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Des cap teu r s  s o l a i r e s  3 l i q u i d e  on t  G t G  soumis 3 des  e s s a i s  au 
moyen d'une source  chaude de r6f6rence  (SCR) 3 comparaison 
d i r e c t e .  Un r a d i a t e u r  G lec t r i que  est  r e l i g  en  sGrie au 
cap teur .  TAe f l i l i de  ca lopo r t eu r  absorbe de 1 'Cnergie  3 un taux  
mesurG pa r  l a  SCR, e t  l e  t a u x  de captage d 'gnerg ie  s o l a i r e  est 
dGf in i  p a r  l e  p rodu i t  de l 1 6 n e r g i e  absorbGe e t  l e  r appor t  e n t r e  
les Gcar t s  de tempgrature  dans l e  cap t eu r  e t  l e  r ad i a t eu r .  La 
SCR e t  les sondes de tempgrature  associ 'ees peuvent Gtre vues 
comme un i n d i c a t e u r  thermique de d g b i t  massique, l e  p rodu i t  du 
clgbit massique e t  de l a  cha l eu r  s p z c i f i q u e  d t a n t  mesurg 
directement  dans l a  boucle d ' e s s a i .  

D e s  e s s a i s  d 'g ta lonnage  o n t  6 t 6  men& s u r  deux SCR 3 d i f f G r e n t s  
d g b i t s  e t  aux tempgratures  normalement observges dans un e s s a i  
de cap t eu r  p l a n  (de  -lO°C 3 -95OC). On a g t a b l i  dans chaque 
c a s  l e s  v a l e u r s  de r 3 s a v o i r  l e  ra,pport de 1 'Qne rg i e  
thermique (mesurge) t ransfGr6e  par  l a  SCR au c a l o p o r t e u r  3 
l ' g n e r g i e  G lec t r i que  consonunGe par  l a  SCR. Les r g s u l t a t s  s o n t  
pour l a  SCR nO1: nl-=99,61% (&art- type de 0 ,22) ,  e t  pour l a  
SCR n02: n2=99,59% (ecar t - type  de 0,28).  
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A Reference Heat Source for Solar Collector 
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National Research Council of Canada 
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ABSTRACT 

Liquid-based s o l a r  c o l l e c t o r s  have been t e s t e d  
u s i n g  a  d i rec t -compar ison r e f e r e n c e  h e a t  s o u r c e  (RHS). 
An e l e c t r i c  h e a t e r  is  i n s t a l l e d  i n  s e r i e s  w i t h  t h e  
s o l a r  c o l l e c t o r  under t e s t .  Energy i s  added t o  t h e  
h e a t  t r a n s f e r  f l u i d  a t  a measured r a t e  by t h e  RHS, and 
t h e  r a t e  of s o l a r  energy c o l l e c t i o n  i s  determined a s  
t h e  product  of t h i s  energy i n p u t  and t h e  r a t i o  of t h e  
d i f f e r e n t i a l  t empera tu re s  a c r o s s  t h e  c o l l e c t o r  and t h e  
h e a t e r .  The RHS and a s s o c i a t e d  tempera ture  s e n s o r s  can 
be  thought  of a s  a  thermal  mass f low meter  where, i n  
e f f e c t ,  t h e  product  of mass f low and s p e c i f i c  h e a t  i s  
measured d i r e c t l y  i n  t h e  t e s t  loop.  

C a l i b r a t i o n  t e s t s  were performed on two r e f e r e n c e  
h e a t  sou rces  a t  v a r i o u s  f l o w r a t e s  and a t  t h e  
tempera tures  normal ly  encountered  i n  f l a t  p l a t e  s o l a r  
c o l l e c t o r  t e s t i n g  (-10°C t o  "95OC). Values of n, t h e  
r a t i o  of t h e  measured RHS thermal power ou tpu t  t o  t h e  
f l u i d  t o  t h e  RHS e l e c t r i c a l  power i n p u t  were determined 
f o r  each case .  Resu l t s  i n d i c a t e  t h a t  f o r  RHSI1, 
n1 = 99.61% ( s t anda rd  d e v i a t i o n  of 0.22) and f o r  RHS#2, 
n 2  = 99.59% ( s t a n d a r d  d e v i a t i o n  of 0.28). 

