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ASSTRACT 

Although a Transient Simulation Program (TRNSYS) 

. has become a widely used model f o r  simulating a solar 

energy system, there has not been extensive work done 

in validating th is  model w i t h  actual data. The approach 

used to validate this model consFsted of a modular build- 

up of components w i t h  validation f o r  each module. 

Extreme care was taken in choosing the necessary 

parameters to model each component. Where parameters - 

w e r e  not given, they were either derived or reasonable 

values w e r e  selected based upon general conditions pre- 

vailing in central Flor ida  or conditions which are 

generally true for certain solar hot water systems. The  

intent of this approach was to avoid forcing the model 

to fit experimental data. Such forcing can cause present 
. - 

results to correlate favorably, but gives no assurances 

' for model performance in future simulations which Ioay 

be made for varying conditions or completely different  

systems. 



TRNSYS compared favorably with experimental 

data.  The average e r ro r  for an e n t i r e  8 hour simu- 

l a t i o n  with 15 minute i n t e rva l s  was  only 3 . 3 9  percent 

f o r  t h e  e n t i r e  tank and co l l ec to r  combination. The 

- model's major deviations were i n  the s tar t -up  col lec-  

t o r  o u t l e t  temperature and rapid changing i n  ac tua l  

hot water demand which the model could not match 

primarily i n  amplitude and not phase. 
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I 

INTRODUCTION 

Although a Transient  Simulation Program (TRNSYS) 

has become recognized and accepted as a good approach 

f o r  s imulat ing va r ious  s o l a r  energy systems, t h i s  

program has no t  been va l ida ted  us ing a c t u a l  exper i -  

mental data [I]. To eva lua te  t h e  model's accuracy, 

a c t u a l  d a t a  was used and compared t o  predic ted  

va lues  obtained from TRNSYS [2]. The United S t a t e s  

National Bureau of Standards i s  c u r r e n t l y  conducting 

a s i m i l a r  e f f o r t  t o  v a l i d a t e  TRNSYS. This e f f o r t  

u t i l i z e s  two approaches. One i s  t o  use  TRNSYS t o  

p r e d i c t  performance of severa l  s o l a r  hot  water sys- 

t e m s .  This  e f f o r t  w i l l  e n t a i l  ga ther ing da ta  f o r  

approximately one year  and then modeling performance. 

No da ta  i s  p resen t ly  a v a i l a b l e  f o r  t h i s  approach. 

.The second approach involves a s h o r t e r  t e r m  s o l u t i o n  

where a l abora tory  model i s  used and compared t o  

TRNSYS. The r e s u l t s  of t h i s  e f f o r t  are a v a i l a b l e ,  

but  do n o t  represen t  an a c t u a l  s o l a r  hot  water system. 



The so l a r  energy system se lec ted  t o  be modeled 

consis ted of a forced c i r c u l a t i o n  s o l a r  hot water 

system (depicted i n  Figure 1). This type of system 

wtth an a u x i l i a r y  hea ter  in t h e  s torage tank i s  

t yp i ca l  of s o l a r  energy systems used i n  many homes 

today. The s o l a r  energy system inves t iga ted  consis-  

t ed  of a s o l a r  c o l l e c t o r ,  pump, and hot water s torage 

tank wtth an a u x i l i a r y  heater  i n  t h e  tank. 

This tnves t iga t  ion was performed i n  conjunction 

with t h e  work done by Pearce [2 ] .  Duplication of 

e f f o r t  w a s  avoided, but some add i t iona l  system charac- 

t e r i s t i c s  were needed t o  descr ibe t h e  so l a r  energy 

system i n  a format compatible wi th  TRNSYS. These 

add i t iona l  system c h a r a c t e r i s t i c s  were e i t h e r  derived,  

o r  reasonable values  were used which a r e  t yp i ca l  f o r  

Central  F lor ida .  All assumptions w i l l  be so noted 

i n  t h e  following t e x t .  

The text i s  organized such t h a t  t h e  c o l l e c t o r  

. c h a r a c t e r i s t i c s  and assumptions used a r e  f i r s t  presen- 

t ed  and following t h i s  i s  a s imi la r  discussion on t h e  

tank c h a r a c t e r i s t i c s .  Following these  two sec t  ions 

i s  a sec t ion  on t he  r e s u l t s  of t h e  simulation runs 
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and a comparison with ac tual  da ta ,  The f i n a l  sect ion 

analyzes these r e s u l t s  with the ac tua l  da ta  t o  make 

an assessment of TRNSYS performance. 

Many given data values required conversion 

- from English u n i t s  t o  SI (modif led metric) un i t s .  

The metr ic  u n i t s  which use seconds f o r  tlme a r e  

modified by u s f n g  t h e  hour a s  the  time u n i t  i n  t he  

SI  system, Several constants within the  TRNSYS model, 

such as t h e  solar  constant,  a r e  given i n  SI u n i t s  and 

parameters which i n t e r a c t  with these must of course 

conform dimensionally. For ease of in terpre t ing 

r e s u l t s ,  t he  SI  u n i t s  were used throughout the  

simulation. 



THE COLLECTOR 

- The c o l l e c t o r  t o  be modeled i s  depicted i n  

Figures  2 and 3. Figure  2 dep i c t s  t h e  c o l l e c t o r  wi th  

t h e  parameters provided by Pearce, while Figure  3 de- 

p i c t s  a block dfagram format of t h e  c o l l e c t o r  wi th  

t h e  parameters necessary f o r  t he  TRNSYS simulation [2] .  

A s  can be noted from these  two f i g u r e s ,  some of t h e  

parameters needed by TRNSYS were not  provided by 

Pearce i n  h i s  da ta .  

