l l  a t ion  o f  piping, storage tank and other -  equipment. 

.The length  o f  p ip ing  i s  minimized. . .  . 

OPERATI ON . OF THE SYSTEM 

The whole system was completed i n  September o f  1977. F i r s t  the system 

was tes ted w i t h  pure water i n  the so la r  c o l l e c t o r  loop f o r  about a week, and 

the system seemed t o  funct ion proper ly and was then charged w i t h  ethelene 

g lyco l  f o r  continuous operation. The presence o f  a i r  bubbles i n  the system 

was a constant problem. The pressure bui ld-up due t o  the a i r  bubbles was 

a1 l ev i a ted  by f requent vent ing on the top o f  the roof .  The system pressure 

cou ld  be i n  excess of 70 psig. The a i r  venting could be as frequent as once 

a week. 

The w in te r  o f  1977 i n  South Dakota was one o f  the severest ones exper- 

ienced. The National Park Service was ,qui te happy w i t h '  the saving of many 

gal lons o f  o i l .  The system apparently functioned we l l  i n  so la r  heating. No 

major problems' were detected except t h a t  the main system pump was always 

running f o r  a l l  modes o f  operation. Nobody knew exact ly  how well. the system 

was f u n c t i o n i n g u n t i l  the e a r l y  pa r t  o f  Mdy o f  1978 when. I B M  contracted 

S i t e  Data Acquis i t ion System (SDAS) t o  begin t o  produce some computer p r i n t -  

outs. Q u i t e  a few anomalies were picked up by the SDAS such as the main 

system pump'was running a1 1 the time; the sequence o f  operations was d i f f e r -  

en t  from what was o r i g i n a l l y  planned; so la r  and a u x i l i a r y  heating have the 

same con t ro l  set t ing;  'energy from storage i s  n o t  always being taken t o  meet 

the heating load, etc. 

The A r k l a  cool i n g u n i  t s  were s ta r t ed  a f t e r  m i  d-July. o f .  1978. The' cool - 
ing.  system was n e v e r , u t i l i z e d  t o  i t s  f u l l  capacity due t o  the: , fact  t h a t  t he  

cont ro l  o f  the system was n o t  completely under cont ro l .  Adjustments and 

cor rect ions a re  s t i  11 being made by the Honeywell ' people. I n  general , most 

4 



major anomalies have been corrected. I:t i s  expected the  system w i  11 operate 

p roper l y  both heat ing and coo l i ng  i n  seas0n.s t o  come.. 

' SUCCESSFUL COMPONENTS OR PROCESSES 
. . 

A e s t h e t i c a l l y  the  Park Service people' were wor r fed  t h a t  the  presence o f  
. . 

s o l a r  energy heat ing p r o j e c t  might d i s t r a c t  f rom. the main a t t r a c t i o n .  Since 
,,. . 

t he  i n s t a l l a t i o n  o f  t h e  c o l l e c t o r  panels, t h e  v i s i t o r s  apparent ly  a re  n o t  

aware o f  t he  -presence of c o l l e c t o r  panels on .the r o o f  o f  t h e  bu i l d ing .  This 
, . 

seeins t o  s a t i s f y  t h e  Park' Service. Comments from people who have seen the  

c o l l e c t o r  panels are good. Aes the t i ca l l y ,  they b lend i n  very n a t u r a l l y  w i t h  

the  bu i l d ing .  . 

2 .  ~ c c e ~ t a n c e  Test Data 
. . .  

a. ACCEPTANCE TEST PLAN 

The basic phi losophy o f  t h e  acceptance t e s t  p lan  w i l l  be s imply t o  i n -  

sure t h a t  t h e  e n t i  r e  system func t ions  as designed. The acceptance t e s t  w i  11 

be p r i m a r i l y  based on t h e  r e s u l t s  provided by t h e  government's ' s i t e  Data 

~ c ~ u i s i t i o n  System and i t s  on -s i te  moni tor .  Results o f  a minimum o f  one week 

o f  continuous 'operat ion are requ i red  f o r  t h e  ac'ceptance t e s t .  

Referr ing t o  t h e  at tached diagram, a t o t a l  o f  44 sensors as shown are 
. . 

i n s t a l l e d  t o  the  whole system. 8 sensors w i t h  a p r e f i x  o f  EP are f o r  t he  
. , 

measurements o f  e l e c t r i c a l  power consumed by. pumps ; 6 sensors w i t h  a p r e f i x  

o f  W f o r  t h e  measurements o f  pump f l o w r a t e  o f  l i q u i d ;  24. sensors w i t h  a pre-  

f i x  o f  T are  f o r  temperature measurements; and 6 remaining sensors are: 4 

w i t h  a p r e f i x  o f  RH f o r  the  measurements o f  ;humidity, 1 w i t h  a p r e f i x  of F 
. . 

f o r  t h e  measurements o f  f u e l  o i l  flowrate., an:d 1 w i t h  a number o f  1001 f o r  

t h e  measurement o f  t.hk t o t a l  s o l a r  i n s o l a t i o n .  Resul t s  o f  t he  S i t e  Data Ac- 

q u i s i t i o n  System are, obta ined from t h e  44 sensors' as. shown i n  t h e  at tached 

diagram. 
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On a component basis,  t h e  items t o  be t e s t e d  w i  11 be a1 1 pumps, motors, 
. _e . . . . . 

heat exchanger, co i  1 s , fans, cool i n g  tower, so l  a r  co l  1 ectors , va l  ves , con- 
, . , . 

t r o l s  a n d  sensors, and ARKLA cool i n g  u n i t s .  A general v isua l  and physical  
. . 

i nspect ion  o f  a l l  i tems i n c l u d i n g  leakage and i n s u l a t i o n  free from any de- 

fec t  w i l l  be conducted. Tolerances f o r  various items are t o  meet w i t h i n  

+ 10% o f  the  designed performance, f o r  most o f  t he  items, as s p e c i f i e d  i n  

the  attached designed equipment schedule. 
' .  . 

