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Summary 

The solar heating system at the Los Alamos National 

Security and Resources Study Center was calculated for 

two 14-days peri-ods (in February and December, 1978) 

with the Danish solar system simulation code, SVS, and 

the results conpared to the measured data. These com- 

parisons are presented in tables and curves in chapter 2. 

Before the calculation on the second period the SVS-pro- 

gram was improved by modelling more realistically the 

pump control and the piping heat losses. However, the 

collector subroutine was not improved at the same time - 
this resulted in larger differences for the second period 

than for the first, because a too high collector output 

had been outbalanced by too big piping heat losses in 

the simulation on the first period. 

Because of this the validation of the program was concen- 

trated on improving the collector subroutine. This process 

is described in chapter 3. The calculation of the collector 

output was reduced considerably by introducing collector heat 

capacity in the model and by improving the calculation of 

the convection losses. 

Chapter 4 contains the final comparisons between measured 

and simulated values for the December period. The agreement 

is excellent on the primary circuit, but less fine on the 

secondary side. An explanation of discrepancies is also 

attempted in chapter 4. 



INTRODUCTION 

The work presented in this report is part of the energy 

research activities which are done by the participant 

countxies of the International Energy Agency (IEA) . Solar 

Heating and Cooling was one of the technologies selected 

by the IEA for a collaborative effort, and several projects 

or "tasks" were initiated. "Investigation of the perfor- 

mance of Solar Heating and Cooling Systems" is Task I in 

the programme, one of the subtasks of Task I is: Validation 

of simulation programs. This report presents work carried 

out under this subtask by the Danish participants. It was 

decided to make the first validation work with a calculation 

on the U.S. National Security and Resources Study Center 

solar heating system in Los Alamos. The participants received 

data of the solar system and measured data for two periods 

from Jim Hedstrom, Los Alamos Scientific Laboratory. 

A summary report presenting the work on these data of all 

participants will be due in early 1380. 



CHAPTER I 

THE DATA AND THE PROGRAM 



1.1 Description of the Los Alamos Study Center solar heatix 

system. 

The Study Center is located in Los Alamos, N.M. which has 

a latitude of 35.8O and a longitude of 106~. Here the 

LASL solar energy group has developed a solar heating and 

air conditioning system, with a nominal collector area of 
2 743 m . 

The validation work is done on the solar heating system 

for two winter periods of 14 days each. 1/2 - 14/2, 78 

and 18/12 - 31/12, 78. 

For the February-period, it was reported from Los Alamos 

that the storage losses were much higher than earlier 

experiments had shown. The explanation of this was that 

it apparently was due to thermosyphoning and expansion 

into the cooling system pipings. An increase of 4 or 5 

times the original loss coefficients, it was reported, 

would be appropriate for this period. For the December- 

period the storage losses were reported to be normal. 

In the December period there was no domestic hot water load 

because the DHW-loop was valved off. 

The data are measured with an accuracy of less than 10%. 

F i g .  1 

The measured heat flows in the solar heating system: 

T 

Q is h e a t  

T i s  temperature,  (only tempera tures  used i n  t h e  SVS-simulation i s  shown) 



The measured data from Study Center 

DATE 

DATE 

TIME 

QH 

Q35 

TA 

wv 
DIR 

QB 

DHW 

MODE 

QHXI 

QHXO 

QTI 

QTO 

QAUX 

TSAV 

MONTH 

DAY 

HOUR 

Horizontal Insolation 

35' Insolation 

Ambient Temperature 

Wind Velocity 

Wind Direction (N-0, E-90) 

Building Load (w3 * C * (T9-T10)) 

DHW Load (W4 * C * (T13-T14) 

1 - Solar, 2 Auxiliary 
Heat Exchanger Input (W1 * C * (Tl-T2) 

Heat Exchanger Output (W2 * C * (T3-T4) 
Tank Input (W2 * C * (T5-T6) 

Tank Output (W3 * C * (T7-T8) 

Auxiliary Output (W3 * C * (Tll-T12) 

Average Tank Temperature 

Temperatures and mass flows here are given in fig (1) 

in appendix B. 

All heat flows are integrals over the previous hour. 

(15 sec. samples rate) . 
TA, WV, DIR, MODE, TSAV are instanteneous values at 

the hour. 

Q35, TA, QB, DHW and WV are used as input for the 

simulation in the SVS-program. 



Control of collector and heating- of building 

I. Collector 

1. Differential temperature controller worlts between 

absorber surface t-emperature and tank temperature 

2. ON AT 1 1o0F (5.6 OC) 

3. OFFAT 6 O'F (O°C) 

11. Heating of building 

a. Mode 1 Solar heat 

Mode 2 Auxiliary heat 

b. Switchover temperature: when the storage temperature 

is below a set temperature T,, which is a function of 

Ta, then switch to auxiliary: 

February December 

Mode 1 + 2 / Ts < 39.97-.558 Ta I Ts < 39.2-.7 T 

Mode 2 + l 1 Ts 2 40.64-.558 Ta / Ts 2 40.4-.7 Ta 

temperatures in 'C 

Measured Collector Performance 

Side-by-side collector test of the LASL STUDY CENTER COLLECTORS 

20.01.77 - 06.03.77. 

FR * T" = 0.810 

PR * UL = 4.962 w/m2 OC. 

Then the efficiency is: 



1.2 The simulation of the solar heating system by the 

SVS-program 

The SVS (SolVarmeSystem) solar heating simulation 

program is developed at the Thermal Insulation Laboratory 

at the Technical University of Denmark. 

The program consists of a number of subroutines, which 

each either model components or have mathematical 

functions. The program is quasi-stationary, meaning 

that the enery flows within the time steps are supposed 

to be stationary. 

A control routine for the energy flows has to be pro- 

grammed for each system to be simulated. When a whole 

year is calculated, the program continues month by 

month until the same mean storage temperature is obtained. 

In this way the start up effect is avoided. 

Fig. 2. The calculated heat flows and temperatures in 

the SVS-program: 

TC 
heat to 



The s i m u l a t i o n  o f  t h e  s o l a r  h e a t i n g  sys tem y i e l d s  t h e  

f o l l o w i n g  r e s u l t s :  

QTIL = QSOL X F"'  

QRORT 

QTILL = QHXI = QHXO = QTI 
= (QTIL - QRORT) 

QTL 

QRORTH 

QT1 

= QT1-QTL-QRORTH-DHW-QSOP 

TT1 = TSAV = QTl/IICST 

d i r e c t  35O i n s o l a t i o n  (kW) 

d i f f u s e  350 i n s u l a t i o n  (kW) 

c o l l e c t o r  o u t p u t  p r e d i c t e d  
on t a n k  t e m p e r a t u r e  (kW) 

c o l l e c t o r  o u t p u t  t a k i n g  

h e a t  exchanger  i n t o  account(kW) 

h e a t  l o s s  from p i p e s  i n  

c o l l e c t o r  c i r c u i t  (kW) 

s o l a r  h e a t  t o  s t o r a g e  (kW) 

( t h e  h e a t  t o  s t o r a g e  i s  

assumed t o  b e  t h e  same a s  t h e  

h e a t  t o  t h e  h e a t  exchanger )  (kW) 

t a n k  l o s s  (kW) 

h e a t  l o s s  from p i p e s  i n  

h e a t i n g  c i r c u i t  (kW) 

s o l a r  e n e r g y  f o r  b u i l d i n g  

h e a t i n g  (kW) 

h e a t  i n  t h e  s t o r a g e  t a n k  (kW) 

s t o r a g e  t a n k  t e m p e r a t u r e  ( O C )  

I-ICST = Heat  c a p a c i t y  o f  s t o r a g e  t a n k  



Data of the solar heating system 

Collector circuit: 

Solar collector fluid: Shell Thermia 33 

specific heat, C 1970 J/kg O C ~  (at 50 OC) 
P, S 

density, ps 857.5 kg/m3 ( - "  - ) 

P u m p ~  -- Taco Model No 5010 
flow rate, is ( 0 . 9 0 8 * T C 4 - 0 . 0 0 6 4 * ~ ~ 4 % . 8 2 )  *3600 kg/h 

Piping : 

heat loss, 0.1 ~/m: OC 

heat capacity 5 k~/rnz OC 

heat loss to 21.1 OC 

Heat exchanger circuit: 

Flow rate, vv 19.85*3600 (kg/h) 

Fluid water 

heat capacity, Cpfv 4180. J/kg OC (at 50 'C) 

density, pv 988.kg/m3 ( - l + -  1 
We do not take into account heat loss from the heat exchanger 

and the heat exchanger circuit leading to the storage tank. 

These losses are considered to be low compared to other 

losses in the system. 



Heat Exchanger Model B & G 2010-46 

Heat exchanger type Tube in Shell. 

Measured heat tranfer coefficient, UH = 12521 + 
282*(TC4), (w/OC) 

= QTI~L/ (TC~-TS~) 

We use a regression analysis on the below listed equations 

to find the heat exchanger factor, F"', and the heat exchange 

efficiency Evv. 

TC3-TC4 - (l-exp (-NTU* (l- K) ) 
V = exp I-NTU* (1- K) ) 1 

U~ fiS * C NTU = , K =  
PI S 

li * c  r;l *C 
S P,S vv P,V 

-1 

PtS 

Here we use U, = 4.0 W/m2 'C 

F' = 0.98, F" = 0.97 

We calculate F"' and Evv for different values of, TC4, and 

find Evv to be 0.370 i 0.010, 

As a result of the calculation we use Evv = 0.37 and 

and F"' = 0.92. 

The reason why it is necessary to use constant values for F"' 

and Evv in the program, is that F"' is a function of is. But 

it is also true that m 1s a function of TC4, which is a 
function of F"'. This means that the alternative would 

be to make an iteration process in the program. 



s t o r a q e  t a n k  

f l u i d :  

volume : 

i n s u l a t i o n :  

t h i c k n e s s  

c o n d u c t i v i t y  

c a l c u l a t e d  l o s s  

w a t e r  

37 .85  n 3  

f i b e r g l a s s  

measured L O S S ,  ( u s e d )  U L t S  

h e a t  l o s s  t o  

s t a r t  t e m p e r a t u r e  i n  February  

s t a r t  t e m p e r a t u r e  i n  December 

S t r a t i f i c a t i o n  i s  n o t  t a k e n  i n t o  a c c o u n t  

Domestic h o t  w a t e r  c i r c u i t  

Flow r a t e ,  m d v  0.95 kg /s  

I n  t h e  S tudy  C e n t e r  sys tem t h e r e  i s  no back up on  d o m e s t i c  

h o t  w a t e r .  

Heat  exchange i n  d o m e s t i c  h o t  w a t e r  t a n k  

We u s e  a  UDIily-value o f  2035 w/OC.  

Then t h e  e f f i c i e n c y  Edv i s  c a l c u l a t e d  a s :  

edv = l - e x p  (::l) ---- 

B u i l d i n g  h e a t i n g  c i r c u i t :  

f l u i d :  w a t e r  

f l o w  r a t e ,  mbv 3.78 kg /s  

p i p e  l e n g t h  40 m 

h e a t  l o s s  0 .15  W/mbv OC 

h e a t  c a p a c i t y  2.16 kJ/mbv OC 

h e a t  l o s s  t o  21 . l  OC 

NB. A d e t a i l e d  d e s c r i p t i o n  o f  t h e  s i m u l a t i o n  o f  t h e  s o l a r  

h e a t i n g  sys tem by t h e  SVS program i s  g i v e n  i n  Appendix A.L .  



Data of the solar collector used in the SVS-program 

Aperture are 

Tilt 

Direction 

Glazing 

measured transmission, ~g 

thickness, E 

extension coefficient, K 

refractive index for glass, n 

Absorber 

surface 

absorptivity, a 

emissivity, E 
P 

Back insulation 

thickness, Db 

conductivity, hb 
heat loss to 

715.8 rn2 

3 5O 

13O east of south 

l sheet ASG white glass 

0.91 

3.175 mm 

0.024 cm-l 

1.526 

seam welded expanded steel 

black chrome 

0.93 

0.09 

urethane foam 

50.8 mm 

0.0288 W/m OC 

21.1 Oc 

Side and end heat loss will be calculated as 58 of the front 

heat loss. 

Shade factors (SFAK) : 

NB.The collector subroutine of the SVS-program is presented in 

appendix A.3. Here you can find all relevant equations and 

parameters. Most of the equations used in this subroutine 

is from reference [2]. 

A detailed description of the simulation of the solar heating 

system by the SVS program is given in Appendix A.2. 



CHAPTER I I 

THE F1 RST COMPARISONS 



2.1 February comparisons 

Grf sinal-sY2-~~osra'_" '_"com~a_red- tooFeb_rus~~-da&a 

The results of the calculation of the February period using the 

original SVS-program are compared to the measured values in 

fig. 1 to 3 on the following pages. 

As expected, (see paragraph 1.1) we got the best agreement 

when using a five times greater tank heat loss than given. In 

this case the calculated value of QTO is only 349 kWh (2.9%) 

higher than the measured QTO (see table 1). In figure 1 and 

2 we have plotted the calculated and the measured tank tem- 

perature TSAV, and here you find a good agreement between 

calculated and measured values when the five times great-er 

tank loss is taken into account. (The calculated TSAV is 

0-5 OC higher than the measured TSAV). 

Because of the uncertainty of how big the tank losses really 

were, it was difficult to use the February run to make valida- 

tion work on the SVS-program. Thus we decided to do this 

with the next run, with new data from December 7 8 ,  where 

the problems with the tank heat losses had disappeared. 



Table 1. 

Comparisons of the SVS-results to the data from 

Los Alamos, Study Center 

3: Measured 14 days summary of results: 

2: SVS-results for 5 times greater tank heat loss than given 

1: SVS-results for the tank heat loss given: 

Absorbed solar l 
-p---- 

Bulldlnq Load 
.-p 

----p- 

Auxiliary Output 

DHW 3 0 0 

289 

..- - .-. . - .- ...-------~--- -------p 

Total. Load 
- .--p-.-.--- .- .- -- - 

Tank Output 

Fraction of Load 







When s t a r t i n g  t h e  work on t h e  December d a t a ,  we were  i n  some 

s o r t  o f  a  dilemma, The problem was t h a t ,  i n  t h e  meantime, we 

h a s  improved t h e  SVS-program. T h i s  meant t h a t  now it was 

p o s s i b l e  t o  u s e  a  new and b e t t e r  way t o  c o n t r o l  t h e  pump i n  

t h e  c o l l e c t o r  c i r c u i t ,  and ,  f u r t h e r m o r e ,  a  new and more 

r e a l i s t i c  way o f  c a l c u l a t i n g  p i p e  h e a t  l o s s e s  was i n t r o d u c e d .  

These changes  r e s u l t e d  i n  h i g h e r  e f f i c i e n c y  o f  t h e  s o l a r  

sys tem t h a n  b e f o r e  because  t h e  p r e v i o u s  t o o  p o s i t i v e  p r e d i c t i o n s  

o f  t h e  c o l l e c t o r  s u b r o u t i n e  were b a l a n c e d  o u t  by t h e  p i p i n g  

l o s s e s .  

I n  o u r  o p i n i o n ,  t h e  g o a l  o f  t h e  v a l i d a t i o n  work i s  t o  improve 

t h e  s i m u l a t i o n  programs.  T h e r e f o r e  we d e c i d e d  t o  u s e  t h e  new 

SVS-version (SVS(N))  f o r  t h e  December compar i sons ,  b e i n g  

aware o f  t h e  f a c t  t h a t  it would g i v e  t o o  h i g h  r e s u l t s .  And 

t h e n  l a t e r ,  when we had t i m e ,  we improved t h e  c o l l e c t o r  

r o u t i n e  by u s i n g  t h e  December d a t a .  

The d i f f e r e n c e s  o f  t h e  r e s u l t s  f o r  t h e  February  p e r i o d  

between t h e  two SVS-versions i s  s e e n  i n  t h e  t a b l e  2 ,  n e x t  

page.  A s  you s e e ,  Q H X I  i s  1013 kWh h i g h e r  i n  t h e  l a s t  and 

changed v e r s i o n .  T h i s  i s  a n  i n c r e a s e  o f  8 % .  