Mode 2 w a s  se l ec ted  f o r  use  i n  t h e  TRNSYS 

model f o r  t h e  c o l l e c t o r .  This mode w a s  se l ec ted  

because it provides a b e t t e r  so lu t i on  than Mode 1 

by ca l cu l a t i ng  t h e  l o s s  coe f f i c i en t  UL. Modes 3 

and 4 were no t  s e l ec t ed  because i n  these  modes, t he  

t ransmit tance,  Y ,  i s  determined by t h e  equation:  

11.1 

= H ~ / H ~ [ v ~ ~ - ~ ~ ~ ~ ~ ~ % ]  + H / H  [%16ooe -KL/COSQ 21 
where 

Y'X i s  t h e  t ransmit tance of  an EJ-glass cover 

su r face  a t  an  angle  x .  ~ ' x  can be found 

i n  Figure  6.1.3 of Duff ie  and Beckman [3]. 
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O 1  
= a rcs in  [ s i n  QT/ng 1 

Q2 = a rcs in  [ s i n  60°/ngl 

A s  can be ' readi ly  seen from equation 11.1, i s  highly 

dependent upon the  incidence angle of beam rad ia t ion  

on t h e  co l l ec to r ,  which i n  tu rn  i s  dependent upon 

co l lec tor  tilt angle. Collector tilt was not given 

a s  a co l lec tor  parameter and 'L: can be assumed t o  be 

r e l a t i v e l y  sonotant over tilt angles from 0' t o  40°. 

Therefore, Modes 3 and 4 were not used t o  model t he  

so la r  co l lec tor .  

The co l lec tor  area  used f o r  t h e  simulation 
2 2 

l was 37 f t  o r  3.4373m . This area  represents  the 

ne t  absorbing area of t h e  co l lec tor  panel. The gross 
2 co l l ec to r  area is 40 f t  , which represents  t he  ab- 

sorbing a rea  in addit ion t o  the  framing s t ruc ture  

necessary t o  support the co l lec tor  panel. The ne t  

absorbing area was used i n  t h e  TRNSYS program because 

t h i s  area should present a more accurate  measure of 
A 

co l lec tor  performance, 

Several parameters and ca lcula t ions  were 

necessary t o  determine t h e  co l lec tor  ef f ic iency 
/ 

f ac to r ,  F . This f ac to r  ts dependent upon the  

cha rac t e r i s t i c s  of the working f l u i d ,  co l lec tor  

mater ia ls ,  and co l l ec to r  construction. Basically,  



though, t h i s  parameter can be expressed a s  a r a t i o  

where t h e  numerator represents  the  gain i n  useful  
, 

energy and the denominator represents  t he  useful  

energy gain i f  the co l lec tor  absorber and working 

- f l u i d  i n  the co l lec tor  were a t  the same temperature. 

Thts, of course would be the ldea l  case because 

when both co l~ lec to r  and f lufd are a t  t h e  same tem- 

perature no conventLon lasses occur a s  long a s  the  
J 

f lufd  f l o w  rate i s  maintatned. In  determining F , 

t he  values of col. lector tube spacing (12 cm), p l a t e  

thermal conduct.ivity (223 W/m OC), and p l a t e  thickness 
/ 

(. 0013m) were given and F was graphical ly determined 

t o  be approxfmately equal t o  -95 [3] .  

The next parameter which needed t o  be ca l -  

culated was the bottom and edge l o s s  coef f ic ien t s  

f o r  t he  co l l ec to r ,  These f a c t o r s  a r e  dependent upon 

mater ia ls .  se lec t ion  for the edge and back of t he  

co l l ec to r ,  The loss coefficient i s  the r a t i o  of t he  

'thermal conductivity of t h e  material  divided by the  

thickness of t h e  mater ia l .  Expressed i n  equation 

form: 



where 

K = insulation thermal conductivity 

and 

From these terns and also from the fact that loss  

coefficients are addi t tve ,  the loss  coefficient for 

bottom and edge losses ,  Ub, can be expressed as 

IT. 3 



I1 

Collector tilt was assumed t o  be equal t o  40'. 

This angle was not given i n  t h e  o r ig ina l  experimental 

data ,  and several  attempts t o  determine t h i s  proved 

to  be f r u i t l e s s ,  Collector tilt angle i s  highly de- 

-pendent upon appl ica t ion o f  t h e  co l lec tor  and the  time 

- o f  t he  year when maximum performance i s  desired.  For 

example, when &ood co l lec tor  performance i s  desired i n  

the  winter months, the sun i s  lower i n  the horizon 

and co l lec tor  tilt must, therefore, be increased t o  

capture incident solar  radia t ion.  Of course, with a 

so l a r  hot  water heating system, demand i s  e s sen t i a l ly  

uniform throughout t he  year, so t h a t  tilt angle can 

be chosen without regard t o  seasonal var ia t ions  i n  

the  sun angle. Also, co l lec tor  performance f o r  hot 

water applicat ions i s  r e l a t i v e l y  insens i t ive  t o  tilt 

va r i a t ions  i n  the  range o f ,  l a t i t u d e  plus o r  minus 

f i f t e e n  degrees. T h i s  wao borne out by making a 

simulation run with co l lec tor  tilt a t  25O, with no 

qppreciable difference i n  r e s u l t s  with a 40' tilt 

angle. F ina l ly ,  tilt angle was not an important 

parameter f o r  t h i s  simulation because the  data  pro- 

vided was f o r  solar rad ia t ion  incident on the col lec-  

t o r ,  so t h a t  a so la r  rad ia t ion  processor was not 

needed. In other  words, t he  pyranometer used t o  



c o l l e c t  so l a r  inso la t ion  data values  was mounted on 

t h e  co l l ec to r  so t h a t  co l l ec to r  tilt angle was i m -  

p l i c i t l y  accounted f o r  in  t h e  da t a  provided. 