NOMENCLATURE 

A = a p e r t u r e  a r e a  of c o l l e c t o r  (m2) 
C = s p e c i f i c  h e a t  of h e a t  t r a n s f e r  f l u i d  (J/ (kg .K) ) 
G' = t o t a l  s o l a r  i r r a d i a n c e  on t h e  p l a n e  of t h e  s o l a r  

c o l l e c t o r  (w/m2) 
& = mass f l o w r a t e  of h e a t  t r a n s f e r  f l u i d  (kg / s )  
PRHS = i n p u t  power t o  RHS (W) 

qc = r a t e  of energy c o l l e c t i o n  by t h e  s o l a r  
c o l l e c t o r  (W) 

GRHS = ou tpu t  power of t h e  RHS (W) 

Ta = tempera ture  of ambient a i r  surrounding t h e  
RHS (OC) 

Ti = tempera ture  of f l u i d  a t  i n l e t  t o  h e a t e r  i n  t h e  
RHS (OC) 

To = tempera ture  of f l u i d  a t  o u t l e t  of h e a t e r  i n  t h e  
RHS (OC) 

Tm = mean f l u i d  tempera ture  i n  t h e  RHS (OC) 
n = s o l a r  c o l l e c t o r  e f f i c i e n c y  
nRHS = thermal  e f f i c i e n c y  of t h e  RHS 

Ap = p r e s s u r e  d rop  between tempera ture  w e l l s  i n  t h e  
RHS (Pa)  

ATc = f l u i d  tempera ture  r i s e  through s o l a r  
c o l l e c t o r  (K) 

ATRHS = f l u i d  tempera ture  r i s e  through r e f e r e n c e  h e a t  
sou rce  (K) 

T = measured t ime i n t e r v a l  ( s )  
M = mass of f l u i d  c o l l e c t e d  d u r i n g  t ime i n t e r v a l  

7 (kg) 
V = volume f l o w r a t e  of h e a t  t r a n s f e r  f l u i d  (m3/s) 
P = d e n s i t y  of t h e  h e a t  t r a n s f e r  f l u i d  (kg/m3) 

S u b s c r i p t s  

c = r e l a t e d  t o  t h e  c o l l e c t o r  
RHS = r e l a t e d  t o  t h e  r e f e r e n c e  h e a t  sou rce  

1. INTRODUCTION 

The thermal  e f f i c i e n c y  ( n )  of a  s o l a r  c o l l e c t o r ,  
a s  de termined by t e s t i n g ,  i s  g iven  a s ,  

where, 

qc  = r a t e  of energy c o l l e c t i o n  by s o l a r  
c o l l e c t o r ,  

= (fi*Cp -AT)c 

ASHRAE Standard 93-77 [L] o u t l i n e s  a  fo rma l i zed  
s o l a r  c o l l e c t o r  t e s t i n g  procedure  and s p e c i f i e s  t h e  
accuracy requirements  of a l l  t h e  measured terms. I n  
p a r t i c u l a r ,  f o r  c o l l e c t o r s  t h a t  u s e  l i q u i d  a s  t h e  h e a t  
t r a n s f e r  f l u i d ,  t h e  accuracy of t h e  mass f l o w r a t e  
measurement should  be  e q u a l  t o  o r  b e t t e r  t han  f l %  of 
t h e  measured value .  It is  normal procedure  t o  measure 
t h e  vo lume t r i c  f l o w r a t e  and d e r i v e  mass f l o w r a t e  from 
publ ished v a l u e s  of f l u i d  d e n s i t y ,  ( i . e . ,  6 = V *p). 

Liquid  flowmeters capable  of ach iev ing  t h e  
accuracy requirement  of t h e  s t a n d a r d  a r e  a v a i l a b l e  
[2,2]. Turbine flowmeters a r e  among t h e  most popu la r ,  
bu t  a s  no ted  by Reed [i], t h e i r  accuracy i s  s e n s i t i v e  
t o  d i f f e r e n c e s  i n  f low p a t t e r n ,  g a s  ent ra inment  i n  t h e  



h e a t  t r a n s f e r  l i q u i d  and wear of t h e  bear ings .  The 
a c c u r a t e  de te rmina t ion  of qc  by t h i s  method a l s o  
depends on a knowledge of t h e  thermal and phys ica l  
p r o p e r t i e s  of t h e  h e a t  t r a n s f e r  f l u i d ,  p r i m a r i l y  t h e  
f l u i d  d e n s i t y  and s p e c i f i c  h e a t ,  over a range of 
temperatures .  The temperature  dependencies of  t h e s e  
p r o p e r t i e s  a r e  o f t e n  n o t  w e l l  known f o r  t h e  commonly 
used h e a t  t r a n s f e r  f l u i d s  such a s  t h e  w a t e r g l y c o l  
mixtures.  