Comparison between the original SVS-version SVS(0) and 

the new version SVS(N), when calculating the Study Center 

solar heating system with February data (14 days. 

Table 2. -- 

(kWh) 

QSUN 

QHXI 

QAUX 

Measured SVS (0) SVS (N) 
- 

46509 46509 46509 

The first run with December-78 data is called the 

SVS(1) run. The results are presented in the next 

paragraph. 



2.2 December comparisons 

Presentation-of the svS-_rss5?LtsSf_rornmth_e-fL_r2S-22~-~ith 
Decsmbs~-Zs-data~-s!!SlLL~ 

The input data for the period are given in the table 

below: 

Table 3 

DAY 
INPUT OUANTITIES 

85UN L? B TA 
(KWH) O(WH:] (C) 
654. 0 1705. o 1.7 

2320.0 15114.5 i. 9 
4500.0 1915.4 -4.7 
4323.0 1877.2 -5.0 
4381.0 1811.4 -3.4 
4498.0 J R45.8 -5.4 
4353.0 1984.8 -3.6 
4335.0 t G24.4 - C l .  3 
4464. (3 1806.7 -2.8 
4182.0 1749.7 -1.5 
1532.0 1547.2 1.2 
2735.0 1510.4 1.2 
517.0 1839.2 -0.5 
15'28.0 1795.4 -2.1 

TOTAL 44792.0 24717.1 -1 . S  

We have tried to present the results of this run in a 

way like that proposed by W.J. Kennish [ 7 1 .  We use 

three different tables and four figures: 

table 4: Comparison of predicted and measured 

performance values. 

table 5: Comparison of predicted and measured 

values of QHXI, QTO and QAUX and 

differences and standard deviation. 



Figure 3: Solar heat to heat exchanger, QHXI, 

measured and predicted, day 19 and 20. 

figure 4: Solar heat to heat exchanger, QHXI, 

measured and predicted, day 21 and 22. 

figure 5: tank temperature, TSAV, measured 

and predicted, day 19 and 20. 

figure 6: tank temperature, TSAV, measured 

and predicted, day 21 and 22. 

In the tables 4 to 5 we make comparisons between dayly 

results and results for the whole period. While in 

the figures 3 to 6 the results are compared on an 

hourly basis. 



P r e s e n t a t i o n  o f  t h e  S V S ( 1 )  r u n  on t h e  S tudy  C e n t e r  s o l a r  h e a t i n g  

system w i t h  December 7 8  d a t a .  

T a b l e  4 .  -- 

PERI . 'OMNCE VALUES 

p r e d i c t e d  vs .  measured 

r c o l l e c t o r  out-put  7 

p :  p red ic ted  m:  measured 



D i s c u s s i o n  of  SVS(1) r e s u l t s  i n  t a b l e s  4 and 5 and 

f i g u r e s  3 t o  6 .  

I n  t a b l e  4 we have  a  comparison between measured and c a l c u l a t e d  

e f f i c i e n c i e s  o f  t h e  s o l a r  c o l l e c t o r  and measured and c a l c u l a t e d  

s o l a r  f r a c t i o n  o f  h e a t i n g  demand: 

W X I m  QB - QAUX, 
EFFm = - QSUN 

Fm = 
QB 

( e f f i c i e n c y )  ( s o l a r  f r a c t i o n )  

A s  e x p e c t e d ,  t h e  d i f f e r e n c e  between F  and Fm i s  g r e a t e r  t h a n  
P  

for EFF and EFFm b e c a u s e  F and Fm v a l u e s  r e p r e s e n t  t h e  
P  P  

f i n a l  r e s u l t  of  how t h e  s o l a r  s y s t e m  works.  

I n  t a b l e  5 we have a  comparison between measured d a t a  and t h e  

most  i m p o r t a n t  SVS(1) r e s u l t s .  T h e r e  i s  a  l i t t l e  d i f f e r e n c e  

i n  t h e  way t o  measure and c a l c u l a t e  t h e  QTO v a l u e .  The 

measured QTO i s  t h e  h e a t  l e a v i n g  t h e  s t o r a g e  t a n k ,  w h i l e  i n  

t h e  c a l c u l a t i o n  QTO i s  s a i d  t o  b e  t h e  h e a t  from t h e  s t o r a g e  

t a n k  r e a c h i n g  t h e  b u i l d i n g  h e a t i n g  sys tem,  t h i s  i s  a l s o  c a l l e d  

QSOP. T h i s  means t h a t  t h e  r i g h t  v a l u e  o f  QTO c a l c u l a t e d  would 

b e ,  QTO = QSOP + QRORTH, s o  t h e  p i p e  h e a t  l o s s e s  would b e  i n -  

c l u d e d .  Now QRORTH i s  o n l y  a b o u t  1% of QSOP, s o  i t  makes v e r y  

l i t t l e  d i f f e r e n c e .  

I n  t a b l e  5 we have compar i sons  between t h e  QHXI, OTO and 

QAUX v a l u e s  and t h e  mean d i f f e r e n c e  a and  t h e  s t a n d a r d  d e v i a -  

t i o n  a d .  The d  v a l u e  e x p r e s s e s  what  t h e  t o t a l  d i f f e r e n c e  

between measured and c a l c u l a t e d  r e s u l t s  i s .  F o r  i n s t a n c e ,  i f  

t h e  number o f  h o u r s  i s  N ,  t h e n  (QTO - QTO,) = d X N .  And t h e  
P  

s t a n d a r d  d e v i a t i o n  od e x p r e s s e s  t h a t  we c a n  e x p e c t  t o  f i n d  

95% o f  t h e  d i f f e r e n c e  v a l u e s  i n  t h e  a r e a  d ?  a d .  



There  i s  a n o t h e r  s t a t i - s t i c  v a l u e  which we a l s o  w i l l  u s e ,  t h a t  

i s  t h e  s t a n d a r d  e r r o r  o f  mean o- d .  
- Od 

ad  J N '  

When you compare measured and c a l c u l a t e d  v a l u e s ,  it i s  a  r u l e  

o f  l a r g e  sample  s t a t i s t i c s  t h a t  i f :  

t h e n  t h e s e  v a l u e s  a r e  c o n s i s t e n t ,  and we can  c o n s i d e r  t h e  

h y p o t h e s i s  t o  b e  good which s a y s  t h a t  t h e r e  i s  a  good agreement  

between measured and c a l c u l a t e d  v a l u e s .  

The a; v a l u e s  h e r e ,  f o r  t h e  14 d a y s  p e r i o d ,  a r e :  

(QHXI) = 5 . 0 6  

0; (QTO) = 2 . 3 2  

U; (QAUX) = 3 . 0 3  

t h a t  means t h a t  2 x a; 1 d w i l l  n o t  b e  t r u e  f o r  t h i s  

p e r i o d .  

F i g .  3 and 4 p r e s e n t  a  comparison between measured and  c a l c u l a t e d  

v a l u e s ,  on a n  h o u r l y  b a s i s ,  of  t h e  s o l a r  h e a t  f rom t h e  c o l l e c t o r s  

t o  t h e  h e a t  exchanger ,  Q H X I .  Here you a r e  a b l e  t o  s t u d y  t h e  

d i f f e r e n c e s  hour  by hour .  I n  f i g .  3  and 4  t h e r e  i s  a n  obvious  

d i f f e r e n c e  i n  t h e  t ime  t h e  c o l l e c t o r  b e g i n s  t o  p roduce  h e a t ,  t h e  

r e a s o n  c o u l d  be  t h a t  t h e  e f f e c t  o f  h e a t  c a p a c i t y  o f  t h e  c o l l e c -  

t o r s  i s  n o t  talcen i n t o  a c c o u n t  i n  t h e  c o l l e c t o r  s i m u l a t i o n .  T h i s  

c o u l d  a l s o  b e  a n  e x p l a n a t i o n  o f  t h e  d i f f e r e n c e  i n  t h e  a f t e r n o o n .  

The compar i son  o f  measured and c a l - c u l a t e d  t a n k  t e m p e r a t u r e s  i n  

f i g .  5 and 6 shows, t o g e t h e r  w i t h  f i g .  3  and 4  and a l s o  t h e  

t a b l e s ,  t h a t  t h e  SVS(1) c a l c u l a t i o n  h a s  c a l c u l a t e d  t o o  p o s i t i v e l y ,  

a s  we had e x p e c t e d  i t  would. 



F i g .  3 and 4 show 4 d a y s  v a l u e s  o f  measured and 

c a l c u l a t e d ,  S V S ( l ) ,  s o l a r  h e a t  from c o l l e c t o r s  t o  h e a t  

e x c h a n g e r ,  Q H X I .  kWh. 

400 KWH COLLECTOR OUTPUT 

T 

COLLECTOR O U T P U l  



Fig. 5 and G show 4 days values of measured and 

calculated, SvS(l), storage temperature, OC 

Storage temperature, OC 
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Table 5. ENERGY QUANTITIES, predicted vs. measured (kWh) 





CHAPTER 1 1 1  

VALIDATION 



Validation ofhe SVS-program 

3.1 Possib1.e reasons for differences 

The main reason for the difference between predicted and 

measured values of the STC-solar system was, as said before, 

that the SVS collector subroutine calculated too high 

aesults, There are several reasons which could be 

interesting to investigate. We started by looking at 

the following three: 

a) The splitting of Q35 in direct and diffuse 

insolation. 

b) The influence of heat capacity of the solar 

collector. 

C) Examination of the values of collector heat 

loss, UL, and the effective transmission, absorption 

product in the collector subroutine. 

For the rest of the solar system it might also be interesting 

to compare heat losses of the storage tank and pipes. And 

to see which differences are caused by the fact that. the 

SVS-program does not include heat losses in the heat 

exchanger and in the heat exchanger circuit. 

S~l l t t ins-of- the-fn_soLat i f !n  
In the SVS-program we assumed that 75% of the Q35 insolation 

was direct. To see what influence this could have on the 

calculations, we also tried to run the program with 65 and 

85% direct insolation. We found that the results only changed 

little, so it seemed right to conclude that the influence of 

this would not explain the differences between predicted and 

measured results. We still recommend that direct and diffuse 

insolation are calculated more accurately than in this SVS- 

calculation, or even better, that these values could be given 

as data in later validation work. 



T h e - L n f  l u e n c e - o Z - k a t t ~ a ~ a _ ~ l t ~ Y o f  - _ ~ ~ S - S O L C E - ~ O L L S G L ~ E  

In fig. (1) we have tried, for each hour of the 23/12, to 

plot the percentual solar gain of the Study Center solar 

collector as a function of the insolation and the tank 

temperature. Curve a, b and c are measured values, cal- 

culation (1) values, SVS(l), and efficiency curve values 

from 9 to 15 o'clock. 

(TSAV-Ta) QHXI*l. 042 curve a) plot of (X, y) = ---------- ----------- Q35xSFAK ' Q35XSFAK 

(we assume pipe losses in collector circuit to be 

4.2% of QHXI) 

(TTANK-Ta) , or * - c) plot of (X, y) = - I 

When calculating the actual solar gain of the solar collector, 

we have to take into account that the tank temperature is not 

the same as the collector input temperature because of the 

heat exchanger. We do this by multiplying with F"'. 

From fig. 1. you will see that calculation (1) gives about 

5% higher efficiencies than the measured data. This agrees 

quite well with the results from the entire 14 days period. 

In chapter 4 we present results from a new coll.ector routine 

where collector heat cagacity is taken into account. One 

of the goals for this run was to be able to illustrate that 

collector capacity could have some influence on the results, 

like the measured data in fig. 1 seem to show. For instance, 
a lower efficiency in the morning than in the afternoon. 





Exa~inatlan-of -the-11a11!es-of- th_e-co11ec_;oc-h_eaS-L~ss 
coeffLcient-u,_an:- t h e~ t r ac s rn i s s l on r ! a~soc~ t i oc -~c~~1!~ ; -L~~Le  
in the collector routine. 

In fig. 5 we saw that the collector subroutine gives higher 

gains than the measured efficiency curve would predict. The 

reason could be the FR and the F"' values, it could also be 

too high (T"), values or too low UL values. The F' value in 

the SVS-program is 0.95, and the F" is calculated to be between 
0.971 and 0.975 with a mean of 0.974. That means a mean 

FR of F' X F" = 0.925. 

The value in the Study Center, SVS-calculation has 

values between 0.81 and 0.856, with a mean of 0.845. This 

means a FR * (TO), of 0.782, which is 3.5% less than given by 

measured efficiency curve. 

For the 23/12 we have listed the calculated heat loss values 

of the solar collector in table 1. On that day the UL-values 

have a variation between 3.96 and 4.76. It seems to be very 

much affected by the wind speed, a fact which is also repre- 

sented by figure 2. 

At a characteristic wind speed about 3 m/s, and an ambient tem- 

perature about 1 OC, the UL-value will be calculated by the 

SVS-program to be about 4.2 ld/m2 OC. 

By using the above-mentioned FR-value and comparing this to 

the measured efficiency curve where FR ' UL = 4.962, we find 

a UL-value of 5.36 w/m2 OC. 

This value is higher than any of those calculated of UL on 

the 23/12, and is 21% higher than the mean. 

The conclusion must be that the SVS-collector subroutine 

calculates too low UL-values for the Study Center collector. 

In figure 3 we have tried to plot the actual STC-collector 

efficiency curve (m) X F"' as a function of (TTANK-Ta)/l, 

and for comparison the SVS-calculated (1) curve. For low 

values of (TTANK-Ta)/I the calculated efficiency is less 

than the measured, and for values greater than 0.02 the 



opposite is true. The reason is that (~a)~-value is also 

cal.cu.lated a little bit too low (2.5%) . At a typical combi- 

nation of TTANK = 50 OC, Ta = 0 'C and I = 800, (TTANK-Ta)/I = 

0.063, the SVS-calculation will be 5% too positive. 

The Study Center solar collector is selective, that means that 

the radiative heat losses between absorber and glass become 

much smaller than the convective losses. Because of this it 

would be reasonable at a first step to see if it is possible 

to improve the calculation of the convective heat loss between 

absorber and the glass. And the next step must then be to 

look at the heat loss from glass to the ambience. For this 

report we have only had time to investigate the first step. 

Fig. 2. -- 

u L  as a function of windspeed. 

collector 

hea+; loss 

4 







3.2 Improvement of the collector calculation 

Introduction of collector heat capacity-tg-thg ................................. 
syS=pregEarn, 

The calculation of heat capacity, which we have tried to 

add to the SVS-program in the subroutine STYR, is illu- 

strated in the flow chart in figure 4. The new parameters 

introduced here are: 

TCT = TS1 + 5. ~ O C ,  pump control temperature ('C) 

TSF modified plate temperature (OC) 

TSFG mod. plate temp. the hour before (OC) 

HCS = 5.667 Wh/m2 OC, collector heat capacity 

SOKA heat stored in the collector * )  (J) 

QA2R reduced, absorbed solar heat (J) 

There are four different possibilities of running through 

the flow chart in figure 1. 

a) Pump is off, QA2R is less than 0. TSF is calculated 

and used for the next hour as TSFG. In the morning 

£.ex. the collector has to be heated up before QA2R 

becomes bigger than 0.  

b) Pump is off, now QA2R > 0. If the collector is heated 

to a temperature more than TS1 + 5. ~ O C ,  FLOW is cal- 
culated, pump is on, and the collector routine is 

called again, now with FLOW > 0. 

C) Pump is on. QA2R will be higher than zero as long as 

QA2 has a reasonable size because (TC1 - TSFG) is 
little. TSF and QSOL are calculated. 

d) Pump is on. QA2R 0. TSF is calculated, and pump 

goes off. 

* )  When the collector plate temperature is higher than the 
hour before, some of the absorbed solar heat will be used 
to heat the collector up to the new temperature. 

- In hour no. one TSF and TSFG are assumed to be the same 
as the ambient temperature. 



Fig. 4. Flowchart for the collector heat capacity 

calculation in STYR 

Q T I I ,  = 0 



This is cal-culated in the SVS-program as [ 3 1 : 

9 hctl = (0.24 - TILT a 1 0 ~ ~ )  -5.68- (T1 - T2) 
0.25 

hctl is here only a function of the tilt and the plate 

and the glass temperatures. But in fig. 5 8 l ,  it is seen 
that the separation L between the plate and the glass is 

also an important factor. 