The con t ro l s  w i l l  be t e s t e d  according t o  the  attached sequence o f  . 

operat ions. 

GENERAL. 

Space heat ing  and coo l i ng  i s  c o n t r o l l e d  by the e x i s t i n g  space thermo- 

s ta ts .  F i r s t  stage heat ing  i s  provided by s o l a r  heated water d i r e c t l y  f rom 
. . 

the  c o l l e c t o r s  o r  f r o m  the  storage tank t o  the  s o l a r  heat ing  c o i l  l oca ted  

i n  the  e x i s t i n g  mul t izone u n i t .  Second and t h i r d  stage heat ing a re  accomp- 

l i s h e d  by f i r i n g  the  e x i s t i n g  burner which i s  sequenced' through two f i r i n g  

stages. F i r s t  stage coo l i ng  i s  provided by the  A rk la  absorpt ion u n i t s .  

Second stage coo l ing  i s  accomplished by sequencing the  e x i s t i n g  mu1 t i  -zone 

u n i t  and. d i r ,ect  expansion u n i t .  

FI RST STAGE HEATING FROM COLLECTOR 

On a c a l l  f o r  heat f rom the space thermostats and by the  discharge a i r  

temperature THD, val ve V7 i s  modul ated t o  ' con t ro l  t he  ho t  deck temperature. 

Pump P I  i s  enabled t o  run and valve V4 i s  pos i t i oned  A t o  AB i f  t h e  c o l l e c t -  

o r  p l a t e  temperature (TPH) i s  g rea te r  than 125OF (ad jus tab le) .  A t ime delay 

w i l l  delay pump PI shut  down t o  prevent short. cyc l ing .  

FIRST STAGE HEATING FROM STORAGE 

Heating from storage i s  accomplished whenever energy i s  n o t  a v a i l a b l e  
.. , 

from the c o l l e c t o r s ,  heat ing demand occurs and energy i s  a v a i l a b l e  f rom s t o r -  

age. On a c a l l  f o r  heat, va lve  V7 and V5 are i n  t h e  heat ing  pos i t i ons .  . . 



'. , 

Valve V4 i s  B  t o  AB. Pump P2 and P I  are enabled t o  run i f  the  storage tank 
. . 

temperature TSD i s  g rea te r  than 100°F (ad jus tab le) .  Valves V1 and V2 are  

pos i t i oned  B t o  AB respec t i ve l y .  

SECOND AND THIRD STAGE HEATING 

I f  f i r s t  stage hea t ing  cannot be s a t i s f i e d  from t h e  c o l l e c t o r s  o r  s t o r -  

age as sensed by discharge a i r  sensor THD and the space thermostat, then 

the  e x i s t i n g  burner w i l l  be sequenced through i t ' s  two f i , r i n g  stages. 

F I  RST STAGE COOLING FROM COLLECTORS. 

F i r s t  stage coo l i ng  i s  provided by t h e  A rk la  Absorpt ion u n i t s  A1 

through A3. On a  c a l l  ' f o r  cool  ing,  valve V5 i s  pos i t i oned  A t o  AB and valve 

V7 i s  pos i t i oned  B t o  AB. I f  s o l a r  heat i s  a v a i l a b l e  from the c o l l e c t o r s ,  

which i s  sensed by c o l l e c t o r  p l a t e  sensor TPH, then pump P I ,  P3 and P4 are 

enabled t o  run. P l a t e  temperature TPH must be g rea te r  than 180°F (ad jus t -  
$ ' .  

a b l e )  f o r  coo l i ng  by t h e  absorpt ion '  u n i t s .  A t ime delay w i  11 delay Pump P1 

shut. down t o  prevent  sho r t  cyc l  ing.  A  fan  aquastat i n  t h e  coo l i ng  tower 

w i l l  c yc le  the  c o o l i n g  tower fan t o  h o l d  sump temperature t o  85°F. (ad jus tab le) .  

SECOND STAGE COQLTNG 

Second stage c o o l i n g  i s .  accomplishid sequencing t h e  e x i s t i n g  mul t i -zone 

u n i t  and d i r e c t  expansion u n i t s .  When second stage coo l i ng  i s  ca l l ed ,  t h e  

mu1 ti -zone u n i t  w i l l  be ac t i va ted .  I f  t h e  discharge a i r  temperature TCD i s  

g rea te r  than 60°F (ad jus tab le)  and second stage coo l i ng  i s  on, the d i r e c t  
. * . . 

expansion u n i t  w i l l  then operate. 