The flnal factor whlch needed t o  be determined 

- was t h e  t ransmit tance absorptance product (M . This 

- f a c t o r  combines some o f  the c h a r a c t e r i s t i c s  of t h e  

co l l ec to r  cover with the back p l a t e .  This term 

provides a measure o f  how w e l l  t h e  co l l ec to r  cover 

allows light t o  pass through it, how w e l l  the col- 

l e c t o r  back p l a t e  c o l l e c t s  t h e  energy and r e f l e c t s  

it back t o  khe cover, and how well  the  cover can 

r e f l e c t  the  energy back. This is i l l u s t r a t e d  i n  

Figure 4 .  Another explanation of ( i s  t he  

c o l l e c t o r ' s  a b i l i t y  t o  capture  s o l a r  energy and 

r e t a i n  t h a t  energy wi th in  t h e  s t r u c t u r a l  confines 

of t h e  c o l l e c t o r  box. 

The product (%A) can be determined through 

a  mathematical expression. 

The equation f o r  t h i s  product can be expressed as [3] 

11.4 





where 

(Voi) = transmittance absorptance product 

* = transmittance 

= absorptance 

- Pd = diffuse ref lec tance  

The term o( i s  given as 0.90. To determine cne value 

of t he  transmittance,  y, a cross  p l o t  was made re -  

f l e c t i n g  % as a function of AT ( the product of t he  

ext inct ion coef f ic ien t ,  and the  op t i ca l  path length 

of t h e  incident rad ia t ion ,  regpectively) [3] . This 

cross  p lo t  i s  represented 2n Figure 5. The op t i ca l  

path length i s  approximately equal t o  t he  p l a t e  

thickness of .317 cm (.0104 f t ) .  The value of t he  

ext inct ion coef f ic ien t  i s  equal t o  9 .6 / f t  o r  .315/cm. 

For g l a s s  t he  value of the ext inct ion coef f ic ien t ,  A,  

va r ies  between 0.04/cm f o r  good "water white" g l a s s  

t o  about 0.321~111 f o r  poor g l a s s  ( tha t  with a greenish 

edge co lor ) .  A s  can be seen, t he  g l a s s  cover of t h i s  

'col lector  f a l l s  i n to  t h e  lower qua l i ty  end of g l a s s .  

From Figure 5, t he  value of the  transmittance,%, i s  

equal t o  0.84. 

The remaining term of equation 11.4 which needs 

t o  be determined i s  the  d i f fuse  reflectance,&. The 

sum of absorptance, ref lec tance ,  and transmittance 



Transmittance, 

Figure 5 .  Transmittance as a Function of  
Extinction Coefficient and 0 t i c a l  Path 
Length (One Cover, tilt = 40 



115 

must be equal t o  unity. These terms simply can be 

expressed a s  t h e  percentage of t he  rad ia t ion  which 

i s  absorbed by t h e  surface,  re f lec ted  by the  surface,  

and transmitted through the surface. Nothing more 

- can happen t o  the radiation s t r ik ing  the  surface.  

- The quan t i tyPd ,  refers t o  t he  re la t ionship  j u s t  

expressed. It represents  the  r e f l ec t ion  of the  cover 

p l a t e  o f  incident  and/or d i f fuse  rad ia t ion  t h a t  may 

be p a r t t a l l y  polarized due t o  r e f l e c t  ions which may 

have occurred within the  cover system. The d i f fuse  

ref lec tance  can be expressed a s :  

where 

'Yd the lumped absorptance and transmittance 

of t h e  cover p la te .  

The value of Yd i s  0.92 yielding a value of 0.08 f o r  

4 c31. 

As noted previously, the  value of transmit-  

t a n c e , v ,  i s  equal t o  0.84, absorptance, d ,  i s  equal 

t o  0.90, and d i f fuse  ref lec tance ,  Yd,  i s  equal t o  

0.08. Subst i tut ing these values in to  equation 11.4 

t he  transmittance absorptance product (?A$ , i s  equal 

t o  0.762. 



11 7 

A methodology f o r  determining t h e  co l l ec to r  

parameters has been gfven f o r  those parameters t h a t  

w e r e  no t  provided as given data. Extreme care  and 

' cons idera t ton  must be made in choosing assumptions t o  

- follow. These parmeters can have a s i gn i f i can t  im- 

- pact on c o l l e c t o r  perfarmance, The important point  

t o  be made i s  that An t h e  i n i t i a l  s t age  of simulation 

v e r i f  i c a t l on ,  data choices must be ca r e fu l l y  made 

and documented f o r  t r a c e a b i l i t y  and v e r i f i c a t i o n  of 

t h e  s imula t ion ' s  e f fec t iveness .  Chapter IV f u r t h e r  

expands on t h e  r e s u l t s  of t h e  simulation run t o  model 

t h e  co l l ec to r  performance. 
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THE TANK 

I n  any s o l a r  hot  water system a s torage  device - 
- i s  needed t o  s t o r e  co l l ec ted  energy and de l i ve r  it on 

an as-needed bas i s .  This s torage  device o r  tank can 

be configured i n t o  t h e  so l a r  hot  water system i n  many 

d i f f e r e n t  ways. The configurat ion used i n  t h i s  model 

i s  typ ica l  of many low cos t  so l a r  hot  water systems 

used today. In  t h i s  system, t h e  working f l u i d ,  water,  

i s  a l s o  t h e  medium where s o l a r  energy i s  s tored .  This 

system has no heat  exchangers or  preheat  tanks f o r  

energy s torage.  This type of system i s  one t h a t  could 

be r e a d i l y  implemented with a s l i g h t l y  modified conven- 

t i o n a l  hot water heater. 