Fig. 5 

1 2 3 4 5 

SEPARATION OF SURFACES, cm 

Fig. 10.13 Relationsl~tp between Ilraf-transfer coefficient h and the separation o f  
surfaces I., for the case where Ra E 8000 for l. = 5.0 cm. 

two llorizonlal 

We have tried to use a new equation for convection heat 

loss which is recommended by K.G.T. Hollands et a1 in 

Journal of Heat Transfer [ 6 1 ,  here the separation is also 

a parameter. 



Hollands et al: 
----p 

Nu: 

k: 

L: 

Ra: 

Nusselt' S number 

Thermal conduc.tivity of air (w/mOc) 

separation, with air layer (m) 

Rayleigh's number 

acceleration of gravity (m/s2) 

kinematic viscosity (m2/s) 

mean temperature = (T1-T2)/2 (OC) 

convective heat loss (w/m2%) 

For air: V = (13.5 + 0.092.(T1 - T2)) 



3 . 3  SVS-simulat ion ( 3 )  u s i n g  improved c o l l e c t o r  s u b r o u t i n e  

A s  e x p e c t e d  t h e s e  changes  r e s u l t e d  i n  l e s s  s o l a r  g a i n  from 

t h e  c o l l e c t o r .  The r e s u l t s  a r e  p r e s e n t e d  i n  t a b l e s  and 

c u r v e s  i n  t h e  n e x t  c h a p t e r ,  b u t  t h e  main c o n c l u s i o n  i s  t h a t  

t h e r e  i s  now a  much b e t t e r  agreement  between measured and 

c a l c u l a t e d  v a l u e s .  T a b l e  2  p r e s e n t s  t h e  r e s u l t s  o f  t h e  

whole p e r i o d .  

Table  2. 
Measured SVS (1) SVS ( 2 )  SVS ( 3 )  

d a t a  (with (with collector 
collector capacity and new 
capacity) convection 

calculation) 

QCOLL 15817 l7337  l6069 16012 

Q H X I  15187 16652 15435 15382 

QAUX 10823 8436 9667 9764 

The r e s u l t s  marked w i t h  
---p 

a r e  e x t r a p o l a t e d  by u s i n g  t h e  

f o l l o w i n g  mean v a l u e s ,  c a l c u l a t e d  i n  t h e  SVS-program. 

QRORT = 630 kWh, p i p e  h e a t  l o s s  i n  c o l l e c t o r  c i r c u i t .  

QRORTH = 35 kWh, p i p e  h e a t  l o s s  i n  h e a t i n g  c i r c u i t .  

The d i f f e r e n c e  between c a l c u l a t e d  and measured QHXI v a l u e s  

a r e  from c a l c u l a t i o n  1 t o  3  reduced  from 1465 kW11 t o  l 9 5  kWh, 

main ly  b e c a u s e  o f  t h e  i n t r o d u c t i o n  o f  c o l l e c t o r  c a p a c i t y .  



Improvement of convection calculation -- 
To investigate hov~ the new convection calculation has 

worked compared to the old one, the QHXI results of 

different L values are presented in fig. 6. The L value 

for the STC-collector has been reported from Jim Bedstrom 

to be 1 inch, which is about 2.5 cm. In this case %he 

new convection calculation only meant a reduction in the 

QHXI value of 53 kWh. (15435 to l5382 kWh). 

Fig. 6. Solar fraction versus glass-absorber space. 

I 3 5 L (cr.,) 3 

t 
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S!?ace between 3bsorb5:r ??late aod the glass in the cdllector. 



3.4 Influence of heat capacity on solar collector performance 

In tables 3 and 4 we have listed the hourly results of the two 

calculations and compared with measured values and a new cal- 

culation SVS(4) which is based upon the measured efficiency 

curve instead of the collector routine, but still with 

collector capacity. The comparison is for day 357 = 23/12-78. 

The results are plotted in figures 7, 8 and 9. 

In fig. 8 (which is made in the same way as fig. 1 in this 

chapter) it is seen that the new way of calculating the solar 

collector gives results which are better compared to the 

measured, and where the collector seems to work in the same 

way as the measured data are showing. That means that the 

efficiency is growing up in the first hours near to the effi- 

ciency curve, and growing higher than the curve in the after- 

noon. It works better in the morning than in the afternoon 

compared to the measured curve (m). The influence of collector 

heat capacity is still not as high in the SVS results as 

curve (m) seems to show. Around noon the collector capacity 

should only have very little influence. Here fig. 8 still 

shows a little higher efficiency values of the calculated data 

than the measured. The UL values of day 357 have values 

between 4.07 - 4.78 w/m2 OC, which are lower than the measured 
efficiency curve would predict. The influence of this can be 

seen in fig. 9, where SVS(4) is also plotted. 

Day no. 357 = 23/12, 78, is a day with good sunshine. We have 

marked the two actual running areas A and B in fig. 10, where 

also the comparison of the measured efficiency curve nm and 
the SVS-calculated q SVS(3) can be seen. 



T a b l e  3. I n  t a b l e  3  and  4 we have  h o u r l y  r e s u l t s  f o r  day  357 of S V S ( l ) ,  

SVS(3) and SVS(4) compared t o  t h e  measured d a t a .  

WIL = I "' X FR X (I (C i t )  - iiI, (?S1 - Ta) ) SVS, calculated 
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P i g .  7 .  

S o l a r  e n e r g y  t o  t h e  c o l l e c t o r s ,  DIN, and c o l l e c t o r  o u t p u t  

t o  t h e  h e a t  exchanger ,  QHXI, measured and c a l c u l a t e d  f o r  

day  3 5 7 .  
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CHAPTER I V  

THE F1 IiAL COMPARISONS 



4.1 cinal SVS-version compared to measured data 

The comparisons are presented in this paragraph in accordance 

with ref. [7 ! .  

Table 2 shows that there is a very go@ agreement between 

measured and calculated efficiencies EFF and EFF,, while there 
P 

is still some difference, but much smaller, between solar frac- 

tions F and Fm. That is because there is still a difference 
P 

between heat loss calculations and measured values here. 

Table 3 shows a good agreement between measured and calculated 

results, also for the different days. 

In table 4 and 1 we see that the d values have changed from the 
SVS(1) calculati.on,while the ad and a- only have changed little. d 

Table 1. Difference, standard deviation and standard 

error of mean, for the SVS(1) and SVS(3) calculations. 

QTO ' 
iSVS ( 3 ) 31.9 2.14 

Table 1 gives a very good picture of the difference between the 

SVS(1) and SVS(3) calculations. The SVS(3), d value for QHXI is 
now very small because the collector simulation gives results - 
which are near to the measured data. And the d value of QAUX is - 
still quite big. This also means that 2 X U;> d is true for 

U 

QHXI, but for QAUX 2 X U; is a little bit higher than d. This 

shows that if we made a run wi.th a little bit better simulation 

of system heat losses than in the SVS(3) calculation, then it 

should be possible also to have 2 X U: > d for QAUX. 



In fig. i and 2, where we have the hourly values of collector 

output, QHXI, we see that there is a better agreement 

between measured and calculated values in the SVS(3) calculation 

than in the SVS(1) calculation. If you compare fig. 3 and 4 

in chapter 2, you will see that the difference in the morning 

and in the afternoon has really changed. In fig. 3 and 4 

with the tank temperature you can see that the difference has 

become smaller, especially for the days with good sunshine, 

21 and 22. 

The conclusion must be that we now have shown that the SVS(3) 

simulation model can give results in good aqreement with 

measured values. 



P r e s e n t a t i o n  o f  t h e  SVS(3 )  r u n  o n  t h e  S t u d y  C e n t e r  s o l a r  

h e a t i n g  s y s t e m  w i t h  December 78 d a t a .  

PERFORMANCE VALUES 

p r e d i c t e d  v s .  m e a s u r e d  

T a b l e  2  

c o l l e c t o r  o u t p u t  , 
DAY OSUN EFFm F  

(kwh)  
'm 

( % ) P  ( % )  

p:  p r e d i c t e d  m: m e a s u r e d  

31  

TOTAL 

1 9 2 8 . 0  

44792 .0  

5 0 0 . 2  1 569 .0  

l 
1 5 3 8 2 . 5  115187.0 

25 .9  1 2 9 . 5  1 1 6 . 6  

34 .3  33 .9  6 0 . 5  5 6 . 2  





4 d a y s  measured  and c a l c u l a t e d  v a l u e s ,  S V S ( 3 )  

of s o l a r  h e a t  f rom c o l l e c t o r s  t o  h e a t  e x c h a n g e r ,  QHXI 

400 kWh I COLLECTOR OUTPUT 

COLLECTOR OUTPUT 

measured 

--W predicted 



4 days measured and calculated values, SVS(3) 

of the storage temperature. 
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4.2 Possible reasons for differences 

From fig. 5 and table 5 it is seen that there has been a 

substantial improvement of the collector calculation, and 

that this means better agreement between measured data and 

the SVS-results. 

The SVS(3) calculation reduces the difference between cal- 

culated and measured results to 195 kWh when we consider the 

QHXI value. The QSOP difference, which in the first calcu- 

lation was 2387 kWh is reduced to 1060 kWh. 

The difference between the 1060 kWh and the 195 kWh = 865 kWh 

is explained in fig. 5 and table 5. 

There are three reasons: 

1. The SVS-program does not calculate heat losses in heat 

exchanger and heat exchanger circuit (286 kWh). 

2. There is a difference between measured and calculated 

storage tank losses (271 kwh). 

3. There is a difference between measured and calculated 

heating pipe heat losses (308 kWh). 

The sum of l., 2. and 3. is 865 kWh. Most of the difference 

in 2. and 3. is because the measured heat losses have been 

greater than theory would predict. This is due to 494 kWh. 

As a conclusion on the matter of the solar system heat losses, 

it must be said that the pipe heat losses of the collector 

circuit seem to be calculated about 50% too low compared to 

ideal. As to the heat losses from the heat exchanger and 

heat exchanger circuit, it must be recommended to include 

these. And for the heat losses from storage and heating 

pipes, there seems to be quite good agreement between the 

calculated and the ideal results, but there will often be 

higher measured losses than ideal. 
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T a b l e  5. R e s u l t s  o f  S t u d y  C e n t e r  c a l c u l a t e d  by D e c .  7 8  d a t a  ( 1 8 / 1 2  - 3 1 / 1 2 )  QSUN = 4 4 . 7 9 2  kwh 

QB = 2 4 . 7 1 7  kWh 

S V S ( 1 )  

S V S ( 3 )  

d i f f e r e n c e  ( ~ 1 i  I 

( S V S ( 1 )  - ( m ) )  i I i 

I d i f f e r e n c e  ( D 2 1  
( S v s ( 3 )  - ( m ) )  j , 
( m ) ,  d e c r e a s e  i i ( 2 c * 7 ~ -  

f r o m  p r e v i o u s  ' m 6 3 0  286  1 6 6 4  1 3 4 3  i 
SVS ( 3 ) d e c r e a s e  
f r o m  p r e v i o u s  

r e a s o n  f o r  

D2 - i n c r e a s e  
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D i s c u s s i o n  o f  h e a t  l o s s e s  from p i p e s  and  s t o r a g e L  

measured and c a l c u l a t e d  -- 

T a b l e  6  shows t h a t  t h e  t a n k  h e a t  l o s s  seems t o  work a l l  r i g h t ,  

w h i l e  t h e  o t h e r  h e a t  l o s s e s  a r e  t o o  s m a l l .  I t  a l s o  shows 

t h a t  t h e  measured h e a t  l o s s e s  have  h i g h e r  v a l u e s  t h a n  t h e  

i d e a l ,  e x c e p t  f o r  t h e  c o l l e c t o r  c i r c u i t  l o s s .  The d i f f e r e n c e  

between t h e  t o t a l  h e a t  l o s s e s  i n  t h e  S V S  ( 3 )  sys tem and what i s  

measured i s  864 kWh. The d i f f e r e n c e  between SVS ( 3 )  and t h e  

i d e a l  c o u l d  be  c a l c u l a t e d  a s ,  613 kWh. 

T h i s  i n d i c a t e s  t h a t  t h e  measured h e a t  l o s s e s  a r e  251 kbJh 

h i g h e r  t h a n  t h e o r y  would p r e d i c t ,  and i f  we o n l y  c o n s i d e r  

t h e  no .  2 ,  3 and 4  h e a t  l o s s e s ,  t h e  measured h e a t  l o s s e s  

a r e  582 kwh h i g h e r  t h a n  t h e  i d e a l .  



CHAPTER V 

CONCLUSIONS 



Conclusion 

The conclusion of the Study Center validation work is that 

if the SVS-program is used to simulate a well descrj-bed 

solar heating system of this type, the calculation results 

agree reasonably well with the measured results. 

It is important to emphasize that an accurate simulation 

implies correct information about the solar heating system. 

That is to say storage losses, tube losses, measured 

efficiency of solar collectors, efficiency of heat ex- 

changers, control of solar collector pump and of the heating 

system. Furthermore, certainty of the solar heating system 

working as wanted during the calculation period, for instance 

without natural circulation. 

In the original SVS-version the too high solar collector 

efficiency and too high system losses counterbalanced each 

other, and therefore the calculation results agreed well with 

the measured results. Within the validation work on the 

Study Center solar heating system data we have altered the 

SVS-program so that calculations on the solar collector and 

the solar heating system agree better with the reality. 

However, in this connection we shall draw the attention to 

the fact that especially solar collector calculations 

still need some analysis work, which, for example, can be 

done in the validation work to come. 

Now, a further validation of the SVS-program must aim at 

running the program on other types of solar heating systems 

in other sorts of climates. This might result in other 

alterations than those suggested by us and should contribute 

to a more detailed account of the different heat flows in 

the systems and with this a greater accuracy of the SVS- 

program. The final aim of the validation work must be to 

get to a position where it is possible, by means of the 

SVS-program, to get reliable predictions for many different 

solar heating systems. 



In the further validation work it is recommendable to 

run two different periods, which means that the first 

period can be used as an initial experiment where an 

analysis of differences between measured and calculated 

results can be utilized for alterations and adjustments 

of the simulation program. After which the second period 

can be used as a control. For this work it would mean 

that we should in fact use a new period as a control, 

because the February period had excessive tank loss. 
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APPENDIX A 

The SVS-Progrlni 

4.1 Short description -- - - --&-L- of - the SVS-program. 

The SVS-program is illustrated by two flowcharts in 

this appendix, where there is also a short description of 

the most important subrou-tines. 

The data from the Study Center (see p. 6 ) is read by the 

subroutine DISKQ. From DISKQ the common block /KORS/ with 

the input data are transferred to the subroutines SOL and 

STYR. SOL and SUNR are used to calculate weather data and 

the common block /VEJR/ from SOL and SUNR is also transferred 

to STYR. In the SVS-program are also included subroutines to 

calculate the sun's radiation, and the heating demand for a 

building, but thls is not necessary in validation work where 

these values are measured, and used as input data. The sub- 

rout-ine STYR calculates all the heat flows and temperatures in 

the solar heating system, and calls the solar collector sub- 

routine OPFA every hour to calculate the solar collector. 

When you shall make calculations of different solar systems 

with the SVS-program, you will have to put the system paramet-ers 

into the program in two different ways. First it is possible 

to change parameters by using the data-name AKORT(1,J). For 

instance, you can change the collector m2 by changing AKORT (1,J) 

see page 90. Second you will have to make changes in STYR, 

if there is other parameter changes than those described by 

AKORT(1,J). In the Study Center Validation work we had to 

make changes in STYR. 

For further reading ref, [31  and ref. [4?. 

<;n the following pages of this appendix there is a description 

of the SVS simulation code, taken from the IEA task 1, subtask 

A report: "Modelling and Simulation", third draft November 

1978: 



T H E R M A L  I N S U L A T I O N  L A B O R A T O R Y  

D e s c r i p t i o n  ofthe S . V . S .  s i m u l a t i o n  code .  

I n t r o d u c t i o n .  