Storage tank charging i s  accomplished only when the re  i s  energy avai 1  - : 
ab le  from t h e  c o l l e c t o r s  (TPH o r  TPC - set ) ,  and TF i n .  i s  g rea te r  than TSC by 

. " i 

20°F (adjustable) .  Valve V1 and V2 are pos i t i oned  A t o  AB respec t i ve l y  and 

pumps PI and P2 a re  enabled t o  run. . " 



PURGE UNIT . 

The purge o r  heat r e j e c t i o n  u n i t  i s  a c t i v a t e d  by p o s i t i o n i n g  va lve  V3 
. . . . 

. . 

B t o  AB whenever TF o u t  i s . g r e a t e r  than 200°F (ad jus tab le) .  The fan  i s  
. . 

under the  c o n t r o l  o f  t h e  fan aquastat which cycles the  fan  on i f  t h e  d i s -  

charge temperature i s  g rea te r  than 205OF. 

EQUIPMENT SCHEDULE 
- .  

1 System Pump - B & G Model PD-35, 33 GPM a t  21 H20, HP. 208~-60-3  
Spare s e t  o f  seals. 

Storage pump - B & G Series 1 ', 33 GPM a t  5.5' H2OY 1/6 HP. 115V-60-1 
Spare s e t  o f  sgals. 

Chi1 l e d  water pump - B & G Ser ies HD3, 23 GPM a t  17.5' H20, 113 HP, 115V-60-1 
Spare s e t  o f  seals. 

Condenser Water pump - B & G Series 1522 AB-5", 36 GPM a t  23'  H20, 112 HP, 
120V-60-1'. Spare se t  o f  seals. 

Heat Exchanger - B & G She1 1 & Tube Heat Exchanger #QWU-88-44 She1 1 s ide ,  
33 GPM, 50% Glycol ,  12Z0EWT, 107OLWT, 6 '  H 0 P. D. - Tube 
side, 33 GPM, 90°EWT; 103"LWT, 1.5' H20 ~ . 6 . ,  Heat trans-, 
m i t t e d  a t  r a t e  o f  200 MBH. 

Cool i ng Tower - Marley'Model 46-17, 113 HP, 115V-60-1. 

Cool ing Coi l  , - MacQuay Model LHD-108, 1 HP, 208V-60-3, 3800 CFM. 33 GPM, 
200°EWT, 180°LWT, 4.7' H 0 Water P.D.', 0.7" H20 A.P.D., 
100% EAT, 175'LAT, 326 M ~ H ,  Coi 1 #5WH 1204C. 

So lar  Co l l ec to r  - (1.12 thus) HoneywelllLennox # L S C ~ ~ ,  .3GPM/col lector .  1.9' 
. . 

H20 Wa'ter P.D., Tota l  Sq. ft. o f  c o l l e c t o r s  = 2016 sq. ft. 

Chi 1 l e r  . - ' (3. thus),  Ark la/ .Sola i re 36 (WF-36), Data f o r  each-cool i n g  
capac i ty  36,000 BHUH, Hot water i n p u t  requirement 50,000 
BTUH a t  21 O°F, Heat r e j e c t i o n  requ i  rement 86,000 BTUH. 
115 v o l t  250 Watts e 1 e c t r i c a l .  , 

Storage Tank - 3000 ga l .  capaci ty ,  7" x 10.5' loop, 7 Gauge s t e e l  tank. 
. . 

Expansi on Tank - B & G I 5  ga l ,  13" x 34 112" long, s l i g h t  g lass.  
AFT-9 Tank f .i l; t i  ng , Drain eaek. 

Pressure Re1 i e f ,  - loca ted  near purge u n i t ,  s e t  a t  approximately 100 P S I .  



Acceptance t e s t  r esu l t s  i nc lud ing  co r rec t i ve  ac t ion  taken f o r  non- 

conformance. ~ c c e ~ t a n c e  t e s t  was based on the  ~ns t rumbn ted  So ld r  S i t e  

Status repor t  dated 9-25-78 pu t  out  by IBM. (A copy o f  the  repor t  i s  
'. 

.attached. ) The anomal i es and act ions i nvo l  ving ' the  grantee a re '  summar- 
. .  . . . .  

. . 
i zed  i n  the fo l l ow ing  tab le .  

Sys tem Anomaly Act ion A c t i v i t y  Remarks 

S/ I Main system pum 

(11'78) 
r runs continuous y  

S I I  Solar  energy 
simul taneously 
goes t o  1  oad 
and storage. 
Does n o t  agree 
w i t h  con t ro l  
def ini t . ion 
(2178) 

S Solar  & aux- ' . 

i l i a r y  heat- 
' i ng  ( f ue l  o i  1  ) 
have same con- 
t rol  se t t i ng .  
Disagrees w i t h  
cont ro l  def i 'n i  - 
t i o n  (2178) 

S Solar ene'rgy no t  
being taken f r o m  
storage t o  meet 
heat ing 1  oad 
(2178) 

S Single p l a t e  
temperature 
con t ro l  sensor 
may cause over 
hea ti ng . 