The modeling of t h e  tank requi res  the  u se r  t o  

speci fy  t h e  number o f  s t r a t i f i e d  l aye r s  of f l u i d  with- 

i n  t h e  tank. Each s t r a t i f i e d  l ayer  i s  assumed t o  be 
Y 

completely mixed ( i  , constant temperature) and an 

energy balance must be wr i t t en  a t  t h e  boundary of each 

l ayer  t o  obta in  thermal equilibrium. It has been r e -  

ported from severa l  sources t h a t  dividing t he  s torage 

18 



tank i n t o  mQre than th ree  sect ions does not s i g n i f i -  

cant ly  a l t e r  r e s u l t s  obtained from using a th ree  

sect ion s torage tank [I] [2 ] .  Nevertheless, the  tank 

t o  be modeled was divided into four sec t ions  for com- 

- p a r a b i l i t y  ,purposes t o  a previously developed model 

- C21. 

The TRNSYS model has flxed sect ions f o r  supply 

and r e tu rn  lines fram t he  co l l ec to r ,  t o  the  load, and 

replacement f 'uid. T h i s  arrangement i s  i l l u s t r a t e d  

i n  Figure 6, along with gtven and determined values 

of tank parameters. The arrangement of t he  various 

l i n e s  i s  i l - l u s t r a t ed  i n  Figure 7 for t h e  ac tua l  

storage along with given cha rac t e r i s t i c s  of the  

storage tank. The only d i f ference  i s  t h a t  hot water 

supplied from t.he co l lec tor  i s  deposited i n  the  second 

sect ion of t h e  ac tua l  storage tank and i n t o  the  top 

sect ion of the simulated storage tank. The e f f ec t  

of t h i s  difference fn pos i t ion  of t h i s  l i n e  cannot 

-be r ead i ly  determined, but could account f o r  some 

deviation between predicted and ac tua l  r e s u l t s .  It 

was o r ig tna l ly  thought that t h i s  problem could be 

overcome by dfviding t h e  actual tank in to  four 

separate,  f u l l y  mixed storage tanks. This would 

allow f a r  placement of supply and r e tu rn  l i n e s  i n  



OLLECTOR 
OUTLET 

INLET I ------ - d + w a r  dR 
r 21.11OC 

I h 

Fggure 6, TRNSYS Tank Characteristics 
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any sec t ion ,  but would not al low t h e  l ayer  mixing 

which t he  model allows. Therefore, t h i s  approach 

was discarded,  

It could prove use fu l  f o r  f u t u r e  rev i s ions  

- ta TRNSYS t o  allow user  @elec t ion  o f  supply and r e t u r n  

l i n e  placement wtth2n ex i s t ing  tank sec t tons .  This 

approach would a l low more flexibility i n  modeling 

var ious  s to rage  tank con£ Qurations and al low pos- 

s i b l e  increase  tn mode.1 f i d e l i t y ,  

Storage tank valume was e a s i l y  determined 

from given c h a r a c t e r i s t i c s  as 

31 2 Volume = - (Diameter) (Height). 
4 

3 Storage tank volume i s  equal t o  0,449 m o r  approxi- 

mately 120 ga l lons .  

The loss coe f f i c i en t  , U ,  given need only be 

converted t o  SI u n f t s  t o  make i t  compatible with TRNSYS. 

This i s  accomplished as follows: 



The maximum r a t e  of energy input  by the a u x i l i a r y  
R 

heating element (Qm) was not given a s  da ta  on t h e  ac tua l  

s torage0tank.  This rate was estimated using ava i l ab l e  

experimental r a w  data [ 2 ] .  X t  w a s  discovered t h a t  by 

- scanning t h e  r a w  data that the maximum auxgl iary energy 
- 

input occurred at 10:45 A.M. on 9 September 1976. This 

da ta  value was then converted t o  proper u n i t s  using t h e  

following equation: 

2.534 Vo'lt 8700 BTU 
xllel Q==( ..>( 4 ( . - 0 5 4 9 '  

This value used i n  t h e  simulation model was 100,000 KJ, 
E 

because th f  o represen t s  a more common energy input  and 

t h e r e  i s  no indication t h a t  the maximum da t a  value 

found among t h e  da t a  ts t r u l y  t h e  maximum r a t e  t h e  

system i s  ab le  t o  d e l i v e r ,  

The only o ther  parameter which needed t o  be 

'determined was the set temperature of t h e  heating 

element thermostat ,  T 
s e t '  Aga in, by examining r a w  

da ta ,  t h i s  value could be determtned. By watching 

where t h e  a u x i l i a r y  hea ter  turned on and noting t h e  

water temperature i n  t h e  s t o ~ a g e  tank, Tset was de- 

termined t o  be equal t o  1 2 0 ' ~  (-48.8g0~) % 



Final ly ,  no differential cont ro l le r  was 

indicated a s  being a p a r t  of t h e  solar  hot water 

system. The auxi l i a ry  heater control  was assumed t o  

--be water temperature sensitive with no hys t e r i s i s  so 

- t h a t  a differential. cont ro l le r  was not employed. 

- Dif fe ren t ia l  con t ro l l e r s  a r e  almost always used t o  

ac t iva t e  t he  pump an typ ica l  so lar  hot water heaters .  

This model did not use one though. Experimental da ta  

provided indtcated t h a t  t he  pump was  always on during 

data co l lec t ion  periods. 

The constant running of t he  pump can have 

negative e f f e c t s  on t o t a l  system performance. D i f -  

f e r e n t i a l  con t ro l l e r s  a r e  normally used t o  sense the  

temperature dif f erenctr between the  water temperature 

i n  the  co l lec tor  and that i n  the  storage tank. When 

the temperature differences exceed c e r t a i n  uses  de- 

f ined thresholds the pump i s  e i t h e r  turned on o r  o f f .  