Recognizing t h e s e  d i f f i c u l t i e s ,  i t  was decided t o  
use  t h e  r e fe rence  h e a t  sou rce  (RHS) method t o  determine 
t h e  r a t e  of energy c o l l e c t i o n  of t h e  t e s t  s o l a r  
c o l l e c t o r  i n  t h e  Divis ion of Bui ld ing Research So la r  
C o l l e c t o r  T e s t  F a c i l i t y  [L]. The r e f e r e n c e  h e a t  sou rce  
method, a l s o  c a l l e d  t h e  c a l o r i f i c  r a t i o  technique by 
Reed and Al len [kl, u t i l i z e s  an  e l e c t r i c a l  h e a t e r  
i n s t a l l e d  i n  s e r i e s  wi th  t h e  t e s t  s o l a r  c o l l e c t o r  i n  
t h e  ca lo r ime t ry  loop ,  a s  shown i n  F igure  1. With t h e  
same mass f lowra te  through both  t e s t  c o l l e c t o r  and RHS, 
e l e c t r i c a l  energy i s  i n p u t  t o  t h e  RHS a t  a r a t e  PRH , 
and t h e  r e s u l t a n t  f l u i d  temperature r i s e  (ATRHS) an8 
t h e  corresponding f l u i d  temperature r i s e  through t h e  
t e s t  c o l l e c t o r  (ATc) a r e  measured. The r a t e  of energy 
c o l l e c t i o n  by t h e  s o l a r  c o l l e c t o r  (qc)  i s  given by, 

ROOF 
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TEMPERATURF 

Fig. 1. DBRINRCC s o l a r  c o l l e c t o r  t e s t  l oop  us ing  t h e  
r e f e r e n c e  h e a t  sou rce  method 

The thermal  t r a n s f e r  e f f i c i e n c y  of t h e  r e f e r e n c e  
h e a t  source  (nRHS) i s  def ined:  

RHS thermal power output  - q ~ H s  ( 3 )  "' = RHS e l e c t r i c a l  power i n p u t  PRHS 

where, 

qRHS = r a t e  of thermal energy output  t o  h e a t  
t r a n s f e r  f l u i d  i n  RHS 

= ( 6 . ~ ~ -  AT)RHs . 
I n  most s o l a r  c o l l e c t o r  t e s t s ,  t h e  d i f f e r e n c e  i n  

mean f l u i d  temperature  between t h e  RHS and c o l l e c t o r  
can be kep t  s u f f i c i e n t l y  smal l  s o  t h a t  t h e  d i f f e r e n c e  
i n  f l u i d  s p e c i f i c  h e a t  can b e  neglected.  Good des ign  
of t h e  RHS can a s s u r e  t h a t  wS approaches 1. The r a t e  
of energy c o l l e c t i o n  by t h e  s o l a r  c o l l e c t o r  can ,  
t h e r e f o r e ,  be  approximated by 

Thus, t h e  RHS method permits  determinat ion of t h e  
energy c o l l e c t i o n  by t h e  t e s t  c o l l e c t o r  wi thout  
d i r e c t l y  measuring t h e  f l u i d  f lowra te  and wi thout  
knowing t h e  thermophysical p r o p e r t i e s  of t h e  h e a t  
t r a n s f e r  f l u i d .  This  paper d e s c r i b e s  t h e  p o t e n t i a l  
sou rces  of e r r o r  w i t h  t h i s  method, and t h e  s p e c i f i c  
des ign and c a l i b r a t i o n  of t h e  RHS used i n  t h e  DBRINRCC 
S o l a r  C o l l e c t o r  T e s t  F a c i l i t y .  

2. SOURCES OF ERROR 

To ensu re  t h a t  a c c u r a t e  r e s u l t s  a r e  obta ined when 
u s i n g  a r e f e r e n c e  h e a t  sou rce ,  cons ide ra t ion  must be  
g iven t o  both i t s  des ign  and i t s  operat ion.  

Heat l o s s e s  from t h e  r e f e r e n c e  h e a t  sou rce  r e s u l t  
i n  an ove rp red ic t ion  of t h e  RHS power i n p u t  t o  t h e  
f l u i d  and, a s  a r e s u l t ,  a n  ove rp red ic t ion  of  t h e  
c o l l e c t o r  performance. These l o s s e s  can be  minimized 
by i n s u l a t i n g  t h e  RHS and by us ing  a thermal  guard 
(descr ibed i n  Sect ion 3 )  wi th in  t h e  RHS. 