Control ad j us tmen t i s Grantee 
needed and has been 
veques Led Ti-an H u I I ~ ~ = .  
we1 9 . The problem i s  
due t o  the .way ho t  
deck temperature was . . 
set.  Damper needs t o  . 

be readjusted as wel l  
as the ho t  deck temp- . .  . 
e ra ture  so t ha t  Valve . 
V7 w i  11 cyc le  t o  open 
and close. 

Control d e f i n i t i o n  . Grantee 
has been changed'and ' 
drawing has been' 
corrected. Storage 
i s  n o t  used f o r  
cool ing.. 

Damper cam should be Grantee 
readjusted t o  s t a r t  
so l a r  heat ing p r i o i  
t o  a u x i l i a r y  heating. 
We have requested 
lloneywel 1 con tr-01 s 
t o  make due ad jus t -  
ment. 

See above IBM/ Grantee 

Grantee It was 
okayed t o  
delete t h i s .  



s/ 1 Pump P-2 i s  
running even 
when pump P-1 
i s  o f f .  Does 
no t  agree w i t h  
con t ro l  d e f i n i  - 
t i o n  (6178) 

Purge u n i t  Has been corrected 
should come on t o  200°F (V3) 
when TF out  i s  
220°F. TI03 
ind icates  purge 
u n i t  i s  coming 
on a t  175" t o  
180°F (6178) 

S Co l lec to r  loop 
becomes a c t i v e  
a t  8:30 AM '- 

runs u n t i l  8:30 
PM. System 
l os i ng  energy . . 

from 4:00 PM - 
8:30 PM. 

Grantee/ It was 
I BM okayed. t o  

delete 
t 'h is .  

Grantee Purge u n i t  
r a r e l y  ran. 

Grantee It was okay- 
ed t o  de- 
l e t e  t h i s .  

3 .  Complete se t  o f  as -bu i l t  drawings w i t h  w i re  and p i p i ng  schematics. 
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I . - 
EQUIPMENT SCHEDULE SEQUENCE OF OPERATIONS =g31  1 '!I' 

!GI I 

I- BELOW 

SCALE: 1/8" a 1'-0" 

FIGURE 2 - Shows roof plan-collector layout with equipment 
schedule and sequence of operation 

CTOR CONNFCTIONS 2 

General 

Space heating and cooling is controlled by the existing space 
themstata. Fmst sta9e heating is prwided by aolar heated 
water directly from the eollectora or fron the storage tank to 
the solar heatino coil located in thi existing multi-zone unit. 
Second and thxrd staqe heating are accomplished by the existing 
fuel fired burner. Flrst stage cwllnq xs prwided by t h r ~  
solar water fired absorption water chillers. S.cond stage 
cooling is provided by activating the cmlinq ca the mltizonc 
unit. A third ataqc of cooling 1s provided by the uistlng 
vapor -presston unit. 

TIrst Stacv? 1 ' 1 t t 1 n ~  f-n- c,il~=tor 

On a call for ',rat f rom the 5F3?(. ti-errastats and 
hy t h e  clisch?r.tr atr  t rrrvrarur*  Tlm. valvr  V7 
in nuxlal ~ t * - l  In contml 111- l8oL t'rch I.mp'ralur~. 
Pump P1 la enabled to run and valve V4 18 positioned A to AB if 
the collector Plate temperature ITPHI is greater than 100' ? 
ladjustrblel. A time delay will delay pup P1 shut down to 
prevent short cyclzng. 

?irst Stage Heating from Storage 

mating from storage 1s accolplished uhenever energy is not 
available from the collectors. heating d-nd occurs and energy 
is available from storaqe. On a fall for heat. valve v7 and VI 
U e  in the heatang positions. Valve V4 is B to An. Pump P2 
and Pl are enabled to run 11 the storage talll temperature TSD 
1s greater than 100. F lsdjustablel. Valves v1 and V2 are 
positioned B to AB respectively. 

second and Third Stage Resting 

If first atage heatzng cannot be satisliM from the coll.ctors 
m mtorage as aenaed by discharge air sensor TAD and the space 
thsraomtat. than th*  subaling liw..&r -61L bi I-WINIJ LIILV..,~ . it's two firinq stages. 

Pirst Staqe Cooling f r a  Collectors 

?irat staqe cwlinq in provided by the Askla Absorption unite 
A1 through Al. on a call for meling. valve VS I. asitionad 
A to AB and valve V7 is positioned B to M. If molar heat LII  

Second stage cwlinq is accomplished sequencing the existing 
mlti-s~nc unat and diract oxpansion units, rhrn srmnd stage 
-ling in salled, the mulct-zone unit will be actiuet+d- rr  
the discharge air temperature TCD is greater than 60. F 
(adjustable) and second stage cooling is on, the direct 

Storage tank charqinq is accomplished only when there is energy 
available from tho oollectors ITPA or TPC - set). there (s no 
demand sor raalinq and W i n  is greater than TSC ly 

-u 

'the purge or heat rejection unit is activated by positioning 
valve V3 B to whenever TP out rs greater than 220. ? 
lad4ustableI. %a fan is under the control of the tan *qUi* tbt  
which than 210. cyclea the fan on ii the discarge temperature is greater - 

rstm mlccn ~9 in the ~hillvd t l r e L r l  
posxt~oning L to AB. and all?tfinq 
chillers unless P3 is running and 

stor-Tak Chargins When Cwling: 