These con t ro l le r s  normally have a h y s t e r i s i s  loop t o  

avoid rapid cycling of the  pump motor. If a d i f feren-  

t i a l  con t ro l le r  i s  not used ( i e .  the  pump runs 

continuously), no problems r e s u l t  a s  long a s  the  tank 

temperature i s  lower than the  f l u i d  temperature in 
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the collector. But when the collector f lu id  tempera- 

ture drops below the storage tank temperature, energy 

i s  released from the tank to the environment through 

' the collector. Clearly, thts i s  an unacceptable 

- occurrence which should be avoided. 



PERFORMANCE OF SIMULATION 

The simulated so l a r  hot water system was 

- modeled using a build-up of t h e  system components. 

The c o l l e c t o r  was modeled alone using experimental 

da ta ,  then t h e  s torage  tank was added so t h a t  a 

system simulation could be run t o  compare t o  the  

ac tua l  systemt s performance. 

There i s  a fundamental approach f o r  simula- 

t i o n  va l i da t i on  which i s  discussed a t  t h i s  t ime.  

This concerns the use  of "tweeking" t h e  s h u l a t i o n  

model t o  al low predicted output and ac tua l  output t o  

match wi th in  a given to lerance ,  This type of approach 

is f e l t  t o  be unacceptable t o  show t h e  math modelt s 

a b i l i t y  t o  dup l ica te  t h e  real-world. The reason 

f o r  t h i s  i s  t h a t  f o r  a given set of da t a ,  any reason- 

~ b l e  model can be forced t o  c o r r e l a t e  w e l l  wi th  t h e  

experimental da ta ,  But when condit ions change o r  t h e  

system t o  be modeled changes, t h e  simulation must be 
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such t h a t  an accurate  r e s u l t  w i l l  follow. Therefore, 

much e f f o r t  was devoted t o  t h e  front-end analysis  

of component parameters t o  avofd any "tweeking" of 

parameters. 

-.I The f i r s t  simulation made was of t h e  co l lec tor  

- alone. All data values used were experimental data 

from September 8 ,  1976,  except f o r  the  f l u i d  mass 

flow r a t e  through t h e  co l lec tor  [2 ] .  The mass flow 

rate of 213.5 Kg/hr was chosen because t h i s  represents  

the  average f l o w  rate from the  pump through the  col lec-  

t o r  when the  pump i s  on. The e r ro r  when u s h g  t h i s  

average flow rate l s  1.5 percent,  

Solar rad ia t ion  which was o r ig ina l ly  given in  

the data  a t  f i f t e e n  minute in t e rva l s  needed conversion. 

Data values needed t o  be mult ipl ied by a f ac to r  of 

four t o  be put i n  a per-hour format, Also, o r ig ina l  

so la r  insola t ion was taken using a pyranometer on a 

cumulative basis .  Differences were taken between 

data  points t o  get  r a t e  values which a r e  necessary 

f o r  TRNSYS. Solar insola t ion was i n i t i a l l y  s e t  equal 

t o  zero. 
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Fina l ly ,  i n l e t  f l u i d  temperature t o  t h e  col -  

l e c t o r ,  ambient temperature, and wind speed were 

i n i t i a l l y  set a t  27.11°C, 27.220C, and 0.0 K m / h r ,  

r espect ive ly .  Actual experimental da ta  was then used 

- t o  d r ive  t h e s e  parameters. 

The s b u l a t i o n  was run with t h e  values noted 

above. Table 1 i s  a l i s t i n g  of t h e  data values  used 

i n  t h i s  simulation. Table 2 presents  t h e  r e s u l t s  of 

t h e  simulation run. Figure 8 i s  a s imi la r ,  but 

grgphical  presenta t ion  of t h e  da t a  i n  Table 2. 

Appendix A i s  t h e  complete TRNSYS l i s t i n g  with t h e  

accompanying output.  TOUT corresponds t o  t h e  co l l ec -  

t o r  o u t l e t  temperature i n  degrees cent igrade.  USED 

i s  t h e  t o t a l  energy inc ident  on t he  co l l ec to r .  DEL 

i s  t h e  amount of t h i s  t o t a l  energy which is del ivered 

t o  t h e  working fluid. The r a t i o  of energy used t o  

t h e  t o t a l  inso la t ion  i s  t h e  average e f f fc iency  o f  t h e  

co l l ec to r  ) For t h i s  simulation,  +1 i s  equal t o  

0.50. A n  attempt was made t o  make a p l o t  of c o l l e c t o r  

e f f i c iency  versus  t h e  d i f fe rence  between the  c o l l e c t o r  

i n l e t  temperature minus ambient temperature divided by 

s o l a r  inso la t ion .  The e f f i c i ency  curve was constructed 

f o r  the co l l ec to r  only. It was f e l t  t h a t  t h i s  type of 

method would be b e t t e r  than a curve constructed f o r  
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the  e n t i r e  system because when the  tank i s  used, i n l e t  

water temperature t o  t h e  co l lec tor  i s  constant ( 1 2 0 ~ ~ )  

and a good apread i n  data  values mtght not be re f lec ted .  

The values used t o  construct t h i s  curve can be seen i n  

- Table 3. The only value which required calculat ion 

was the  column labeled E (col lec tor  energy gain) .  

This value of E was determined using the  equation 
2. 

W.1 E = m C  AT/S 
P 

where . 
m = f l u i d  mass flow r a t e  (213.5 Kg/hr) 

C~ 
= spec i f ic  heat (4.19 KJ/ ) Kg,o C 

AT = temperature r i s e  across t h e  co l lec tor  (OC) 

S - co l lec tor  absorbing area (3.4373m2) 

The data  values i n  Table 3 a r e  p lo t ted  i n  Figure 9. 

The simulated co l lec tor  used 16520 w/mZ 
of t h e  energy delivered compared t o  17096 KJ/m 2 

from the  experimental data .  This i s  equivalent t o  

a 3.37 percent e r ror .  Many f ac to r s  can influence 

' this  difference,  even though it i s  small i n  magni- 

tude. Such f ac to r s  a s  co l lec tor  tilt and the  

assumptions used i n  Mode 3 of t h e  TRNSYS model of the 

co l lec tor  can cause these s l i g h t  deviations t o  occur. 