T h i s  program, which i s  deve loped  a t  t h e  Thermal I n s u l a t i o n  

L a b o r a t o r y  a t  t h e  T e c h n i c a l  U n i v e r s i t y  o f  Denmark, i s  b a s e d  upon 

programs d e v e l o p e d  f o r  t h e  Zero-Energy-liouse by T. Esbensen  and 

f o r  s o l a r  h e a t i n g  s y s t e m s  by H .  Lawaetz.  

The program c o n s i s t s  o f  a  number o f  s u b r o u t i n e s ,  which 

e i t h e r  model components o r  have m a t h e m a t i c a l  f u n c t i o n s .  The pro-  

gram i s  q u a s i - s t a t i o n a r y ,  meaning t h a t  e n e r g y  f l o w s  w i t h i n  t h e  

t i m e s t e p  a r e  supposed  t o  be  s t a t i o n a r y .  

D e s c r i p t i o n  o f  t h e  computer  model .  - 

The program c a l c u l a t e s  t h e  e n t i r e  sys tem e v e r y  hour  o r  h a l f  

hour  i n  a  y e a r ,  and  a f t e r  t h a t  a  t e s t  i s  made upon t h e  s t o r a q e  

t e m p e r a t u r e .  I f  i t  d e v i a t e s  l e s s  t h a n  1°c from t h e  s t a r t  s t o r a g e  

t e m p e r a t u r e  t h e  c o m p u t a t i o n  i s  s t o p p e d .  Otherwise t h e  calculation 

c o n t i n u e s  month by month u n t i l  t h e  s t o r a g e  t e m p e r a t u r e  d e v i a t e s  

l e s s  t h a n  1°c from t h e  t e m p e r a t u r e  a t  t h e  same t i m e  l a s t  y e a r .  

The s y s t e m  i n  t h a t  way i s  i n  b a l a n c e  w i t h  t h e  c l i m a t i c  d a t a  and 

t h e  h e a t  l o a d s ,  s o  a  c o n t i n u e d  c a l c u l a t i o n  d o e s  n o t  g i v e  r e s u l t s  

which d i f f e r  f rom t h o s e  l a s t  y e a r .  

The computing t i m e  w i l l  be  a b o u t  1 min. f o r  t h e  s o l a r  w a t e r  

s y s t e m  and a b o u t  2 min.  f o r  t h e  s o l a r  a i r  sys tem.  

The c o m p u t a t i o n  is c a r r i e d  o u t  by a n  IBM 370/165 s y s t e m ,  com- 

p i l e d  by a  FORTG c o m p i l e r .  Core needed approx .  58 k  + i n p u t - o u t -  
p u t  b u f f e r s ,  t o t a l  8 2  k .  

Depending how t h e  c l i m a t i c  d a t a  and house  l o a d s  a r e  a v a i l a b l e  

( e x p l a i n e d  i n  s e c t i o n  " I n p u t  d a t a " )  t h e  s t r u c t u r e  o f  t h e  programs 

r e a d y  f o r  computa t ion  may look  a s  shown i n  t h e  f l o w c h a r t .  
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The subroutine STYR controls the energy transports (heat 

flows) and calculates the temperatures of the system. At the 

moment four different STYR-subroutines exist at the labora- 

tory for as many different solar heating systems: 

1) Combined heatinq and PI1W liquid system. 

2) Combined heating and DHW s r  system. 

3) Combined solar heatinq and heat pump system. 

4) Liquid DNW system. 

A special subroutine for calculating the pebble bed storage 

has been developed for the air system. 

The subroutine OPFA calculates the energy gain by the solar 

collector. Five different subroutines exist at the laboratory, 

two for a one glazed water-based collector, two for a two 

glazed water-based collector and one for a two glazed air 

based collector. 

Only the key subroutines used in the IEA-simulations will 

be described here. 

Subroutine STYR for a water system. 

1) At the first call the geometric parameters, the heat con- 

tents in the tanks and the heat loss coefficient are calcula- 

ted. 

2) The collector is calculated by calling the collector 

the collector subroutine. 

3) The heat transported to the storage and the new tempera- 

tures of the collector circuit pipings are calculated. 

4) Calculations of heat moved from storage to preheat tank 

by a heat exchanger and heat needed for domestic hot water 

from the preheat tank. 

5) Calculation of heat needed for house heating from storage 

to house air through the coil. 

6) Calculations of heat losses from the system and new 

temperatures in the heating circuit pipings. 

7) Calculations of the new temperatures of the storage tank 

and the preheat tank. 
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Fig. 2. Flowchart for STYR (water System) 



TB V 

TT 2 

TT1 

TIC 

T  UD 

QTILL 

V V B l  

WB 2 

QQ(1) 

TT4 

TT3 

QSOP 

QT4 

TKV 

Needed temperature f o r  domestic ho t  water .  

Temperature of preheat  t ank .  

Temperature of s t o r a g e  t ank .  

I n l e t  temperature t o  c o l l e c t o r .  

O u t l e t  temperature from c o l l e c t o r .  

So la r  h e a t  t o  s t o r a g e .  

Heat from s t o r a g e  t o  p rehea t  tank.  

Heat from prehea t  tank t o  domestic hot  water .  

= QBE, Heating demand of  t h e  house. 

Temperature i n  t h e  hea t ing  c i r c u i t  from s t o r a g e .  

Temperature i n  t h e  hea t ing  c i r c u i t  t o  s t o r a g e .  

So la r  heat ing from s to rage .  

Heat l o s s  from s to rage .  

Temperature of co ld  water  from mains. 



Pig. 3. AKORT (1.J.) f o r  the SVS-progran. 
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A.2 The SVS S i m u l a t i o n  o f  t h e  Los Alamos S tudy  C e n t e r  s o l a r  

h e a t i n g  sys tem.  

F o r  e a c h  t i m e s t e p  TSTEP t h e  d i r e c t  and d i f f u s e  s o l a r  i n s o -  

l a t i o n ,  Q35,D = D I R  and Q 3 5 , I  = DIF a r e  c a l c u l a t e d  a s  on 

page 4 .  Then t h e  s o l a r  c o l l e c t o r  s u b r o u t i n e  i s  c a l l e d ,  

i f  t h e  sun  i s  up and i f  TC1 i s  l e s s  t h a n  95 O C .  Outpu t  

from t h e  c o l l e c t o r  s u b r o u t i n e  i s  QSOL. Tl and QA2. 

I n  t h e  v a l i d a t i o n  work w i t h  t h e  S tudy  C e n t e r  r e s u l t s ,  we have 

used  two d i f f e r e n t  k i n d s  o f  STYR-versions. I n  t h e  number two 

v e r s i o n  which i s  u s e d  f o r  t h e  December c a l c u l a t i o n  we have 

i n t r o d u c e d  a  new way t o  c a l c u l a t e  p i p e  l o s s e s  ( s e e  page 7 9 ) ,  

and a l s o  a  new way t o  c o n t r o l  t h e  c o l l e c t o r  c i r c u i t  pump. 

( T h i s  i s  i l l u s t r a t e d  a t  t h e  f l o w - c h a r t  i n  f i g .  4 ) .  

When t h e  pump i s  on ,  t h e  f l u i d  mass f l o w ,  FLOW, i s  c a l c u l a t e d  

a s  a  f u n c t i o n  o f  TC1 from t h e  p r e v i o u s  h o u r ,  and t h e  t e m p e r a t u r f  

r i s e  o v e r  t h e  c o l l e c t o r s ,  DTAF i s  now c a l c u l a t e d  a s :  

DTAF = TC2 - TC1 = (QSOL * F t " ) / ( m s  . C ) 
P I S  

t h e n  we a l s o  have  t h e  i n l e t  and o u t l e t  t e m p e r a t u r e s  o f  t h e  

c o l l e c t o r s .  

TC1 = TS1 + DTAF - 1 
€v" 

TC2 = TCl + DTAF 

s e e  a l s o  f i g .  5 paqe  2 2 .  



F l o w  c h a r t  of  pump c o n t r o l  . - - - - - - -- - --P 

Fig. 4. 



Now t h e  energy  l e a v i n g  t h e  c o l l e c t o r ,  QTIL, i s  c a l c u l a t e d  a s :  

OTIL = QSOL 1; F "' 1; AR1 * TSTEP (J) 

C a l c u l a t i o n  o f  p i p e  h e a t  l o s s e s  i n  t h e  c o l l e c t o r  c i r c u i t  i s  

done i n  t h r e e  d i f f e r e n t  ways: s t a r t i n g  up, when pump is  on 

and when pump i s  o f f  ( s e e  f i g .  5 ) .  

F i g .  5 .  The c o l l e c t o r  c i r c u i t .  

TCCH 

TOMG 

(TOMG i s  t e m p e r a t u r e  of s u r r o u n d i n g s )  



The h e a t  l o s s  from t h e  c o l l e c t o r  c i r c u i t  p i p e s  i s :  

QLCC = 0 . 1  * A R 1  *TSTEP ( J / ~ c )  -- 

And t h e  h e a t  c a p a c i t y  o f  t h e  p i p e s  

HCCC = 5000 * AR1 (J /OC -- 

The c a p a c i t y  f low o f  t h e  f l u i d  i s :  

FLOA = fi . C . TSTEP ( J / O C )  
L - _ E . . S  

c_a_Icul_at 1on et 2lpe hea_t__Loss 

a  ) whenyurne-~? _o_ff :_ 

TCCC = (TCCC - TOMG) * exp + TOMG itQLCC) 
TCCH = (TCCII - TOMG) * exp  + TOMG (-""'3 
QRORT = 0  

b )  when t h e  pump i s  o n ,  and i t  i s  t h e  f i r s t  hour  a f t e r  i t  was - 
o f f :  

QRORT = HCCC * (TC1 - TCCC + TC2 - TCCH) ( J )  

h e r e  t h e  p i p e  h e a t  l o s s e s  from t h e  "pump o f f "  p e r i o d  i s  t a k e n  

i n t o  a c c o u n t .  

C )  when t h e  pump i s  on ,  and it was a l s o  on t h e  hour  b e f o r e :  ..- - - - - . - - - .- -- - - - -- - - - -. - -- . -- .- -. - -- - . - -- - .- . - .- .-- - 

F C l  * (FLOA - ULCC + (TOMG * Q T C C ~ ~  
TCCC = --p-- 

(FLOA + QLCC) 

[ T c ~  * (FLOA - VLCC + (TOMG * Q T C C ~  
TCCH = 

(FLOA + QLCC) 

QRORT = FLOA * (TCl - TCCC -t TC2 - TCCII) ( J )  

From t h e  c o l l e c t e d  s o l a r  e n e r g y  QTIL, and t h e  p i p e  h e a t  l o s s  

QRORT, t h e  s o l a r  energy  e n t e r i n g  t h e  h e a t  e x c h a n g e r ,  QTILL, 

i s  c a l c u l a t e d  a s :  

QTILL = QTIL - QRORT 

Because we do n o t  c a l c u l a t e  h e a t  l o s s e s  from t h e  h e a t  

exchanger  and from t h e  h e a t  exchanger  c i r c u i t ,  QTILL w i l l  

a l s o  b e  t h e  v a l u e  of  t h e  s o l a r  e n e r g y  e n t e r i n g  t h e  s t o r a g e  

t a n k .  



Domest ic  h o t  w a t e r  c a l c u l a t i o n  .---A-.- -- ---- - -. 

The h e a t  demand f o r  h o t  w a t e r  i s :  

E'VVS = DHW * TSTEP * 1000. /40 ( J / O C )  

I f  TS1 i s  h i g h e r  t h a n  t h e  d o m e s t i c  h o t  w a t e r  t a n k  t e m p e r a t u r e  

TDHW, t h e  s o l a r  h e a t  t o  t h e  h o t  w a t e r  t a n k ,  VVB1, i s  c a l c u l a t e d :  

The c a p a c i t y  f l o w  t o  t h e  t a n k  i s :  

FVFF = mdv * TSTEP * C * P v / l O O O  ( J / O C )  
P  l v  

a n d  t h e  t e m p e r a t u r e  r ise o f  f l o w  

TTRE = TDHW + Edv * (TSl  - TDHW) 

t h e n  we h a v e  

W B l  = FVFF * (TTRE - TDHW) (J )  

we now c a l c u l a t e  t h e  h e a t  l e a v i n g  t h e  h o t  w a t e r  t a n k ,  VVB2 

TDHW 2 50 OC: VVB2 = FVVS * (50-10)  ( J )  

TDIIW c 50 OC: WB2 = FWS * (TDHW - 10)(J)  
---.p--- - --a ---p 

The h e a t  l o s s  f rom t h e  h o t  w a t e r  t a n k  i s  c a l c u l a t e d  a s .  

' (TUHW - TOMG) QDL = UADH * (TDHW - TOMG) * 36 0  0  . * 1 + 265 ( J )  - A 

And t h e  h e a t  c o n t e n t  i n  t h e  t a n k :  

QT2 = QT2 + VVBl - WB2 - QDL 

Which i m m e d i a t e l y  g i v e s  t h e  new d o m e s t i c  h o t  w a t e r  t a n k  

t e m p e r a t u r e  TT2. 



The heat demand for building heating is 

QBE = QB * 1.000. * TSTEP (J) 

As mentioned before the building heating is controlled by 

a switchover temperatue Ts which is a function of ambient 

temperature, Ta. 

When the storage temperature is higher than Ts, then solar 

heat should be able to provide all of the heating demand, and 

the solar mode, mode 1 is on. 

The solar heat leaving the storage tank, QSOP, is then: 

mode 1, QSOP = QBE, QAUX = 0 

mode 2, QSOP = 0, QAUX = QBE 

The heat loss from the storage tank is 

QTL = UAsT * (TSl - TOMG) * TSTEP * (1 + ~ 1 2 ~ 5 ~ 0 ~ ~ ) )  ( 3 )  

The heat loss from the pipes of the building heating circuit 

is calculated as a heat loss from the storage tank. 

The capacity flow of the water in the building heating 

circuit is 

FLOAH = G * AR1 * C * pv * TSTEP/1000. (J/'c) 
bnv P," 

The heat loss from the building heating pipes is 

QLHC = 0.15 * 20 * TSTEP (J/OC) 

And the heat capacity of the pipes 

HCNC = 2160 * 20 (J/OC) 
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F i g .  6 .  The h o t  w a t e r  and b u i l d i n g  h e a t i n g  c i r c u i t .  

When t h e  pump i n  t h e  b u i l d i n g  h e a t i n g  l o o p  i s  on ,  t h e  tempera-  

t u r e  o f  t h e  w a t e r  l e a v i n g  t h e  s t o r a g e  t a n k  TB1 i s  TSl ,  and 

t h e  t e m p e r a t u r e  o f  t h e  w a t e r  l e a v i n g  t h e  b u i l d i n g  h e a t i n g  

sys tem TB2 i s  t h e n .  

TB2 = TS1 - QSOP/FLOAH 

The t e m p e r a t u r e  o f  t h e  h o t  s i d e  of  t h e  p i p e s  i s  c a l l e d  TIICH 

and o f  t h e  c o l d  s i d e  THCC,now we can  c a l c u l a t e  t h e  h e a t  l o s s e s  

from t h e  p i p e s  QRORTH: 

a )  when t h e  pump i s  o f f  : 

THCC = (THCC - TOMG) * e x p  SLS + TOMG ( HcHc) 

THCH = (THCH - TOMG) * e x p  (%-E) + TOMG 

QRORTH = 0  

b )  when t h e  pump i s  o n ,  and i f  it i s  t h e  f i r s t  hour  a f t e r  

it was o f f :  

QRORTH = HCHC * (TB2 - THCC + TB1 - THCH) ( 3 )  

h e r e  t h e  p i p e  h e a t  l o s s e s  from t h e  "pump o f f "  p e r i o d  

e . g .  t h e  n i g h t )  i s  t a k e n  i n t o  a c c o u n t .  



C) when the pump is on, and it was also on the hour before. 

TB2 * (FLOAH - QTHC + (TONG * QTHC) THCC = 
FLOAH + QUHC 

T B ~  * (FLOAH - QTHC + (TOPIC- * QTIIC) THCH = - 
FLOAH + QTHC 

QRORTH = (TB2 - THCC + TB1 - THCH) * FLOAH (J) 

Now we can calculate the heat in the storage tank QT1, as: 

and we also get the new storage temperature TS1. 