---. 2---- 

- . -- - -- - - - --- 
REVISIONS - 

*1E - '  - .Y- L.. . -  Z C  -!T= 

y-77 
CLY*Y :Ch'-PCL , V % R M  - - 

rs e/u_-.>~rs- 3 uiG-r-P- 
u n/te <.Ollk4L CLr.  51WL SIZLZ. - - - - . - - . 
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UNION (TYQ 

CHILLED WATER 
COl L 
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FIGURE 4 - Shows floor plan - SCALE: 114"' 1'-0' 
Mechanical 
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4. Operation and Maintenance Manual 

Due t o  the fact tha t  the 0 & MM i s  too bulky t o  make a par t  o f  t h i s  

report for  many reproductions, three complete copies o f  t h i s  manual 

are available a t  the fol lowing locations. One i s  located a t  the s i t e  

of Mount Rushmore Vis i tor 's  Center; one as contractor's f i l e  a t  MSFC: 

and one i n  the o f f i ce  o f  Dr. C. W. Chiang, Mechanical Engineering Depart- 

ment, South Dakota School o f  Mines and Techno1 ogy , Rapid Ci ty  , SD 57701 . 
5, Pictures o f  f i na l  insta l la t ion.  









HEAT EXCHANGERS, PUMPS AND P I P I N G  AT THE RIGHT 
PART OF STORAGE TANK AT THE LEFT 



I I-: 

ROOM ADDITION HOUSING 

STORAGE TANK AND MECHANICAL SYSTEMS 



0 OF THE THREE ARKLA UNITS WITH PIPING 



9008 3H1 NO SNIdId HlIM Ql01331103 



COLLECTORS ON THE ROOF 
SIDE VIEW 



View of Complete Collector Arrays on the roof of Mount Rushmore Memorial 

Vi s i  tor Center 



6 . Predicted System Performance Data 

Heating load calculat ions ind icate a maximum heating load o f  400,000 

Btu/hr for  severe winter, as shown by Table 0. 3-1. The t o t a l  f ue l  consumed 

i n  FY 1975 was 8721 gallons o f  No, 2 o i l .  Assuming a heating value o f  

140,000 Btulgal and a furnace eff ic iency o f  50 percent due t o  the age o f  the 

furnace and an a l t i t ude  o f  about one mile, the t o t a l  conventional heat 
8 supplied was about 6.1 x 10 Btu. 

Load calculat ions o f  the observatory room indicate a cooling load o f  

15-ton re f r igera t ion  needed as shown by Tablq 8. 3-2, Solar energy system 

calculat ions were based on cl imatological  data o f  Rapid C i ty  supplied by the 

National Ocoani c and Atmospheric A C i  n l  s t ra  t i o n  (NOAA) . The c l  i matologi cal 

condit ions a t  Mount Rushmore (25 miles southwest and 2000 fee t  higher than 

Rapid C i ty )  are more favorable due t o  the a l t i t u d e  and lack o f  po l l u t i on  i n  

the a i r ,  making these calculations conservative. 
2 The calculat ions are based on 2000 ft o f  Honeywell LSC-18-1 double- 

glazed col lectors t i 1  t i n g  a t  a slope of 45.7 deg and facing 18.8 deg west 

of south. These angles are the resu l t  of mounting the co l lectors a t  45 deg 

w i th  respect t o  the roof, which has a slope o f  9.3 deg facing 28 deg south 

o f  east. The col lectors have a transmissiv i ty absorpt iv i ty  product o f  0.84 

and a heat l oss~coe f f i c i en t  o f  0.68 $tu/hr-ft2-OF. The f l u i d  f low ra te  i s  

taken t o  be 40 gpm. The heat demand of the building, based on the actual 

heating data, was taken t o  be 2900 (70-Tmb) Btulhr. The heat avai l  able 

from. the solar system was taken t o  be 500 (Tst-90)x + 500 (T,~-T,~). ( T , ~  = . 
storage temperature, Tamb = outside temperature. ) This assumes a heating 

c o i l  design which allows 200,000 Btu lhr  heating w i th  130°F water and no heat- 

i n g  a t  90°F and pw-heat c o i l  for  10 percent vent i la t ion.  The heat capacity 

of storage was taken t o  be 32,000 BtuI0F. The solar  inso la t ion  was calculat-  



Table B. 3-1. Heating Load Calculation 

Sul~tota l  
,hr 

21 H2 

GO00 

27,800 
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Table B. 3 - 1. Heating Load Calculation (Concluded) 

L 

R o o m  N a m e  

205 o f f i c e  

. 

208 o f f i c c  

210 of f i ce  

211 of f i ce  

D i m e n s i o n  
f t  f t  

17x15 

!.3x11 

12jtl2 

12x16 

212 a u d i o  c o n t r o l  4x7  1.1115 
2 3 

' . 

--- 
213 1obb.y 

. . 

--. . ..__ A_-- 
214  womcn 

t o i l e t  t.oonl 

21 5 j a n i t o r  
c l o s e t  

- 

Wall 

f t2  

135 

136 

_ _ -  

112 

204 

' Roof 

f t2  

251: 

, ., 

14 3 
-. .- .- - 

1481 
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1670 
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f t2  . 

5 3 

56 

3 2 

4 8 

36 x44 

~- . 