Also, i n i t i a l  condition var ia t ions  can have a s igni-  

f icant  impact on TRNSYS s t a b i l i t y  [ 4 ] .  



DATA VALUES - COLLECTOR ONLY 

X m d X  MB'JCEXT SOLAR 
TEMPERATUBE TEMPEUTURE RADIATION 

(OC ) PC>, (.U/hr m2) 
WM) SPEED 

(m/ s) 



TABLE 2 

COLLBCTOB( ONLY SIMULATION - 
COLLECTOR OUTLET TEMPERATURES 

ACTUAL 
OF 

X 
D IFFERENCE 

NOTE: TWSYS, ACTUAL, aadA columns have been rounded to 
integer values for tabular purposes only. 



TABLE 3 

COLLECTOR EFFIC IENCY DATA 



Collector 
Efficiency 

Figure 9 .  Collector Performance 
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Collector  o u t l e t  temperature i s  tracked i n  

Table 2 ,  a s  previously noted. This da t a  revea l s  

several i n t e r e s t fng  f q c t s  about t h e  TRNSYS model. 
- .  

Primari ly ,  t h e  l a r g e s t  d w f a t f o n s  from experimental 

- da ta  occur during the s ~ u l a t i o n  s t a r t i n g  t b e .  The 

f i r s t  two da t a  pofnts f n  Table 2 show a -7.4 percent 

and -3.5 percent deviation a t  0830 and 0900, respec- 

t i v e l y .  Pcrhape if steady s t a t e  condi t ions had been 

tracked during the previous evening and had been 

incorporated i n t o  the model, a b e t t e r  co r r e l a t i on  

would have resu l t ed .  Unfortunately, t h i s  type of 

experimental da ta  was not ava i l ab le .  The TRNSYS 

evident ly  r equ i r e s  a f i xed  period of time f o r  t h e  

model t o  s t a b i l i z e  before  high f i d e l i t y  r e s u l t s  

occur. This f a c t  has been subs tant ia ted  by indepen- 

dent s tud ies  of t h e  t h e  necessary f o r  TRNSYS t o  

s t a b i l i z e  [ 4 ] .  These s tud ies  showed TRNSYS required 

up t o  three simulated days of operat ion f o r  t h e  model 

t o  s t a b i l i z e .  

Another i n t e r e s t i n g  poin t  t o  no te  i n  Table 2 

i s  o ther  data poin t s  where l a rge r  than normal devia- 

t i o n s  occur between experimental da ta  and simulated 

r e s u l t s .  In general ,  r ap id  changes i n  temperatures 

o r  condi t ions (such a s  a sudden cloud cover) cause 



f i d e l i t y  problems i n  the model. These rapid changes 

cause the  model t o  s t a r t  f luc tua t ions  in  an attempt 

to keep up w i t h  t h e  drivving force  of t h i s  change (in 

. t h i s  case,  t h e - s o l a r  Wsolation is the  driving force  

influencing t h e  co l lec tor  o u t l e t  temperature), The 
- model w i l l  s t a b i l i z e  once the rapid  change subsides. 

This problem is  not necessari ly t h e  cause of t he  

TRNSYS pr If t he  update r a t e  of the  data  values 

i s  increased, the model should produce more acceptable 

results. Unfortunate1 y, experimental data was only 

provided four  times per hour and t h i s  was the  only 

data  used in t he  sfmulation model, Another possible ,  
* 

but l e s s  l i k e l y  cause of t h e  model' s i n a b i l i t y  t o  

follow rapid data  changes could be a t t r i b u t e d  t o  the  

in tegra t ion  rou t ines  within t h e  TRNSYS program. This 

i s  less l i k e l y  to  cause problems when an adequate 

update rate i s  used. But it must be noted tha t  

TRNSYS uses a  modified Euler in tegra t ion rout ine ,  ].and 

.although t h i s  i s  a good in tegra t ion rout ine ,  there  

a r e  other rout ines  which are more accurate  (e.g. , 

Runge Kutta) , but a r e  not as computat ional ly  eff i- 

cien t  . An Euler in tegra t ion has reasonable accuracy 

i f  a small s t e p  size  i s  used, This model, with a  



:37 

s tep  s i z e  of 0,25 hours, could have produced more 

accurate r e s u l t s  if t he  s tep  s i z e  was shortened. 

A word of caut2.on i s  necessary on computational 

s tep  s l z e s .  Although accuracy i s  improved, s tep  

s i zes  t h a t  become too mall become computationally in-  

e f f i c i e n t  and can cause round-off e r ro r s  t o  become 

more noticeable.  

T h e  method which i s  used t o  measure the  

accuracy of t he  simulated, r e s u l t s  when co l lec t ive ly  

compared t o  the experimental da ta  i s  an absolute  

average value. Taking the  absolute value of each 

individual percent deviation a t  each data point and 

averaging these values,  one ge t s  a measure of t h e  

absolute percent deviation of t he  simulation. This 

value can be expressed as  

lAvbveragT = 2 

5- 1 pelrcent deviat&on) 
n = 2.7 percent 

where n = t he  number of data  points  

,A measure of t h e  standard deviation can be found 

using the  expression 

- 2 4 [ ~ ( ~ e r c e n t  D e v i a t i o n - N e t  Average) ] = .78 
%OD - n percent 



The ne t  average i s  faund using the  expresston 

Net Average = . 'XZ Pegceat Dwiatian , _, p,,,t 
n 

It can be concluded tha t  t h e  TRNSYS modeling 

-.I of the  colZector %s qu i t e  accurate f o r  t he  given 

- experimental data,, The next area t o  be invest igated 

i s  t he  collector and tank s-ulated performance a s  

an e n t i r e  system. 