TS1 is then the new value of TIND to calculate the solar 

collector. 



A.3 Calculation of the Solar Collector 

Input parameters to the collector calculation subroutine 

which are called every hour when the sun is up 

?'Cl. temperature of fluid entering the collectors (OC) 

m mass flow in collector circuit 

TILT angle of collector 

VINK angle of incidence 

DIR direct insolation 

DIP diffuse insolation 

Ta ambient temperature 

V wind speed 

Ts sky temperature 

Other parameters used in the collector calculation 

TC 
calculated tranmission 

h heat loss coefficient (w/m2 OC) 

o = 5.67 x 1 0 - ~ ,  Bolzmans constant 

T1 temperature of absorber (OC) 

T2 temperature of cover (OC) 

E = 0.88 Emission coefficient of glass 
g 

QA2 absorbed solar heat ( w/mL ) 

ABSll heat absorbed by cover (w/m2) 

r i  mass flow of collector fluid (kg/h) 

C heat capacity of fluid 
P (J/kg OC) 

F' collector factor 

F" flow factor 

QSOL collector output, (which does not take 

the heat exchanger in account). 



The Collector Calculation: 

For the insolation reaching the solar collector we have 

The angle of refraction ib 

i. is angle of incidence, and n the retractive index. 

From Fresnels formula we get the reflection coefficients: 

which is the fraction reflected in the plane perpendicular 

to the plane of incidence. 

tg2 (ii-ib) 
r2 = 

(2b) 

tg2 (ii+ib) 
which is the fraction reflected in the plane parallel to the 

plane of incidence. 

From this we get the transmittance coefficient, with only 

reflection taken in account. 

l-r, l-r, 

The thickness of the glass cover is E, then the insolation 

lenght through the, glass will be: 

E L = ------- 
cos i b 

We now get the transmittance coefficient, with only 

absorption taken in account. 

K is the extension coefficient for the glass. 

The total transmission is now: 



Some of the insolation reaching the absorber is absorbed, and 

some is reflected to the cover, where a fraction is transmitted, 

and a fraction is reflected to the absorber again. The reflec- 

tion coefficient of glass at a mean incidence of insolation of 

60° is: piZv - - 0.16. We now use the following equation for 

the effective transmissivity-absorptivity product 

where All is 0.13 for a selective surface, 

(Ta)t is the (?a) product for the primary insolation: 

For all the expressions mentioned above we make two calculations, 

one for direct insolation and one for diffuse insolation. To 

calculate the diffuse insolation we use an angle of incidence 

of 50°, while for the direct insolation we use the actual value 

of the angle of incidence. We use the following indices for 

the two types of insolation: 

direct insolation: d 

diffuse insolation: i 

Calculation of the Collector Heat Loss 

1. E a t  loss from absorber to cover 

a. Radiation heat loss from absorber to cover is given by: 

b. Convection from absorber to cover: 

h = PB' ( 9 /5 )  ' I (T2 - T1)l 0.25 
c,l 

where PB = (0.24 - TILT/1000)'5.67 



2. E a t  loss from cover to the ambient 

a. Radiation from cover to the sky: 

where Ts is given by the expression: 

S 
= 1.15'Ta - 46 - 9'cos (TILT) 

b. Convection from cover to the surroundings by wind: 

The above calculated heat losses are illustrated in figure 7: 

ambient --- 

Fig. 7- 

The total heat loss from the collector cover is now given by: 

The effective (TU) product we have from equation (7) for direct 

and indirect insolation, (?U) e , d  and (?U) e, i e  

Calculation of heat absorbed by the cover and by the plate. 

The transmission coefficient of the primary insolation is 

given by: 



and for the total insolation (both primary and secondary): 

Now we can calculate the coefficient for the heat which is 

absorbed by the cover. This is the difference between the 

total transmission coefficient and the primary transmission 

coefficient. 

Iteration process to find T , ,  T?, hc and QSOL: 

To find the unknown parameters T1, T2 and hc, we make an itera- 

tive process where we start with a guess of the plate tempera- 

ture T1 = TC1 (the collector inlet temperature) and the cover 

temperature T2 = Ta (the ambient temperature). But first we 

must find some other values which we need to make the necessary 

heat balances of the collector cover and the collector plate. 

When we use equation (7). 

and now we have the heat absorbed in the cover. 

We now get the e a t  which is absorbed by the absorber plate as: 

The F' factor for the collector we assume to be (15) 

and the total heat loss coefficient we find by calculating 

the side heat loss as 5% of the front heat loss. The back 

heat loss comes from heat conduction: (Xb/Db), where X b  is 



the conduction coefficient of the insulation material, and 

Db is the thickness. Then the total heat loss coefficient 

U, is 

The F" factor which is also called the collector flow factor 

we find as: 

;-C UL0F' 
F M  = .-P - l - e - (----- 

U,'??' m.C ) 
P 

where n? is the mass flow in the collector circukt 

Now we are able to find the plate temperature T1, because we 

know that the total heat loss from the plate is the same as 

the difference between the absorbed heat at the plate and the 

useful heat which leaves the collector. 

which is equal to: 

To find the cover temperature T2 we will use a heat balance 

of the cover. The heat leaving the cover is equal to the 

convection and radiation heat loss to the ambient, and the 

heat coming to the cover is equal to the heat gain by radia- 

tion and convection from the absorber, plus the absorbed heat 

in the glass ARSll (see fig. 8). This means: 

slcy cover plate 

ABS l l I 
F i g .  8. - 

convection, 
radiation to 
the ambient convection, 

radiation to 
Tsl Ta the cover 



which is the same as: 

When the results of the iteration process, T2 and T1 are as 

near the input T2, T1 (which we got from the last run) as O.lOc, 

we conclude that T2 and T1 now have been found. That means 

that we also have the value of U L .  

Now we know the amount of heat that will be gained from the 

sun in the collectors, QSOL: 

Output of collector calculations are: 

QSOL, T1 and QA2 

These parameters are used in the subroutine which calculates 

the rest of the solar heating system, called STYR. 

References to the collector calculations, where you can find 

all equations used are [l], [21 and [31. 



A.4 Parameter names in the SVS-program 

The parameter names used in this report are not quite the same 

as the parameter names which you will find in the SVS-program. 

Below is a list where the names used here are translated into 

SVS-names: 

COLLECTOR SUBROUTINE 

collector area 

tilt 

Report name 

mc 
TILT 

glass transmission (measured) 
C 

glass transmission (calculated) T~ 

glass thickness E 

refractive index 

extinction coeff. 

absorptivity (absorber) a 

emissivity (absorber) 

insulation thickness Db 
insulation conductivity X b 
shade factor SFAK 

collector inlet temperature TC 1 

mass flow in collectors fi 

angle of collectors to south VINK 

ambient temperature a 
wind speed V 

sky temperature Ts 
heat loss coefficients: hc,l 

hr,l 

hc, 2 
h 
r, 2 

hc 

"L 

1 

2 

absorber temperature 

cover temperature 

AR1 

TILT 

TlDl 

B 1 

BIX 

A 

ALPA 

EPSC 

D I 

LAMDA 

SFAK 

TIC 

G, FLOW 

VINK 

UDT 

v 
TS 

HC1 

HRCl 

HW 

HRlS 

UUP2 

UL2 

TC l 

T G l l  



Repor t  name 

e m i s s i o n  c o e f f .  o f  g l a s s  
E g  

absorbed  s o l a r  h e a t  QA2 

h e a t  a b s o r b e d  i n  c o v e r  ABSll 

h e a t  c a p a c i t y  o f  f l u i d  C 
P 

c o l l e c t o r  f a c t o r  F '  

f low f a c t o r  F  " 

c o l l e c t o r  o u t p u t  QSOL 
( w i t h o u t  h e a t  e x c h a n g e r )  

a n g l e  o f  r e f r a c t i o n ,  d i r e c t  i 
b , d  

d i f f u s e  i b ,  i 
a n g l e  o f  i n c i d e n c e ,  d i r e c t  i .  

1, d  
d i f f u s e  i 

i , i  
r e f l e c t i o n  c o e f  f . ,  d i r e c t  

r l , d  
d i f f u s e  r ~ , i  
d i r e c t  r 2 , d  
d i f f u s e  

" 2 ,  i 
t r a n s m i t t a n c e  c o e f .  ( d i r e c t )  

' r , d  
d i f f u s e  

T r , i  
d i r e c t  

T a , d  
d i f f u s e  

T a , i  
d i r e c t  

T t , d  
d i f f u s e  T t ,  i 

i n s o l a t i o n  l e n g t h  i n  g l a s s , d i r e c t  Ld 

d i f f u s e  Li 

(Ta)  p r o d u c t s  (directandduffuse)  ( ~ c x ) ~  

r e f l e c t i o n  c o e f f .  P i = "  
c o n s t a n t  A l l  

EPSl 

QA 2  (w/m2 ) 

ABSU (w/m2) 

CP (J/k9Oc) 

FM2 

FMM2 

Q S O L , O U ~  ( w / m 2 )  

BRD 

V I N K  

50° 

R1 

RD 1 

PAD1 

T11 

T l  D 1  

B  ( m )  

BD (m) 

FC FClD 

FE1 FElD 

0.16 

0.13 



STYR SUBROUTINE 

Report name 
-p-- 

collector inlet temperature TC 1 

collector outlet temperature TC 2 

heat exchanger inlet temperature TC3 

heat exchanger outlet temperature TC4 

collector pipe temperature, cold side TCCC 

collector pipe temperature, hot side TCCH 

heat capacity of collector pipes HCCC 

heat loss from coll.ector pipes QLCC 

heat capacity of collector fluid C 
PrS 

density of collector fluid PS 
mass flow of collector fluid 

2 
s 

mass flow of collector fluid per m 

heat capacity of water C 
P,V 

density of water 
P v 

mass flow of water in heat m 
exchanger circuit V, V 

heat leaving the collector QTIL 

heat entering the heat exchanger QTILL 

storage tank temperature TS1 

heat transfer coefficient of 
the heat exchanger u~ 

efficiency of heat exchanger 
€vv 

heat exchanger factor p * I ,  

storage heat loss U 
.L,S 

domestic hot water flow m 
.d,v 

building heating circuit flow m 
b,v 

direct sun insolation DIR 

diffuse sun insolation DIF 

rise in temperature in collector DTAF 

capacity flos of fluid in FLOA 
collector circuit 

temperature of surroundings TOMG 

heat loss from pipes in QRORT 
collector circuit 

heat demand for hot water F W S  

SVS-name 

TIC 

TUD 

TCCC 

TCCI-I 

NCCC 

QTCC 

1970 

857.5 

FLSO 

FLOW 

4179 

996 

QTIL 

QTILL 

TT1 

0.37 

0.92 

45.76 

0 - 9 5  

3.78 

DIR 

DIE' 

DTAF 

FLOA 

21.1 Oc 

QRORT 



Repor t  name 

t e m p e r a t u r e  i n  d o m e s t i c  TDHW 
h o t  w a t e r  t a n k  

c a p a c i t y  f l o w  t o  hot water tank FVFF 

t e m p e r a t u r e  r i s e  

t i m e s t c p  

TTRE 

TSTEP 

h e a t  leaving domestic hot water tank VVB2 

h e a t  l o s s  from d o m e s t i c  h o t  QDL 
w a t e r  t ank  

h e a t  t r a n s f e r  i n  DHW-tank U 
DIiW 

h e a t  i n  DHW-tank QT2 

h e a t  c a p a c i t y  o f  DHW-tank HT 

h e a t  demand f o r  b u i l d i n g  heating QBE 

s o l a r  h e a t  f o r  b u i l d i n g  h e a t i n g  QSOP 

s t o r a g e  t a n k  l o s s  QTL 

h e a t  l o s s  c o e f f i c i e n t  o f  
s t o r a g e  t a n k  UAst 

c a p a c i t y  f l o w  o f  w a t e r  i n  FLOAH 
b u i l d i n g  h e a t i n g  c i r c u i t  

h e a t  l o s s  from B H - c i r c u i t  p i p e s  QRORTH 

h e a t  l o s s  c o e f f i c i e n t  from QLHC 
BM-circui t  p i p e s  

h e a t  c a p a c i t y  o f  BH-pipes HCIlC 

t e m p e r a t u r e  f w a t e r  l e a v i n q  TB I 
s t o r a q e  

t e m p e r a t u r e  o f  w a t e r  l e a v i n g  TB 2 
BN-system 

BH- p i p e  t e m p e r a t u r e ,  c o l d  s i d e  THCC 

BH - p i p e  t e m p e r a t u r e ,  h o t  s i d e  THCH 

h e a t  i n  s t o r a g e  t a n k  QT1 

h e a t  c a p a c i t y  of  s t o r a g e  t a n k  HCST 

s o l a r  c i r c u i t  pump on 

s o l a r  c i r c u i t  pump on l a s t  hour  

h e a t i n g  c i r c u i t  pump on 

heating c i r c u i t  p u p  on l a s t  h o u r  

% s o l a r  

FVFF ( J / O C )  

TTRE ('C) 

TSTEP = 3 6 0 0  s 

VVB2 ( J )  

QT5 ( J )  

FLOAH (J /OC)  

QRORTH (J)  

QLHC (J /OC)  

HCHC - 
TS1 ( O C )  

THCC ( O C )  

TNCH ( O C )  

QTl ( J )  

157.542 (~J / ' c )  

PUONN 

PUONF 

PHONN 

PHONF 

SEF 



APPENDIX B 

The Los Alamos Study C e n t e r  solar h e a t i n g  system. 
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1'111; L,OS ALAMOS NATIONAL SECIIRI'TY A N D  RESOURCES STUDY CENTER 

ifugh S .  N u r r a y ,  Jaines C ,  H e d s t r o n ~  and J .  D o u g l a s  Balcoinb 
1,os Alarnos S c i e n t i f i c  L a b o r a t o r y  

P .  0 .  Hox l 6 6 3  
Los :\lamas, Ncw li lexico 87544 1J.S.A. 

1 .  GLNERAI, IIESCRlPTION OF SYSTEM PROJLCT A N D  EqUIPI\lbNT 

A .  O b j e c t i v e  o f  P r o j e c t  

The N a t i o c a l  S e c u r i t y  a n d  R e s o u r c e s  S t u d y  C e n t e r  
(NSRSC) a t  The Los Alamos S c i e n t i f i c  L a b o r a t o r y  (LASI,), Los 
Alamos,  New M e x i c o ,  i s  a  u n i q u e  b u i l d i n g  w h i c h  h a s  a  s o l a r  h e a t -  
i n g ,  v e n t i l a t i n g ,  a n d  a i r  c o n d i t i o n i n g  s y s t e m  d e v e l o p e d  by LASL's 
s o l a r  e n e r g y  g r o u p .  Funded by t h e  D e p a r t m e n t  o f  E n e r g y  a s  p a r t  
o f  t \ e  b u i l d i n g  c o n s t r u c t i o n  b u d g e t ,  t h e  s o l a r  s y s t e m  i s  d e s i g n -  
e d  a s  a  c o n t i n u i n g  r e s e a r c h  p r o j e c t  w h i c h  w i l l  p r o v i d e  d a t a  
n e e d e d  i n  t h e  d e s i g n  o f  e n e r g y  s a v i n g  s y s t e m s  f o r  comnie rc i a l  
b u i l d i n g s .  

The b u i l d i n g  makes u s e  o f  innny e n e r g y  c o n s e r v i n g  f e a t u r e s  
combined  w i t h  t h e  s o l a r  e n e r g y  s y s t e m .  S u f f i c i e n t  i n s t r u m e n t a -  
t i o n  h a s  b e e n  i n s t a l l e d  i n  t l i e  b u i l d i n g  t o  p e r m i t  t h e  m o n i t o r i n g  
o f  e n e r g y  p r o d u c t i o n  and  consumption i n  611 o f  t h e  modes o f  o p -  
e r a t i o n .  A  compi t t e r  c o n t r o l s  t h e  d a t a  a c q u i s i t i o n  and  p r o c e s -  
s i n g .  E x p e r i m e n t s  p l a n n e d  f o r  t h e  NSRSC i n c l u d e  s o l a r  e n e r g y  
s y s t e m  p e r f o r n ~ a n c e  a n d  s y s t e m  optimization s t u d i e s .  I t  i s  p l a n -  
n e d  t o  c o n ~ p l e t e  t l ~ o  p e r f o r m a n c c  s t u d i e s  1)y O c t o b e r ,  1 9 7 8 .  