28x12 

5x5 

1710;y 

ft 

. . 

' 

! 54 

4 4 

Ri u,,,; 

1260 
2760 
4 1 D O  
2flO5 

2:)211 
2!) 1 0 
4230 
I. 570 
. -. . . , ,. . .. ,. 

126Q 
1660 
24 70 
1585 

2520 
3400 ‘ 
lj3:30 
2100 

470  

17nctor 

. .=, - 

.. . . 

lltll,hr 
. Suhtotal  

11, 015' - 

11, 230 

7!775 

14,:360 

5 50 

. . 
468 

4 5 

- 

1 fi6O 

---- 

R G G  

25 

l[;i;n 

(i 6 

' 

25 

. .  

9700 
2.1400 
17050 
1 llRO0 

3 3  50 

7770 
1 .1  !in0 
4020 

73 0 

. 1:1.15 
275 

50 

. ' ~ ~ ~ ~ l n l  



Table B. 3-2. " Cooling  load Calculation 
. . 

I -. i . . 
. . 

Room 202 observatory: . . 
. . . . .  . . . . ., .. 

. ' Design conditions 

Outside temp -' 05OF, inside temp - 80°F, difference - 1.5"F ' 

Outside walls: (sq R)' . . . . . . 

- Glass . Net wall Side 

North . 150 450 
West 1200 . '  

Cooling- load : BTU /NR 

' 1tems Sensible Latent Remarks 

sensible heat gain thru glass 
'150 sq. ft. x 23 Btu/ftz/hr 3,450 

- (22-3. 5) x' 54 x ,140. . . 140,000 . ' 3. 5 f t '  approx. 
shading 
solar  heat gain '  . 

. . 
approx 140 ~ t u / f t  /hr  

. . 
4':OO pin July 2 1  

Transmission gain . ' 

1,350 . . Walls 450 s q  f t  x . 20 (factor) 
x .I5 (AT) 

' Roof 2'0OC k . .  80 x .15 24,000. . . 

Internal heat gain: 
People & lights . . . \ .  
People: Sensi bl'e Latent . . . . 

No. - ' factor - factor . . 

* . 40 x 290 - .  ,8,.0'00 
40 x 250 10,000 

Lights: 500.0 watts 'x 9.4 1~7,'OOO 
. . 

'1 otal 149 ,800  . . .10 ,000 '  

Ventilation or infi l t ra ti on , .  
"450 C1TM x 1.08 x 35 = 17,000 ~ens"ib1e 

. . 
. . 

450 CFM x 1.08 x '35  , .- = . 5,700 . ,Latent . ; .  
3 ' , * ' . ,  ' 

Total load = 149800..+ 10;000 + 17,000. +.5,700 = 182.; 500 Btu/hr. . . 

182,500 , 15 tons 
Or 1.2;OOO , 6 ', . . , . . c .  

, . 

* 



ed by mu1 t i p l y i n g  a t y p i c a l  d i r e c t  sun l igh t  reading i n  Rapid C i t y  o f  290 

2 B tu /h r - f t  by a geometrical : fac$or and, - .  :also. mu1 t i p 1  i e d  by the percentage 

sun1 i g h t  , f o r  the  p a r t i c u l a r '  day. The geometrical " fac tor  was the sca lar  
.i. , ,  

product o f  the normal t o  the c o l l e c t o r  surface w i t h  t h e s u n ' s  . . rays express- 

ed as a func t ion  o f  t i 1  t o f  the  earth'..s axls,. . local ,latitude,..slop.e o f  the  
"I L 

roof, o r i en ta t i on  of the bu i ld ing,  slope of the ' co l l ec to r  w i t h  respect t o  

the roof ,  day o f  the year and t ime o f  day. The'geometric f a c t o r  a lso  i n -  

c l  udes the  shading e f f e c t  o f  adjacent co l lec to rs .  

The model. was run using the c l ima to log ica l  data f o r  1971 -1974. The 

r e s u l t s  shown i n  t a b l e  B.3-3 are f o r  a .  t yp i ca l  day using the average high 

and low temperatures f o r  t h a t  month and assuming 100 percent . + sunsh'ine. ' This 

t o t a l  i s  'mu l t i p l i ed  by the average percentage sunsh,ine f o r  the month. This, 
. . . .  ' 

method of approximation was .checked by det'ai l e d  . hour-by-hour ca lcu la t ion  

using February '1973, when the storage temperature dropped t o  near l y  80°F 

every n igh t ,  and October 1973, when the storage temperature rose t o  around 

160°F. I n  both cases ' t he  r e s u l t s  werepvery close t o  the approximation; f o r  

February i t  was 3 percent low; f o r  October the d i f fe rence  was less  than 1 

percent . 
The percentage heat ing ca r r i ed  by the  so l a r  system i s  expected t o  be 

a t  l e a s t  53 percent s ince the atmospheric condi t ions a t  ~ o u n t  Rushmore are 

more favorable than i n  Rapid Ci ty .  Based on the cu r ren t  market p r i ce  o f  

$0.39 per ga l lon  f o r  No. 2 f u e l  o i l ,  t he  savings amounts t o  about $1,710 of 
- - .. 

the  $3,226 worth o f  f u e l  consumed i n  FY 1975. 