For the system model uslng TRNSYS, co l lec tor  

i n i t i a l  conditions and data  values remained the  same 

a s  they were f o r  t h e  co l lec tor  alone ( re fe r  t o  Table 

1 ) .  For t he  tank, f l u i d  temperature from , the  heat 

source ( e  the  co l l ec to r )  and mass flow r a t e  

from t h e  heat source (col lec tor)  were taken from the  

co l lec tor  outputs.  The i n i t i a l  conditions f o r  these 

items were the  same as t he  corresponding i n i t i a l  con- 

d i t i ons  from the col lec tor .  T h e t h i r d  tank input,  

the temperature of t he  replacement f l u i d  (TL) , was 

no t  given a s  experimental data .  This value was 

assumed t o  be constant a t  21. l lOc (70'~). This i s  a 

reasonable value f o r  cold water supply temperature 

i n  Central  Flor ida ,  and was measured a t  several  

r e s i d e n t i a l  sites t o  confirm the  temperature value t o  

be generally acceptable. This value does vary some- 

what' seaso~lhllly . 
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In add i t t on  t o  the c o l l e c t o r  da t a  presented 

Fn Table 1, Table 4 exhibtts the time varytng da t a  

values  psrtfnent t o  the tq&. Table 5 exh ib i t s  system 
- .  
performance, with FQure 10 as a graphtca l  represen- 

- t a t i o n  o f  system perfomance, Appendix B i s  an e n t i r e  
- 

listing and results of the TRNSYS model f o r  t h e  e n t i r e  

s o l a r  hot water system simulation. 

The t o t a l  system simulation exhibi ted much of 

t h e  same general  c h a r a c t e r i s t i c s  a s  t h e  co l l ec to r  

alone.  The l a r g e s t  e r r o r s  occurred i n  system s t a r t -  

up s imi la r  t o  when t h e  co l l ec to r  alone was run. 

Errors  genera l ly  were higher w i t h  the tank added 

than when it was  not  a t tached.  Also, a s  with t h e  

c o l l e c t o r  alone, rap id  f l uc tua t i ons  i n  t h e  forc ing  

funct ion caused l a rge r  model deviat ions t o  occur. 

The model was attempting t o  t r a c k  sudden changes, 

but began o s c f l l a t i n g  with what appeared t o  be 

l i t t l e  damping when these  changes occurred. 

The same measures of t o t a l  system f i d e l i t y  

were used f o r  t h e  t o t a l  system a s  were used f o r  the 

c o l l e c t o r  alone.  The absolute  average percent devia- 

t i o n  i n  da ta  values was 3.39 percent (2.7 percent f o r  

the collector alone).  Finally, the modified standard 



TABLE 4 

TIME VARYIlG TANK VALUES 

AMBIENT TEMPERATURE 
. . . ,  AT' TANK '(OC'). . . 



TABLE 5 

SYSTEM S W L A T M N  - 
COLLPICTOR OUTLET TEMPERATURES 

ACTUAL 
~ Q F )  

NOTE: TRNSYS, ACTUAL, andA columns have been rounded 
t o  integer  values f o r  tabular purposes only. 





devia t ion ,  GOD, f o r  the e n t i r e  system was 1.16 

percent  (..78 percent  far the c o l l e c t o r  a lone)  which 

shows a higher amount of data s c a t t e r  f o r  t h e  system 

when compared t o  the c o l l e c t o r  a lone ,  

- The increase 9n t h e  average s t a r t i n g  e r r o r  

which cornea about *en the s to rage  tank is added t o  

t h e  system i s  probably due t o  assumpttons used f o r  

s trat  i f  &cation by WfSYS [ 4 ] .  The TRNSYS model 

assumes t h a t  w a t e r  returning from the  co l l e c to r  

w i l l  go t o  t h e  s t r a t i f i e d  l aye r  wi th  t h e  c l o s e s t  

temperature t o  t h e  incoming flow. The model 

f u r t h e r  assumes t h a t  t h e  f l u i d  f low coming from 

t h e  c o l l e c t o r  w i l l  go through any o the r  s t r a t i -  

f i e d  l a y e r s  without d i s t rub ing  them. The i n i t i a l  

condi t ions  f o r  t h e  s to rage  tank  f o r  t h i s  model 

assumed a l l  stratified layers w e r e  a t  48.8g0c (120'~).  

Therefore, t h e  f i r s t  s t r a t i f i e d  l aye r  must become 
. 

warmer than  t h e  o the r  l aye r s  before  t h e  next  l aye r  

'can be warmed. This  cascading e f f e c t  can cause 

delays  and an i n a b i l i t y  f o r  the system t o  respond 

i n  s u f f i c i e n t  tfme when r ap id  changes occur. Even 

smaller changes i n  c o l l e c t o r  o u t l e t  temperatures can 

cause longer than normal lags i n  s to rage  tank  

response. For example, even though c o l l e c t o r  



outlet f l u f d  flow i n t o  the f i r s t  s t r a t i f i e d  layer of 

the tank in t h e  s imulat ion model, t h e  impact could be  

£&st f e l t  in another layer whose temperature more 
. - 

c l o s e l y  matches the finlet !temperature. Therefore,  

- the e f f e c t  on the t op  layer zntght no t  appear a t  t h e  

proper sequence fn the. Thts problem p r b a r i l y  

occurs when the *let water temperature i s  below 

t h a t  of the f i r s t  s t r a t i f f e d  layer .  Unfortunately,  

TRNSYS does not al low t h e  d i sp l ay  of s to rage  tank  

temperature f o r  each s t r a t i f  l e d  layer. 