R ,  I ) c s c r ~ o n  o f  t h c  Environment --- ------p---- - 

l .  Cl11natc  

Los ,llamas h a s  a s e n i i n r i d  c o n t i n e n t a l  m o u n t a i n  
c l i m a t e .  3laxirnum sc~n~rner. t . empera i :u re s  r e a c h  32°C on a n  a v e r a g e  
o f  o n l y  two d a y s  a  y e a r .  L , O \ ~  r e a d i . n g s  i n  J u l y  a v e r a g e  a r o u n d  
10°C .  IV in te r s  a r e  c o l . J ,  w i t h  n i g h t  tuw t e m p e r a t u r e s  be low 
f r e e z i n g  froln Novrmbcr t h r o u g h  m i d - A p r i l .  'The a v e r a g e  a n n u a l  
p r e c i p i t a t i o n  i s  457 inn1 o f  r a i n  and  1270  nim o f  snow.  

Most w i n t e r  d a y s  a r c  c l e a r  and  s u n n y  ancl d a y t i n i e  warming i s  
r a p i d .  T h i s  a r e a  c a n  e x p e c t  a b o u t  7 0  p e r c e n t  o f  t h e  y e a r ' s  
p o s s i b l e  s u n s h i n e .  

-XTo~T-I)erTOrmei; u n d e r  t.lie , i ~ r s l ) i c e s  o f  t l i e  IJ ,  S ,  D e p a r t m e n t  o f  
E n c r z y ,  R 6 D bran cl^ f o r  I l e a t i n g  a n d  C o o l i n g ,  O f f i c e  o f  t h e  
A s s i s t a n t  S e c r o t a r y  f o r  C o n s e r v a t j . o ~ ~  a n d  S o l a r  E n e r g y .  
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2 .  L o c a t i o n  

The p r o j e c t  i s  l o c a t e d  a t  35'52'  n o r t h  l a t i t u d e ,  
106 '19 '  w e s t  l o n g i t u d e  a t  2190 m a b o v e  s e a  l e v e l .  The s i t e  i s  
l o c a t e d  on t h e  e a s t e r n  s l o p e  o f  t h e  Jemez m o u n t a i n s  a b o u t  1 6  km 
w e s t  o f  t h e  R i o  Grande  r i v e r ,  s u r r o u n d e d  by r o u g h ,  m o u n t a i n o u s ,  
a n d  p a r t i a l l y  wooded c o u n t r y .  E a s t w a r d ,  t h e  t e r r a i n  s l o p e s  
r a p i d l y  down t o  t h e  r i v e r ;  w e s t w a r d ,  t h e  Jemez m o u n t a i n s  r i s e  
t o  p e a k s  above  3350 m ,  A i r  q u a l i t y  i s  good t ~ i t h  n e g l i g i b l e  p o l -  
l u t i o n .  Some d u s t  i s  e v i d e n t  d u r i n g  p e r l o d s  o f  s t r o n g  w i n d s  i n  
t h e  s p r i n g .  

3 .  S o l a r  R a d i a t i o n  

Mean d a i l y  m o n t h l y  s o l a r  r a d i a t i o n ,  i n  M J / ~ '  d a y ,  
i s  g i v e n  i n  T a b l e  I .  T h e s e  d a t a  w e r e  o b t a i n e d  f o r  t h e  y e a r  
1 9 7 2 - 1 9 7 3  on a  45' t i l t e d ,  s o u t h  f a c i n g  s u r f a c e .  

TABLE I .  MONTHLY SOLAR RADIATION 

J a n  Feb Mar Apr May J u n e  J u l  Aug S e p t  Oct  Nov Dec 

1 7 . 8  1 8 . 2  1 7 . 4  2 1 . 1  1 8 . 6  2 1 . 9  1 7 . 4  1 9 . 4  2 0 . 4  1 4 . 7  1 6 . 5  1 5 . 2  

4 .  Ambient  T e m p e r a t u r e s  

The m o n t h l y  a v e r a g e  d r y - b u l b  t e m p e r a t u r e  and t h e  
d e g r e e  d a y s  o f  h e a t i n g  ( b a s e d  on 18.3OC) a r e  g i v e n  i n  T a b l e  I 1  
f o r  t h e  y e a r  1972-1973, 

TABLE I  I .  AVERAGE DRY BULB TEMPERATURE 
AND HEATING DECREE DAYS ( 'C)  

J a n  Feb Plar Apr May J u n e  J u l  Aug S e p t  Oct  Nov Dec 

Temp. - 3 . 6  - 1 . 5  . 6  4 .2  1 1 . 8  1 6 . 2  1 7 . 5  1 7 . 9  1 4 . 1  8 . 7  - . 9  - 2 . 5  

D-Days 680 554 550 423 202 64 27 1 4  1 2 7  298 578 646 

Average  wind  d a t a  a r e  n o t  a v a i l a b l e ,  b u t  n o r m a l l y ,  
wlniis a r e  l l g h t ,  w l t h  m o d e r a t e l y  s t r o n g  w l n d s  i n  t h e  l a t e  w i n t e r  
a n d  s p r i n g .  

C ,  &zc_;&t_ion o f  t h e  S y s t e m  

The b u i l d i n g  1 s  shown i n  F i g u r e  1 ,  and  a  s c h e m a j i c  
o f  t h e  e n e r g y  a n d  NVAC s y s t e m  i s  shown i n  F i g u r e  2 ,  The 716 m 
c o l l e c t o r  a r r a y  i s  s e e n  i n  F i g .  1 t o  b e  s t r u c t u a l l y  i n t e g r a t e d  
i n t o  t h e  b u i l d i n g ,  f o r m i n g  t h e  r o o f  o f  t h e  m e c h a n i c a l  equ ipmen t  
room.  A r c h i t e c t u r a l l y ,  t h e  s i n g l e  c o l l e c t o r  a r r a y  i s  u s e d  t o  
e n h a n c e  t h e  a p p e a r a n c e ' o f  t h e  b u i l d i n g  and  n o t  g i v e  t h e  i m p r e s -  
s i o n  o f  a n  "add-on"  s o l a r  e n e r g y  s y s t e m ,  T2e t o t a l  a i r - c o n d i -  
t i o n e d  f l o o r  a r e a  o f  tJle b u i l d i n g  i s  5574 m on t h r e e  f l o o r s .  
The l o w e r  f l o o r  c o n t a i n s  t h e  r e p o r t  l i b r a r y ,  t h e  g r o u n d  f l o o r  
c o n t a i n s  t h e  ma in  l i b r a r y ,  a n d  t h e  u p p e r  f l o o r  h o u s e s  two m e e t i n g  



r o o n s ,  o f f ~ c e s ,  and  s e y e r a l  s m a l l e r  c o n f e r e n c e  a r e a s ,  The 
e n c l o s e d  b r i d g e ,  s e e n  i n  F i g ,  1, c o n n e c t s  t h e  NSRSC w i t h  t h e  
main A d m i n i s t r a t i o n  B u i l d i n g  o f  L A S L ,  

The b u i l d i n g  was d e s i g n e d  w i t h  e n e r g y  c o n s e r v a t i o n  a s  t h e  
p r i m a r y  o b j e c t i v e .  The b u i l d i n g  s h e l l  i s  h e a y i l y  i n s u l a t e d ,  
h a v i n g  an  o v e r a l l  l o s s  c o e f f i c i e n t  o f  , 5 1  W / m  'C ,  and  t h e  HVAC 
s y s t e m  rnaltes u s e  o f  a i r  r e c i r c u l a t i o n ,  h e a t  r e c o v e r y ,  and  com- 
p l e t e  s h u t  down a t  n i g h t .  A . ,  (. 

The IiVAC s y s t e m  i s  a  t w o - z o n e  ( p e r i m e t e r  and i n t e r i o r )  v a r i a b l e  
a i r  volume s y s t e m  w i t h  s e p a r a t e  s u p p l y  f a n s  and  c o o l i n g  c o i l s  
fo l .  e a c h  z o n e .  The t e r m i n a l  b o x e s  i n  t h e  p e r i m e t e r  zone  o n l y  
have h o t  w a t e r  r e h e a t  c o i l s .  Most o f  t h e  h e a t  i n  t h e  b u i l d i n g  
i s  p r o v i d e d  by t h e  p e o p l e  and  l i g h t s ,  s o  t h a t  t h e  i n t e r i o r  z o n e ,  
be ing  i s o l a t e d  f rom t h e  o u t s i d e  w a l l s ,  r e q u i r e s  o n l y  c o o l i n g  
t h r o u g h o u t  t h e  y e a r .  

The a i r  h a n d l i n g  s y s t e m  f e a t u r e s  r e c i r c u l a t i o n  o f  i n s i d e  a i r ,  
and a  h e a t - p i p e  h e a t  r e c o v e r y  u n i t  i n  t h e  p e r i m e t e r  zone s y s t e m  
s e r v e s  two f u n c t i o n s :  t o  p r e h e a t  o u t s i d e  a i r  i n  t h e  h e a t i n g  mode; 
and,  by means o f  s p r a y i n g  t h e  e x h a u s t  a i r ,  t o  p r e c o o l  o u t s i d e  
a i r  i n  t h e  c o o l i n g  mode. 'The l i g h t  f i x t u r e s  a r e  c o o l e d  b y  t h e  
r e t u r n  a i r ,  a n d  s e p a r a t e  r e t u r n  f a n s  a r e  p r o v i d e d  f o r  e a c h  o  5 t h e  z o n e s .  The t o t a l  f a n  f l o w  r a t e  f o r  b o t h  z o n e s  i s  2 4 . 4  m / 
s e c ,  w i t h  r o u g h l y  h a l f  g o i n g  t o  e a c h  zone .  

The main  a i r  s u p p l y  boxes  i n  t h e  m e c h a n i c a l  e q u i p m e n t  room e a c h  
have a  c o o l i n g  c o i l ,  a i r  w a s h e r  u n i t ,  and  a  s u p p l y  f a n .  The t.wo 
s e t s  o f  c o o l i n g  c o i l s  b o t h  r e c e i v e  c h i l l e d  w a t e r  f rom t h e  main  
c h i l l e d  w a t e r  s u p p l y  l i n e  coming f rom t i l e  c h i l l e r .  

The e n e r g y  s y s t e m  c o n s i s t s  o f  t h e  s o l a r  c o l l e c t o r  a r r a y  and  h e a t  
e x c h a n g e r ,  two s t o r a g e  t a n k s ,  and two w a t e r  c h i l l e r s  - a  l i t h -  
i um-bromide  a b s o r p t i o n  c h i l l e r ,  and an  e x p e r i m e n t a l  Rank ine  c y c l e  
u n i t .  The two w a t e r  c h i l l e r s  will be  u s e d  i n  a  c o m p a r a j i v e  s t u d y  
o f  s o l a r  a i r  c o n d i t i o n i n g .  I n  t h e  h e a t i n g  mode, a  38 m t a n k  i s  
u s e d j t o  s t o r e  h o t  w a t e r  f o r  h e a t i n g .  I n  t h e  c o o l i n g  mode, a  
19 m p r e s s u r i z e d  t a n k  i s  u s e d  t o  s t o r e  s o l a r  h o t  w a t e r  t o  o p e r -  
a t e  g i t h e r  o f  t h e  c h i l l e r s ,  and c o l d  w a t e r  i s  s t o r e d  i n  t h e  
38 m t a n k .  Co ld  w a t e r  i s  generated e i t h e r  f rom one  o f  t h e  
c h i l l e r s ,  o r  by n i g h t  t i m e  e v a p o r a t i v e  c o o l i n g  w i t h  a  3 1 . 5  l / s e c  
c o o l i n g  t o w e r .  The c o o l i n g  t o w e r  i s  n o r m a l l y  u s e d  t o  r e j e c r  
h e a t  f rom t h e  c h i l l e r s .  

The e n e r g y  s y s t e m  i s  backed  up by a u x i l i a r y  s t e a m  h e a t  e x c h a n g e r s  
wh ich  g e n e r a t e  h o t  w a t e r  d i r e c t l y  f o r  h e a t i n g  o r  t o  power t h e  
a b s o r p t i o n  c h i l l e r .  Domes t i c  h o t  w a t e r  i s  g e n e r a t e d  by means o f  
a  379 1 t a n k  c o n n e c t e d  t o  t h e  l a r g e  t a n k  i n  t h e  w i n t e r  o r  t o  t h e  
s r : l a l l e r  t a n k  i n  t h e  summer. An e l e c t r i c a l l y  h e a t e d  1 5 1  l t a n k  
i s  u s e d  d o w n s t r e a m  o f  t h e  s o l a r  t a n k  t o  augment  t h e  d o m e s t i c  h o t  
w a t e r  s u p p l y .  

The c o l l e c t o r s  a r c  fabricated o f  m i l d  s t e e l ,  have  
a  s e l e c t i v e  s u r f a c e  o f  b l a c k  ch rome ,  a n d  a r e  s i n g l e - g l a z e d  w i t h  
w a t c r - w h i t e  g l a s s .  4 0 "  c o l l e c t o r s  a r e  c o n n e c t e d  i n  p a r a l l e l  t o  



f o r m  t h e  a r r a y ,  The c o l l e c t o r s  a r e  c o o l e d  w l t h  a l i g h t  p a r a f f l n i c  
011 h e a t  t r a n s f e r  f l u i d  a t  a  f l o w  r a t e  o f  2 5 , 2  l / s e c .  The p a n e l s  
a r e  b a c k e d  w i t h  foam j n s u l a t i o n  and  a  m e t a l  f i r e  b a r r i e r .  A 
s h e l l  and  t u b e  h e a t  e x c h a n g e r  p r o v i d e s  t h e  e n e r g y  t r a n s f e r  t o  
w a t e r ,  t h e  w o r k i n g  f l u i d  o f  t h e  e n e r g y  s y s t e m .  The c o l l e c t o r  
a r r a y  i s  i n c l i n e d  35' Prom t h e  h o r i z o n t a l ,  and t h e  b u i l d i n g  and 
a r r a y  f a c e  13' e a s t  o f  s o u t h .  

The h e a t i n g  and  c o o l i n g  s y s t e m  o f  t h e  NSRSC o p e r a t e s  i n  two 
b a s i c  modes wh ich  a r e  s u b d i v i d e d  a s  f o l l o w s :  

W i n t e r  inode - h e a t i n g  

Mode l - normal  h e a t i n g  
Mode 2 - a u x i l i a r y  h e a t i n g  

Summer. mode - c o o l i n g  

Mode 3 . normal  c o o l i n g  
Mode 4 - a u x i l i a r y  c o o l i n g  
Mode 5 - c o o l i n g  f r o m  s t o r a g e  
)lode 6 - evaporative cooling of l a rge  tank 

I n  mode 1 ,  t h e  l a r g e  t a n k  i s  u s e d  t o  s t o r e  h o t  w a t e r  f rom t h e  
s o l a r  c o l l e c t i o n  s y s t e m .  T h i s  w a t e r  i s  pumped t o  t h e  r e h e a t  
c o i l s  i n  t h e  p e r i m e t e r  zone  t e r m i n a l  b o x e s  t o  h e a t  t h e  b u i l d i n g .  
I n  mode 2 ,  t h e  s t e a m  a u x i l i a r y  h e a t  e x c h a n g e r  p r o v i d e s  t h e  h o t  
w a t e r  d i r e c t l y  i f  t h e  s t o r e d  h o t  w a t e r  c a n n o t  mee t  t h e  h e a t i n g  
demand o f  t h e  b u i l d i n g .  