So lar  coo l ing ca lcu la t ions  are based .on 165.,000:,B'tu/h.r o f  heat del iv.er- 

ed t o  t he  coo l ing u n i t s  a t  210°F f r o m  tlie col l .ectors. The l i h i t i n g  cbndi- 

t i ons  o f  ambient temperahire, percentage sunshine ahd t ime o f  day under 
-. 

which- the above c r i t e r i a  could be' met were determined. The c l  i r t iatological 
, . .  . . . -  ,. . -. < .". - ,  . . 



Table B. 3-3. Heating [Cooling Solar Contribution 

H e a t i ? ~  B~ased on 1971-74 climatological data for Rapld C ~ t y  1 Cooling based on 1911 data 

Manth 
'mln 

OF 

9.0 

15.1 

23.6 

32. 5 

41.0 

52.4 

55.6 

56. 1 

43.4 

34. 8 

22. 3 

12.5 

I 
I Percent  
su--*. .a...ne 

Qneed 
6 10 Btu 

3.44 

3.01 

2. 56 

1.77 

1.12 

0.30 

0.85 

1. 53 

2. 54 

3.21 

Total 

Heaang contribution = 3. 24S1i = 53 percent 
6.1~10 

225 
Cooiing contribution = - = 41 percent 5 30 

8 

'ave 
OF . 

62.2 1 I I 

m 

34.8 

63.0 

63. 5 

52. 0 

1 5i.0 

June i 61.3 

Qsoiar 
6 10 Btu 

0.99 

1.33 

1. 51 

1.18 

>l. 12 

>0.30 

>O. 85 

1.46 

1.07 

0.99 

'rnax 
"F  

20.9 

27.0 

33. 5 

44.9 

51.1 

65.6 

TO. 1 

71. 3 

37.9 

48. 2 

33.6 

24.1 

July 

A4g 

Se?t 

Oct 

Ncsv 

DE-c 

32.7 

38.9 . 
48.4 

57. 2 

67.2 

78.8 

85. 2 

86.4 

72.4 

61. 7 

41.6 

35.6 

68. 3 

73. 2 

66.2 

65.3 

36. ? 

60.2 

530 1 331 1 223 * 323.6 1488 

b10nthly total 

lo6 Btu 

29. 7 

39. 8 

45.1 

35.3 

33.6 

9.0 

25. 3 

43. 8 

32. 1 

29. 7 

Coollng 
Hr s 

294 

44 1 

56 7 

186 

Cooling Solar Solar 
Cooling Cooling 

OdayS I HIS 1 .days 

8 1 

142 

284 

4 3 

5 6 

10.1 

112 

6 2 

2 5 

6 2 

98 

4 0 
. . 



data o f  1971 were then examined t o  determine the number o f  hours t h a t  
. . . .  . . - 

the 1 i m i t i n g  condi t ions were, exceeded when there was a lso a demand f o r  cool- 

i n g  i n  the observatory.. This . i s  recorded i'n Table B. 3-3 as the number 
, .  

o f i s o l a r  hours o f  cool ing. The t o t a l  number o f  hours o f  cool ing demand and 

the number o f  coo l ing degree days are a lso  i n  t h a t  table.  
. . . . .  . .. . , .  . 

The number o f  degree days when the so la r  absorption un i t s  were operat- 

i n g  was found. The, percentage o f  so la r  . cool ing.  . was then f igu red  by the 

r a t i o  o f  so l a r  degree days t o  'cool ing degree da,ys. 

Percent so la r  = 
Sol a r  degree days , OO Cool i ng degree days 

The savings from so la r  coo l ing can be approximated by assuming 334 hours 

of operation rep lac ing a nine-ton conventional-type c h i l l e r  w i t h  a coe f f i c -  

i e n t  o f  perfor in ince o f  2.5. The savings i s  about 42.30 kw-hr. A t  an e s t i -  

mated 34 per  kW-hr, the saving amounts ' t o  about $127.00 per year. 
.. .. . . .  . . . 



7 .  Major problems encountered and reso lu t ions there to  

One of the major problems i s  the a i r  bubbles i n  the system. As expla in-  

ed i n  the operat ion o f  the system, constant venting w i t h  frequencies as much 

as once a week t o  prevent a bui ldup o f  temperatures and pressures was nec- 

essary. The main pump was o r i g i n a l l y  designed a t  the f l ow r a t e  o f  30 gpm. 

It was f e l t  t h a t  the. h igher .  f l ow r a t e  cou1.d solve the problem o f  .pressure , 
. 

- bui ldup o r  a i r  bubbles problem. . A larger?. pump was i n s t a l  l e d  w i t h  the. . f low 

r a t e  o f  approximately 48 gpm. This. seemed t o  solve .the a i r  bubble problem. 

The frequency o f  a i r  venting has d r a s t i c a l l y  reduced. 

Another problem encountered was one transformer was s t ruck by l i gh ten -  

i n g  on August 14, 1978. Because o f  t h i s ,  the main pump had l o s t  the e lec-  

t r i c  power supply so t h a t  the stagnant ethylene glycol s.olution i n  the col- 
' 

. l e c t o r  loop was overheated and turned i n t o  steam. ' 'It took. more than two 

weeks t o  repa i r  the transformer, recharge t h e  system and ge t  i t  back i n t o  

operation. This s i t u a t i o n  r a r e l y  happens. 