There i s  some v a l i d  reason why t h e  c o l l e c t o r  

o u t l e t  temperature was the one parameter sc ru t in ized  

so c lo se ly .  One reason i s  t h a t  by inves t iga t ing  

t h i s  parameter f o r  t h e  c o l l e c t o r  only and f o r  t he  

e n t i r e  system, r e l a t i v e  d i f f e rences  would be e a s i l y  

d is t inguished .  Another reason i s  t h a t  t h i s  va lue  

g ives  a va luable  i n s i g h t  i n t o  t h e  t o t a l  system 

operat ion.  If demand from t h e  load inc reases  which 

&causes an i n i t i a l  drop i n  tank  o u t l e t  temperature, 

t h i s  i s  always r e f l e c t e d  tn t h e  va lue  of t h e  co l l e c -  

t o r  o u t l e t  temperature. A l s o ,  o the r  parameters are 

o f t e n  no t  a s i ngu l a r l y  good measure of system perfor -  

mance. For example, fluid temperature de l ivered  t o  

the load i s  not  a good measure of system performance 
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in th ls  simulation, because the auxiliary heater w i l l  

tend t o  m4Sntai.n this temperature, and t h e r e f o r e ,  the 

heater input must b e  considered, Outlet f l u i d  tempera- 

ture tram the co l lec tor  was both a convenient and 

- accurate measure of syetem performance. 

The system perfor~rance as modeled by TRNSYS 

was quite accurate on a macro level. There were 

individual areala or certain t imes when performance 

was degraded, but these were the exception. rather 

than the rule. 



CONCLUSIONS 

The simulated r e s u l t s  from the  TRNSYS model 

general ly agree and t rack very well with experimental 

r e s u l t s .  Deviations occurred, but on an overa l l  

bas is ,  the model accurately r e f l e c t s  t h e  ac tual  system 

it models. System cha rac t e r i s t i c s ,  when not given, 

were chosen with g rea t  ca re  t o  accurately r e f l e c t  a 

component ' s actual  cha rac t e r i s t i c s .  In some cases,  

representa t ive  values f o r  parameters were chosen t o  

represent  general  cha rac t e r i s t i c s  of a solar  hot water 

system operating i n  Central  Florida.  

Both the  co l lec tor  alone and the t o t a l  system 

performance when measured against  ac tua l  co l lec tor  

o u t l e t  temperature showed very c lose  agreement. Both 

simulations showhd larger  than average deviat ions 

' during i n i t i a l  s tar t -up in  the morning and when rapid 

changes i n  the  forcing function (solar  insola t ion 

and/or hot water load demand) occurred. I f  ample 

s t ab le  system data f o r  the  previous evening had been 



available, s tar t -up erzors  could have been reduced, 

As the data m8 pregented, s l i g h t  imbalances i n  data  

values a t  the  start of the srPaulat%on run can cause 

the  TRNSYS model t o  also be imbalanced and present 

- erroneous r e s u l t s ,  As t h e  progressed, t he  TRNSYS 

model began t o  react t o  the forcing functions and 

responded in  a sfmilar manner a s  the  ac tua l  system 

responded, This t rend held t r u e  u n t i l  a rapid change 

i n  e i t h e r  solar  insolatfon or hot water demand occurred. 

In t h e  case of a sudden cloud cover, so la r  insola t ion 

was reduced i n  a shor t  period of time causing the  

TRNSYS model again t o  begin o s c i l l a t i n g  in  an attempt 

t o  keep up with the  forcing functions.  When the  

forcing function ceased o s c i l l a t i n g ,  simulated per- 

formance again matched t h e  ac tua l  system performance. 

A s  noted, t h i s  problem could have been minimized i f  a 

smaller in tegra t ion  s tep  s i z e  w a s  used (data points  

were unavailable) or if another in tegra t ion rout ine  

, was  used i n  place of the  modified Euler technique i n  

TRNSYS . 
ThFs study also discovered several  pa r t s  of the  

TRNSYS model where f l e x i b i l i t y  could be enhanced. A s  
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noted above, a chogce o f  t n t e g r a t i o n  routines ava i l ab l e  

t o  the u se r  f o r  varrous t h e  s t eps  could enhance 

s b u l a t  ton f ldeltty.  Another area f o r  linereased 

' f l ex tb t l f t y  and f t d e l i t y  mid be t o  have t h e  u se r  
y t 
. d7-, 

i : & s p e c l f y  l ine  locations fn the  ho t  water s to rage  tank. 
- 4; 

- ' : -Finally,  5 tnncreased guidance i s  necessary f o r  t h e  user  

t o  tmpleorent multiple da t a  r eader s ,  

The above di~cues2on has lndfcated areas where 

TRNSYS msght be improved, but emphasis should a l s o  be 

placed on t h e  TRNSYS model s accuracy, GTven good 

da ta  and system charac ter  i s t ics  , t h i s  model can provide 

a good o v e r a l l  assessment of an a c t u a l  system's per- 

f ormance. Indiv idual  da ta  po in t s  might have diverged, 

but it has been shown t h a t  o v e r a l l  performance of 

TRNSYS matched a c t u a l  da t a  q u i t e  w e l l .  

F ina l l y ,  t h i s  i nves t i ga t i on  was l imi ted  i n  

scope i n  t h a t  a simple system with few components and 

r e l a t i v e l y  f e w  d a t a  points w e r e  used. A s  system 

complexity inc reases ,  e i t h e r  wi th  new components being 

added o r  a d i f f e r e n t  s o l a r  app l i c a t i on  causing changes 

in  system layou t ,  a reassessment i s  necessary t o  v e r i f y  



and validate results. The results presented must be 

qualsfed by the above statements t o  provide a l i m i t  

t o  the work which has been done #and a starting point 

for future work. 



APPENDIX A 

TRNSYS Run - Collector Only 















APPENDIX B 

TIZNSPS Run - System Simulation 
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