The s y s t e m  i s  a r r a n g e d  i n  t h e  s o l a r  c o o l i n g  mode s u c h  t h a t  t h e  
l a r g e  t a n k  i s  i n  s e r i e s  w i t h  t h e  c h i l l e r .  I n  mode 3 ,  s t o r e d  
s o l a r  h o t  w a t e r  i s  u s e d  t o  r u n  t h e  c h i l l e r  wh ich  e s s e n t i a l l y  
" b o o s t s "  t h e  c h i l l e d  w a t e r  g o i n g  t o  t h e  ma in  c o o l i n g  c o i l s .  I n  
mode 4 ,  t h e  a u x i l i a r y  h e a t  e x c h a n g e r  h o t  w a t e r  i s  u s e d  t o  r u n  
t h e  c h i l l e r ,  b u t  t h e  s t o r a g e  t a n k  i s  n o t  i n  t h e  l o o p .  I n  mode 
5 ,  t h e  w a t e r  c h i l l e r  i s  n o t  o p e r a t e d ,  b u t  t h e  c o l d  w a t e r  i n  t h e  
l a r g e  t a n k  s i m p l y  g o e s  o u t  t o  t h e  main  c o o l i n g  c o i l s  a n d  r e t u r n s  
t o  t h e  t a n k .  Mode 6 i s  t h e  c h i l l i n g  down o f  t h e  l a r g e  t a n k  
u s i n g  t h e  c o o l i n g  tower. .  

?'he c o l d  w a t e r  c o o l i n g  c o n t r o l  s e q u e n c e  o p e r a t e s  a s  f o l l o w s .  
When t h e  v e n t i l a t i n g  f a n s  s t a r t  a t .  6 : 0 0  A . M . ,  c h i l l e d  w a t e r  f r o m  
t h e  c o l d  t a n k  i s  p r o v i d e d  t o  t h e  c o o l i n g  c o i l s  i f  r e q u i r e d .  
A u x i l i a r y  o p c r a t i o n  i s  n o t  p e r m i t t e d  i f  t h e  c o l d  t a n k  i s  be low 
J 8 . 3 ' C .  ?'he c h i l l e r  s t a r t s  a f t e r  t h e  s o l a r  s y s t e m  h a s  h e a t e d  
t h e  h o t  s t o r a g e  t a n k  t o  8 2  "C. The c h i l l e r  c o n t i n u e s  t o  o p e r -  
a t e  u n t i l  e i t h e r  t h e  h o t  s t o r a g e  t a n k  d r o p s  be low 77 "C o r  t h e  
c o l d  t a n k  d r o p s  be low 9 " C .  Thj.s s e q u e n c e  p r o v i d e s  optimum 
p e r f o r m a n c e  o f  t h e  c h i l l e r  s y s t e m  by 1 )  r u n n i n g  t h e  c h i l l e r  when 
c o l l e c t o r s  a r e  o p e r a t i n g  t o  r e d u c e  c o l l e c t o r  t e m p e r a t u r e s ,  2 )  
f o r c i n g  maximunl c h i l l e r  o p e r a t i n g  t i m e s  a n d  m i n i m i z i n g  c y c l i n g ,  
3 )  o p e r a t i n g  t h e  c h i l l e r  a t  f u l l  c a  a c i t y  w i t h o u t  i n t e r n a l  t h r o t -  
t l i n g  i n  t h e  R a n k i n e  u i i i t ,  4 )  p r o h i E i t i n y  a u x i l i a r y  o p e r a t i o n  
u n t i l  t h e  c o o l i n g  e f f e c t  f r o m  t h e  c o l d  t a n k  i s  e x h a u s t e d .  

The NSRSC c o n t r o l  s y s t e m  i s  b a s e d  on p n e u m a t i c  c o ~ n p o n e n t s .  A 
c o ~ i s i d e r a b l e  r a n g e  o f  f l e x i b i l i t y  i n  o p e r a t i . n g  t h e  s y s t e m  - i s  
a v a i l a b l e .  



h t e m p e r a t u r e  p r o b e  i s  a f f i x e d  t o  t h e  b a c k s i d e  OS t h e  c o l l e c t o r  
a r r a y  a s  a l n e a s u r c  of c o l l e c t o r  s u r f a c e  t e m p e r a t u r e ,  T h i s  t em-  
p e r a t u r e  i s  campared  w i t h  t h e  t e m p e r a t u r e  i n  t h e  l a r g e  t a n k  
( w i n t e r )  o r  sinall t a n k  ( s u n i ~ a e r ] ,  I f  a  5 " C  d i f f e r e n t i a l  i s  
d e t e c t e d ,  t h e  s o l a r  c o l l e c t o r  c o o l a n t  a n d  h o t  w a t e r  pumps a r e  
s t a r t e d  ancl f o r c e d  t o  r u n  f o r  a t  l e a s t  1 8 0  s e c ,  B e c a u s e  t h e  
l a r g e  t a n k  i s  u n p r e s s u r i z e d ,  a  t a n k  t e m p e r a t u r e  o f  o v e r  9 3  " C :  
\.;ill d i s a b l e  t l i e  s o l a r  h e a t  c o l l e c t i o ~ l  c o n t r o l l e r .  

The h o t  w a t e r  t e n l p e r a t u r e  r e q u i r e d  f o r  r e h e a t  j s  s c h e d u l e d  
b a s e d  o n  o u t s i d e  a l r  t e m p e r a t u r e ,  w i t h  6 0  'C w a t e r  r e q u i r e d  f o r  
-18  'C o u t s i d e  t e m p e r a t u r e ,  a n d  38 'C w a t e r  f o r  21  'C o u t s i d e  
a i r  t e i n p e r a t u r e .  I f  t h i s  s c h e d u l e  c a n n o t  be  met by s t o r a g e ,  
t h e  a u x i l i a r y  s y s t e m  (mode 2 )  p r o v l d e s  w a t e r  a t  t h e  r e q u i r e d  
t e m p e r a t u r e ,  

The a i r  vo lumc  i n  e a c h  t e r m i n a l  box i s  c o n t r o l l e d  l o c a l l y  b y  
t h e  a s s o c i a t e d  zonc  t l i e r m o s t a t .  The demanded vo lume  r a n g e s  
f rom 5 0 %  o f  d e s i g n  a t  1 . 1  'C b e l o ~ ~  t h e  t c m p e r a t u r e  s e t  p o i n t  t o  
f u l l  open  a t  1 . 1  " C  a b o v e  t h e  s e t  p o i n t ,  A s t a t u s  p r e s s u r e  
p r o b e  i n  e a c h  ma in  s u p p l y  s y s t e m  i s  u s e d  t o  m e a s u r e  t h e  t o t a l  
a i r  volume demand and  t o  l r lodula te  t h e  i n l e t  v a n e s  on t h e  s u p p l y  
and r e t u r n  f a n s  t o  meet  t h i s  demand,  I n  t h e  p e r i m e t e r  s y s t e m ,  
t h e  zone  t h e r m o s t a t s  a l s o  c o n t r o l  t h e  r e h e a t  c o i l  w a t e r  f l o w  
r a t e  i n  t h e  h e a t i n g  modes ,  The s c h e d u l e  f o r  t h i s  f u n c t i o n  i s  
f o r  n o  h o t  w a t e r  f l o w  a t  t h e  d e s i r e d  t e m p e r a t u r e  t o  f u l l  f l o w  
a t  1.1 "C o r  nlorc h e l o i i  t h e  s e t  p o i n t .  The zone  s e t  p o i n t s  a r e  
n o r m a l l y  2 5  'C e x c e p t  t h a t  t h e  s e t  p o i n t  i s  a u t o l n a t i c a l l y  low-  
e r e d  t o  21  'C i n  t l i e  p e r i r n r t e r  zone  when t h e  c h a n g e o v e r  t o  t h e  
w i n t e r  mode i s  made.  

The f a n s  a r e  s h u t  dc1v.n c o r i i p l e t c l y  d u r i n g  t h e  n igh r .  a n d  t h e  
b u i l d i n g  i s  a l l o w e d  t o  " c o a s t " .  A low l i m i t  t h e r m o s t a t  w i l l  
c a u s e  t h e  sys t e rn  t o  r e s t a r t  a t  ha l f '  o f  d e s i g n  a i r  vo lume  i f  t h c  
t e n ~ p e r a t u r e  d r o p s  h e l o l ~  15 ' C .  

The  ma in  s u p p l y  a i l -  t e m p c r a t u r ?  i s  c u n t r o l l c d  Ily selecting t h e  
i n d i v i d u a l  zorlc f o r  w l ~ i c h  i.; t h e  w a r m e s t .  I n  t h e  p e r i m e t e r  
zone  i n  t h e  w i n t e r  :noLlc, t h e  l o w e s t  zonc  t e m p e r a t u r e  c o n t r o l s  
t h e  s e t  p o i n t  o f  t l i c  f a n  d i s c h a r g e  t e n i p r r a t u r e  c o n t r o l  s y s t e m .  
I n  t h e  summer modc,  a s  t h e  w o r s t  zone  t e i n p e r a t u r e  g e t s  h i g h e r ,  
a  l o w e r  f a n  d i s c l ~ n r g c  t e m p e r a t u r e  i s  c a l l e d  f o r .  T h i ?  i n i t i a t e s  
a s e q u e n c e  o f  e v e n t s  a ?  i 'ol  l o w s :  

1 .  I:resl; a i r  i l a n ~ p e r s  l i lotiulatc t o  f u l l  o p e n  
? .  A i r  was l i e r s  s t a r t  
3 .  i lx t iaus t  sj)l-ay s t a r t : ;  
4 .  C h i l l e d  wat.er pump s t a r t s  (mode 5 )  a n d  t h e  

c o o l i n g  c o i l  b y p a s s  dalnper's n ~ o c i u l a t e  u n d e r  
d i s c h a r g e  t e m p e r a t u r e  c o n t r o l  

5 .  Water i ! ~ i l l e r  s t a r t s ,  

A r e l a t i v e  h u m i d i x y  ] ? robe  i n  e a c h  s u p p l y  Pan d i s c h a r g e  r e g i o n  
i s  u s e d  t o  r c g u l a t e  t h c  i i ~ a i n  a i r  u a s h c r s ,  . i \ l t hough  t h e  s y s t e m  
d o e s  n o t  eml?l.oy h u m i d i t y  c o n t r o l  a s  a  d e s i g n  f e a t u r e ,  b y p a s s  dam- 
p o r s  a r e  p r o v i d e d  t o  p r e s e n t  l l u ~ n i d i t i e s  f rom beco r~ i ing  t o o  h i g h ,  



and  a i r  w a s h e r  shu tdown r e s u l t s  f o r  d i s c h a r g e  h u m i d i t i e s  
e x c e e d i n g  an u l t i m a t e  u p p e r  l i m i t  o f  6 0 % ,  

The p e r i m e t e r  zone  h e a t  r e c o y e r y  u n i t  u s e s  t h e  f o l l o w i n g  
s e q u e n c e :  

l ,  Between 4 1  'C and  1 3  'C t h e  e x h a u s t  s p r a y  
2 s  o f f  and t h e  b y p a s s  c l o s e d ,  T h i s  i s  t h e  
f u l l  h e a t  r e c o v e r y  r e g i o n ,  The b y y a s s  i s  
m o d u l a t e d  l i n e a r l y  be tween  2 " C  and  5 " C .  

2 .  Above 1 3  'C t h e  b y p a s s  i s  c l o s e d  a n d  t h e  
e x h a u s t  s p r a y  i s  on  i f  t h e r e  i s  a n y  c a l l  
f o r  c o o l i n g  ( i f  t h e  f r e s h  a i r  d a m p e r s  a r e  
f u l l y  o p e n e d ) ,  I f  t h e r e  i s  n o  c a l l  f o r  
c o o l i n g ,  n e i t h e r  t h e  h e a t  r e c o v e r y  u n i t  n o r  
t h e  e x h a u s t  s p r a y  a r e  u s e d .  

About l 6 0  c h a n n e l s  o f  i n s t r u m e n t a t i o n  a r e  i n s t a l l e d  i n  t h e  
b u i l d i n g  f o r  t h e  p u r p o s e  o f  e v a l u a t i n g  t h e  s y s t e m  p e r f o r m a n c e .  
B a s i c  e n e r g y  consumptior i  i n e a s u r e ~ n e n t s  a r e  made on  a l l  o f  t h e  
e n e r g y  s u b s y s t e m s  i n  t h e  b u i l d i n g .  T h e s e  m e a s u r e m e n t s  c o n s i s t  
o f  f l o w  r a t e s  and t e m p e r a t u r e  d i f f e r e n c e s .  I n  a d d i t i o n ,  e l e c -  
t r i c a l  power  c o n s u l r ~ p t i o n s  o f  a l l  o f  t h e  pumps a n d  f a n s  i n  t h e  
s y s t e m  a r e  m e a s u r e d .  Most t e m p e r a t u r e s  a r e  m e a s u r e d  u s i n g  
p l a t i n u m  r e s i s t a n c e  t h e r m o m e t e r s ,  w i t h  some t h e r m o c o u p l e s  on  
t h e  c o l l e c t o r  a r r a y  and t h e  Rank ine  c h i l l e r ,  F lows a r e  m e a s u r e d  
w i t h  t u r b i n e  f l o w m e t e r s  and  Annubar  p r o b e s .  A number o f  a i r  
f l o ~ c ,  t e m p e r a t u r e ,  and  h u m i d i t y  ~neasu re lne r l t s  a r e  a l s o  made i n  
t h e  HVAC s y s t e m .  S o l a r  f l u x  i s  measured  i n  t h e  p l a n e  o f  t h e  
c o l l e c t o r  and i n  t h e  h o r i z o n t a l  p l a n e .  

D a t a  a c q u i s i t i o n  i s  c o n t r o l l e d  by a  PDP-11/34 c o m p u t e r .  The 
c o m p u t e r  p r o v i d e s  t h e  c a p a b i l i t y  f o r  r e a l - t i m e  e n g i n e e r i n g  c a l -  
c u l a t i o n s  f o r  d a t a  c o n i p r e s s i o n .  T h i s  e l i m i n a t e s  t h e  n e c e s s i t y  
o f  s t o r i n g  l a r g e  vo lumes  o f  d a t a  f o r  l a t e r  a n a l y s i s .  

'The c o m p u t e r  a u t o m a t i c a l l y  p r o v i d e s  p e r i o d i c  s y s t e m  e n e r g y  
s u n l ~ n a r i e s  f o r  d i s p l a y  ancl s t o r a g e .  Month ly  a n d  s e a s o n a l  e n e r g y  
summar ie s  a r e  a l s o  c a l c u l a t e d  a u t o m a t i c a l l y .  

1 1  . SYSTEM 'TIiERlrZAL PERFORMANCE 

A .  Month ly  Energy  Summaries  

Two i n o n t h s l ( A u g u s t  and S e p t e m b e r ,  1 9 7 7 )  c o o l i n g  d a t a  
h a v e  b e e n  r e c o r d e d  f rom t h e  s y s t e m .  The c o o l i n g  s y s t e m  t h e r m a l  
performance f o r  t h i s  p e r i o d  i s  s u ~ n m a r i t e d  i n  T a b l e  111. H e a t i n g  
s y s t e m  d a t a  were  r e c o r d e d  f rom November 1 9 7 7  t h r o u g h  A p r i l  1 9 7 8 .  
H e a t i n g  s y s t e m  t h e r m a l  p e r f o r m a n c e  i s  g i v e n  i n  T a b l e  I V .  The 
e n e r g i e s  a r e  inean clably v a l u e s  i n  MJ/day, 



TABLE IIT, .. 
- - 

SOLAR COOLING SYSTEN Tf-IEIJJNL PERFOI{WNCE 

August  Sep tember  

r n c i d e n t  S o l a r  Energy  13405 14014 

S o l a r  Energy  t o  Hot  S t o r a g e  3566 3428 

S o l a r  E n e r g y  t o  C o o l i n g  2588 21 1 0  

A u x i l i a r y  Energy  t o  C o o l i n g  960 1 6 5  

Coid Water  f rom S t o r a g e  F C h i l l e r  2661 1705 

TABLE I V  

SOLAR HEATING SYSTEbI THERMAL PERFOR.WCE . 