The t h i r d  major problem encountered was t h e  .thermosiphoning ., On the 

l a s t  day o f  1978, the ambient temperature was extremely low and the co l d  

ant i f reeze back-flowed i n t o  t he  main heat exchanger through a . t h ree  way 

valve V4. Apparent ly . there was a s l i g h t  leakage through the  three way valve 

V4 even though the three way valve was i n  a completely shut o f f  pos i t i on .  

The c o l d  ant i f reeze back-flowed i n t o  the jacke t  o f  the main heat exchanger 

and froze the water ins ide. . the tube bundle. As a. r e s u l t ,  the cover p l a t e  

of the main heat exchanger cracked about 5 t o  6 inches;' there were two 

cracked 1 ines o f  about 3/4" i n  two'tubes ; and'.ant i freeze began t o  leak out. 

The system was drained, the cracks on the tube bundle were brazed, and. the 

cover p late.  was rep1 aced. .The -whole system was down f o r  about one month. 

A check val ve was i n s t a l  l e d  i n  the pipe1 ine. t o  prevent .any f u t u re  back-flow 

o f  ant i f reeze i n t o . t h e  main heat exchanger. 



The l a s t  major problelil i s  . thep control.  aiijustqent;, .,, I ,n-.part i  cular ,  the 

cam o f  a l l  three way valves needs f i n e  readjustment such t h a t  the sequence 

o f  operations w i  11 f o l  low closely.  

8 . Lessons learned and recomnendations 

From the major problem o f  frequent a i r  venting encountered 'in the 

operat ion o f  the'system, the ,biggest cause may be the wrong locat ions o f .  
' 

the  i n l e t  and o u t l e t  tubings t o  each' so l a r  panel. The roo f  -6n .which the co l -  

l e c t o r  banks are mounted:is s loping towards the 'east ,  such t h a t  each co l l ec t -  

o r  bank axis i s  t i 1  t i ng  toward the east. The o u t l e t  tubings are on the low- 

e r  end o f  each panel , thus .any vapor lock o r  a i r "  bubbles may stay i n  the 

upper header tube o f  each panel and can never escape. This was a negligence 

on the p a r t  o f  c o ~ l e c t o r  suppl ier  i n  shipping ,panels which were no t  accord- 

i n g  t o  shop drawings. A lesson learned here was t h a t  a close check o f  the 

panels before i n s t a l l a t i o n  'could have avoided the frequent a i r  venting 

pro b l  ems . 
The second lesson learned from t h i s  p ro j ec t  i s  t h a t  pos i t i ve  stop valves 

should -be used i,nstead , o f  leaky three way valves. With p o s i t i v e  stop valves 

the problem o f  thermosiphoning of co ld  anti ' freeze. i n t o  the main heat ex-. 

changer could. have been av0.i ded. 

The, t h i r d  lesson learned i s  t ha t  .some o f  the sensor . locat ions should 

have been a t  d i f f e r e n t  places t o  ensure more: meaningful resu l t s .  For ex- 

ample, the i n l e t  and o u t l e t  water temperature sensors t o . c o l l e c t o r s  were . . 

p laced too close t o  the three way valve,. V4. When the wate.r i s  not  x i  rcu la-  

t i n g  i n  the col  lec tors ,  the two sensors do no't .represent the t r u e  readings 

due- t o  heat conduc'tion from p ip ing.  

The 'fourth lesson ' learned i s  ' that  the cu r ren t  con t ro l  system i s  too 

complex. A s l  i g h t  mal-adjustment o f  - the th ree  .way valve cam can eas i l y  

. ... . . .  



cause ma1 func t ion  o f  t he  opera t ion  sequence. A s imp ler  c o n t r o l  system i s  

- needed fo r  t h e  whole system such t h a t  any t roub le-shoot ing  w i l l  be much 

eas ier .  

The l a s t  lesson learned f rom t h i s  p r o j e c t  i s  a d e f i n i t e  need o f  an on- 

s i te -mon i to r  (OSM). During the l a s t  few months o f  operat ion,  M r .  Val Fogle 

o f  Marshal l  Space F l i g h t  Center, NASA, Hun tsv i l l e ,  A1 ( p r o j e c t  mon i to r )  - 

helped i n s t a l l  (on sho r t  loan bas i s )  an on-s i te -mon i to r ing  system t o  the  

system. Through the  OSM system, i n s t a n t  mon i to r ing  o f  var ious temperatures, 

f l o w  ra tes ,  power requirement f o r  var ious pumps and fans he lp  understand 

and a d j u s t  t he  c o n t r o l  sequence. Thus i t  enables us t o  know whether t he  

system i s  i n  t he  r i g h t  mode o f  operat ion.  

9. The project  manager ,  Dr .  C.' W. Chiang, of the South Dakota School 

of Mines has verif ied the following: 

a.  The s o l a r  s y s t e m  was  ins ta l led p e r  the enclosed as-bui l t  drawing. 

b. The s o l a r  s y s t e m  m e t  the acceptance t e s t  plan provisions.  

c. The s o l a r  s y s t e m  m e t  the i n t e r i m  per formance  c r i t e r i a  

(NBSIR -1 187) requi rements .  