Nov. Dec. J a n .  Feb.  March -- 
I n c i d e n t  S o l a r  13984 12174 11438 13026 14618 17583 
Energy 

S o l a r  E n e r g y  t o  4 9 0 2  4067 3779 4078 4838 4955 
Hot S t o r a g e  

Energy Removed 4299 3622 3253 3529 3949 4297 
from Hot S t o r a g e  

S o l a r  Energy  t o  4336 3493 3139 3446 4022 4325 
Space H e a t i n g  

A u x i l i a r y  E n e r g y  570 1287 1936 1549 631 2 6  
t o  Space  H e a t i n g  

Heat Recovery  1786 1786 1752 1771. 1813 1320 
Heat  t o  S p a c e  
H e a t i n g  

S o l a r  Energy  t o  1 0 1  96 107 107 106 9 5 
S e r v i c e  Hot I i a t e r  

F i g u r e s  3 , 4 ,  and 5 a r e  b a r  g r a p h  sununaries of  t h e  s o l a r  e n e r g y  
i n p u t  a n d  o u t p u t ,  t h e  b u i l d i n g  l o a d ,  and s t o r a g e  and a m b i e n t  
t e m p e r a t u r e s  ' f o r  t h e  h e a t i n g  s e a s o n .  

T a b l e  V summar izes  t h e o v e r a l l  p e r f o r n a n c e .  

B .  Record o f  t h e  Q u a l i t y  o f  Thermal P e r f o r n x n c e  
o f  t h e  Sys tem 

P e r f o r m a n c e  o f  t h e  sys tem h a s  been a s  p r e d i c t e d  e x c e p t  
f o r  a somewhat h i g h e r  b u i l d i n g  h e a t i n g  load t h a n  e x p e c t e d .  

C, S o l a r  Con t r i  h u t i o n  t o  Energy Requi rements  -. 

T a b l e  V J  s u n m a r i z e s  t h e  p e r c e n t  s o l a r  c o n t r i b u t i o n  t o  
h e a t i n g  o r  c o o l i n g  e n e r z y  r e q u i r e a e n t s  o f  t h e  sy5 tem f o r  t h e  i n -  
d i c a t e d  months o f  opera t J .on ,  



, Incident Solar 
" h c r w  

Solar Encrgy t o  
I-lot Storagc 

Encrg) Rcmvcd 
Fmm 1:ot Storage 

Solar h c r g y  t o  
Spacc ilcating 

Aux. ihcrl:y t o  
Spacc Hcating 

(, llcat ilccovcry t o  
S~,JCC Ilcaring 

S313r T.I?crgy t o  
S c r v ~ c e  t!oc ls ter  

10 Solar Encrgy 
to  Cooling 

ll J\LN. rhcrcy 
to  Cooling 

12 j ~ n z r ~ ~  :c cold 
Stor. E building 

iisciui Enzrgy 
13 From Cold Storagc 

and C ! ~ i l l c r  

Pcrccnt o f  licnting 
l 4  m d  Scrgicc !lot 

\facer Frs2 Solar 

Pcrccnt Coollng 
From Solar 

Perccnt i icating 
16 and Cooling 

From Solar 

E lec t r icn l  Energy 
t o  m and Fans 

18 Nmber of 
Operational Days 

TABLE I;. SYSIDI 7EIMG PFEOM3'4CZ SNM, 

DAILY ENERGf W/MY 



e ,  S e p t .  02:- NovV Dec. J a n .  Feb.  Mar." 

P e r c e n t  S o l a r  75 9 2  - -  R8 74 6 3  69 86  9 9  
H e a t i n g  or. 
C o o l i n g  
O v e r a l l  8 1 7 9 

11 Monthly  a n d  Annual  E n e r g y  o r  F u e l  Savings-  

No c o s t  d a t a  a r e  a v a i l a b l e  on f u e l  s a v i n g s .  

E .  Ene rgy  and  Mass B a l a n c e s  

F i g u r e  6 i s  a  d a i l y  r e c o r d  f o r  S e p t e m b e r  2 5 ,  1917 o f  
rlle c o o l i n g  s y s t e m  pe r fo rmar l ce  u s i n g  t h e  Rank ine  c y c l e  u n i t  . 
T h i s  was a  c l e a r  d a y ,  a n d  n o  a u x i l i a r y  e n e r g y  was u s e d .  The peak  
s o l a r  f l u x  was 1070  w/m2, and  t h e  maximum c o l l e c t o r  o u t l e t  tem- 
p e r a t u r e  was 104°C.  The c h a n g e o v e r  f rom c o o l i n g  f r o m  s t o r a g e  t o  
c o o l i n g  w i t h  t h e  c h i l l e r  c a n  b e  s e e n  t o  o c c u r  a r o u n d  noon (Mode 
5  t o  Mode 3 ) .  'The e n e r g y  f l o w  i n t o  t h e  t a n k  d u r i n g  c h i l l e r  op -  
e r a t i o n  i s  d u e  t o  e x c e s s  c h i l l e d  w a t e r  b e i n g  s t o r e d  b e c a u s e  t h e  
c h i l l e r  o u t p u t  e x c e e d s  t h e  b u i l d i n g  c o o l i n g  l o a d .  

Append ix  A c o n t a i n s  d a i l y  e n e r g y  summar ie s  f o r  t h e  
e n t i r e  h e a t i n g  s e a s o n .  

111. SYSTESI ECONOMIC ANALYSIS 

.d. 'To ta l  Cos t  o f  t h e  S o l a r  P o r t i o n  o f  t h e  Sys tem 

The t o t a l  a d d - o n  c o s t  o f  t h c  s o l a r  e n e r g y  s y s t e m  
( e x c l u d i n g  e x p e r i m e n t a l  cquipnrent  j was $ 4 4 0 , 0 0 0 .  Of t h i s  f i g -  
u r e ,  $ 1 3 5 , 0 0 0  was f o r  collectors. The t o t a l  c o s t  o f  t h e  b u i l d -  
i n g  was $ 4 , 6 0 0 , 0 0 0 ,  i n c l u d i n g  e n g i n e e r i n g .  No o p e r a t i n g  c o s t  
f i g u r e s  a r e  a v a i l a b l e .  

H .  U s e r  I : e a c t ~ o n s  and  Conm~cnts 

'The s y s t e m  h a s  pe r fo rn red  r e 1  i a h l y  , p r o v i d i n g  o c c u -  
p a n t  c o m f o r t  w i t h i n  normal  s t a n d a r d s .  S e v e r a l  c o n t r o l  s y s t e m  
m o d i f i c a t i o n s  were  made tc! o b t a i n  more e f f e c t i v e  u s e  o f  c o l d  
s t o r a g e ,  and d a t a  f o r  a  f i l l  1 c o o l i n g  s e a s o n  have  n o t  y e t  b e e n  
a c c u m u l a t e d .  

SUBSY SI'Cb1 I'EKI:ORMAN(:II 

A .  SOLAR COL1,ECTORS 

l .  U e s c r i p t i o n  o f  I ' hys i ca l  C o r i f i g u r a t i o n  
--p 

A g e n e r a l  description o f  t h e  c o l l e c t o r  i s  g i v e n  i n  
S e c t i o n  I .C.2 .  Each .61 m by 3 . 0 5  m c o l l e c t o r  combines  t h e  f u n c -  
t i o n s  o f  r o o f  and s o l a r  c o l l e c t o r  by p r o v i d i n g  w e a t h e r  e x c l u s i o n ,  
s t r u c t u r a l  s u p p o r t ,  t h e r m a l  i n s u l a t i o n ,  and  e n e r g y  c o l  l  e c t i o n .  



The c o l l e c t o r s  a c h i e v e  good t h e r m a l  p e r f o r m a n c e  t h r o u g h  t h e  u s e  
o f  s i n g l e - p a n e ,  h i g h  t r a n s m i s s i o n ,  . 3 1 8  c m - t h i c k  t e m p e r e d  p l a t e  
g l a s s  g l a z i n g  and an  a b s o r b e r  s u r f a c e  wh ich  h a s  been  e l e c t r o -  
p l a t e d  w i t h  h i g h l y  s e l e c t i v e  b l a c k  chrome t o  min imize  h e a t  l o s s  
by r a d i a t i o n .  The a b s o r b e r  p l a t e  and  a l l  s t r u c t u r a l  e l e m e n t s  
o f  t h e  c o l l e c t o r  a r e  f a b r i c a t e d  f rom m i l d  s t e e l  f o r  s t r e n g t h  
a ~ - ~ d  economy. The c o o l a n t  p a s s a g e s  a r e  formed by s e a m - w e l d i n g  
t h e  e d g e s  o f  two s t e e l  p l a t e s  t o g e t h e r ,  i n t e r m i t t e n t l y  s p o t -  
w e l d i n g  t h e  s u r f a c e ,  and e x p a n d i n g  t h e  a s s e m b l y  u n d e r  p r e s s u r e  
t o  g i v e  a  q u i l t e d  s u r f a c e  a p p e a r a n c e .  A c u t a w a y  d r a w i n g  o f  a  
c o l l e c t o r  i s  shown i n  F i g u r e  7 ,  

I n d i v i d u a l  c o l l e c t o r s  a r e  b o l t e d  t o  2 0 . 3  cm r o o f  p u r l i n  beams 
and a r e  c o n n e c t e d  t o  t h e  s t r u c t u r a l  s u p p o r t  i n  a  manner wh ich  
a l l o w s  f o r  t h e r m a l  e x p a n s i o n .  

2 .  The rma l  P e r f o r m a n c e  C h a r a c t e r i s t i c s  

A c o l l e c t o r  e f f i c i e n c y  p l o t  i s  g i v e n  i n  F i g u r e  3 .  
D a t a  a r e  shown irorn a c t u a l  i n s t a n t a n e o u s  o p e r a t i n g  p o i n t s .  The 
s o l i d  l i n e  was o b t a i n e d  froin e x p e r i m e n t a l  t e s t  d a t a  on  t h e  
c o l l e c t o r .  

U ~ d e r  a c t u a l  o p e r a t i n g  c o n d i t i o n s ,  c o l l e c t o r  f l o w  r a t e  i s  a r o u n d  
29 .0  l / s e c  o f  w a t e r  e q u i v a l e n t  a t  15.6'C. T o t a l  p r e s s u r e  d r o p  
i n  t h e  s y s t e m ,  i n c l u d i n g  a l l  p i p e s  and t h e  h e a t  e x c h a n g e r ,  i s  
96 .5  kPa.  Pumping power f o r  t h e  o i l  c o o l a n t  i s  9 . 6  kw. 

3 .  L i f e t i m e  P e r f o r m a n c e  C h a r a c t e r i s t i c s  

No l e a k a g e  h a s  b e e n  d e t e c t e d .  One g l a s s  c o v e r  was 
b r o k e n  d u r i n g  i n s t a l l a t i o n ,  h u t  n o  o t h e r  b r e a k a g e  h a s  o c c u r r e d .  
C o r r o s i o n  i s  n o t  e x p e c t e d  t o  o c c u r  due  t o  t h e  u s e  o f  t h e  o i l  
c o o l a n t  

B .  HEAT 'TRt2NSFEK SIJIISYSTEM -- 

l .  D e s c r i p t i o n  o f  ' h y s i c a l  C o n f i g u r a t i o n  

( ' o l l e c t e d  h e a t  i s  t r a n s f e r r e d  f rom t h e  o i l  t o  w a t e r  
v i a  a  s h e l l  and  t u b e  h e a t  e x c h a n g e r .  

2 .  Thermal  P e r f o r m a n c e  C h a r a c t e r i s t i c s  

I ' y p i c a l  v a l u e s  o f  h e a t  e x c h a n g e r  v a r i a b l e s  i n  t h e  
h e a t  in(;  iiio(le a r e  g i v e n  b e l o w :  

O i l  S i d e  Wate r  S i d e  

I n l e t  l e m p e r a t u r e ,  " C  7 5 . 2  5 7 . 3  
O u t l e t  T e m p e r a t u r e ,  "L 69 .4  6 1 . 6  
f l o w  ( w a t e r  a t  15 .6OC) ,  2 9 . 0  1 9 . 5  

l b / s e c  
Pump Power ,  kw 3 . 6  1 1  



. ? ' H E J W \ L  ENERGY STORAGE SUBSYSTEhI 

1 .  D e s c r i p t i o r ,  o f  1'11~s i c a l  Configu:_a&jti"_ - 

3 
The two t a n k s  a r e  38 m' and 1 9  m.  I n  volume a s  d e -  

s c r i b e d  p r e v i o u s l y .  The! 1arqc . r  t a n k  i.; ' . g  n, h i g h  t o  p romote  
s t r a t i f i c a t i o n .  

The t e m p e r a t u r e  o f  t h e  e q u i p m e n t  room a v e r a g e s  a b o u t  
18,3 'C i n  t h e  w i n t e r  a11,I ?h ' I n  t h e  summer, The l o s s  c o e f -  
f i c i e n t .  o f  t h e  t a n k  i s  8 I The n o r m a l  maximum t e m p e r a .  
t u r e s  f o r  hot w a t e r  s t o r n g c  i n  t h c  l a r g e  and  s m a l l  t a n k  a r e  8 2 ° C  
a n d  304'C, r e s p e c t i v e l y ,  Thc, normal Inir~imurn t e m p e r a t u r e  f o r  i o l J  
s t o r a g e  i s  g V C ,  

I n  t h e  h e a t i n g  mode, hot w a t c r  f l o k  o u t  o f  t l lc  l a r g c  t a n k  v a r l t s  
d e p e n d i n g  upon h e a t l n p  d ~ n i a n d  a t  t h e  t e r m ~ n ~ i l  h o x e s ,  b u t  I S  no 
m i n a l l y  3 . 8  l / s e c  ( 1 8 ,  w a t c r ) ,  l)urnj>~nl: power f o r  h o t  w a t e r  
i s  1 . 2  kw. I n  t h e  c o o l  l n g  mocle, col t1  w n t c r  f l o w  f r o m  t h e  l a r g e  
t a n k  i s  1 2 . 6  l / s e c ,  and  h o t  w a t c r  f l o h  t o  t h c  c h l l l e r  f rom t h c  
s m a l l  t a n k  i s  2 2 . 1  l / s c c ,  P ~ ~ m p i n g  power  i n  t h e  c o o l i n g  mode wa\ 
n o t  m e a s u r e d  f o r  t h e  pc: i o d  o f  o p u ~ a t  i o n  ~ c l l o r t e d .  

D .  AIR CONDI'rIONINC S~JB~YSII:\I  

1. D e s c r i p t i o n  o f_  P_tirsical Configli!>i-t-~-on 

E i t h e r  o f  t h e  two w a t c r  c h i l l e r s  c.37 be u s e d .  T h r  
a b s o r p t i o n  u n i t  i s  a  York r~iotlt?l I i S I q ? ,  t l c r ;~ tc . t l  t o  2 2 1 )  kw w i t h  
8 S ° C  w a t e r .  The Rank inc  c y c l e  u n i t  i s  an  t ~ . i ~ ) c . r i m e n t n l  u n i t  d c -  
s i g n e d  b y  R a r b c r - N i c h o l s  w i t h  a J e ~ i g n  11oint  of  171 kw w i t h  !)3"( 
Both u n i t s  h a v e  a  COP o f  0 . 7 s  u n d e r  dcsi:<l! c o r i , l ~ t i o n s .  Heat  
r e j e c t i o n  i s  t h r o u g h  :i 3 1 , h  I :scc c o o l i n g  t o h c r .  

2 .  'Thermal l ' e r fo rmancc  C1iar:ictcr i:.!. icy, - -- - - . - . - - -. - -- . - . . - - . . . 

A p e r f o r m a n c e  sunimary o f  t h e  two c o o l  i ng  u n i t s  i s  
g i v e n  i n  F i g u r e  9 .  C a r n o t  COP i s  d e f i n e d  s r  

Thw = Hot w a t c r  ~ n l e t  t c n \ p e r a t u r e ,  O K  

T c w  = C o n d e n s e r  r i a t r r  ~ n l e t  t c'mr)cr;lt o r e ,  O K  

' l ' c h w  = C h i l l e d  w a t e r  o u t l e t  t e m p e r a t u r e ,  O K  
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