Temperature measurement e r r o r s  can r e s u l t  from 
l o c a l  b o i l i n g  of t h e  h e a t  t r a n s f e r  f l u i d  on t h e  RHS 
h e a t e r  element. Th i s  problem i s  most l i k e l y  t o  occur  
a t  low degrees  of subcooling* and low f l u i d  f lowra te s .  
Experiments have been conducted [ I ]  on s u r f a c e  b o i l i n g  
i n  an annulus f low passage s i m i l a r  t o  t h a t  i n  t h e  
DBRfNRCC RHS. The r e s u l t s  of t h i s  s tudy can be  used t o  
e s t i m a t e  t h e  minimum f lowra te s  and degrees  of 
subcool ing r e q u i r e d  t o  avoid  s u r f a c e  boi l ing.  The 
maximum al lowable  h e a t e r  power d e n s i t y  i n c r e a s e s  w i t h  
i n c r e a s i n g  degrees  of subcool ing and w i t h  i n c r e a s i n g  
heater- to-f lu id  h e a t  t r a n s f e r  c o e f f i c i e n t .  Thus 
temperature  measurement e r r o r s  due t o  l o c a l  b o i l i n g  can  - 
* degrees  of subcool ing a r e  r e f e r r e d  t o  h e r e  a s  t h e  

d i f f e r e n c e  ( i n  K) between t h e  f l u i d  average 
temperature  i n  t h e  RHS and t h e  s a t u r a t i o n  temperature  
a t  t h e  ope ra t ing  pressure .  For example i f  t h e  f l u i d  
i s  water  and t h e  average temperature  and p r e s s u r e  i n  
t h e  RHS a r e  90°C and 108.15 kPa r e s p e c t i v e l y  (which 
corresponds t o  a s a t u r a t i o n  temp. of 101.85OC) then  
t h e  f l u i d  has  11.85 K of subcooling. 



be avoided by c a r e f u l  cons ide ra t ion  of h e a t e r  power 
d e n s i t y  (power i n p u t ) ,  degrees  of subcool ing (ope ra t ing  
temperature) and h e a t  t r a n s f e r  c o e f f i c i e n t  (f lowrate) .  

E f f e c t i v e  mixing dev ices  l o c a t e d  ahead of t h e  
temperature  w e l l s  a r e  a l s o  e s s e n t i a l  f o r  good 
temperature measurement. These mixers must remain 
e f f e c t i v e  ove r  a wide range of f lowra te s .  As w e l l ,  
f l u i d  f r i c t i o n  can i n c r e a s e  t h e  f l u i d  temperature and 
cause  an  ove rp red ic t ion  of  ATRHS; consequent ly ,  t h e  
r e fe rence  h e a t e r  should be designed t o  minimize t h e  
p res su re  drop between t h e  temperature  senso r s .  

A major source  of e r r o r  i n  s o l a r  c o l l e c t o r  t e s t i n g  
is  non-steady t e s t i n g  cond i t ions .  The r e f e r e n c e  h e a t  
source  is  s i m i l a r  t o  a c o l l e c t o r  i n  t h a t  i t  has  thermal 
mass; t hus  i t  can s t o r e  and r e l e a s e  energy d u r i n g  

' t r a n s i e n t  opera t ion.  This  can r e s u l t  i n  an over- o r  
, u n d e r p r e d i c t i o n  of c o l l e c t o r  performance. For t h i s  

reason,  t he  f low r a t e ,  i n l e t  temperature ,  h e a t e r  power, 
and subsequent temperature  r i s e  must be  he ld  cons tan t  
dur ing each t e s t  per iod.  Reference [L] o u t l i n e s  
requirements  f o r  s t eady  s t a t e  t e s t i n g  of s o l a r  
c o l l e c t o r s :  t h e s e  same requirements apply t o  t h e  
r e f e r e n c e  h e a t  source .  

I 
To minimize t h e  e r r o r  r e s u l t i n g  from t h e  

I assumption t h a t  t h e  f l u i d  s p e c i f i c  h e a t  (C ) i s  t h e  
I same i n  t h e  h e a t e r  and t h e  c o l l e c t o r ,  t h e  gean f l u i d  

temperature  i n  t h e  RHS must b e  k e p t  c l o s e  t o  t h a t  i n  
t h e  s o l a r  c o l l e c t o r .  With water  a s  t h e  h e a t  t r a n s f e r  

1 f l u i d ,  t h i s  e r r o r  can u s u a l l y  be  k e p t  t o  l e s s  than  
0.25% f o r  the  temperatures  normally encountered i n  
t e s t i n g .  With g l y c o l s  and o i l s ,  however, t h e  v a l u e  of 
C is  s t r o n g l y  dependent on temperature.  It i s ,  

i t g e r e f o r e ,  suggested t h a t  w i t h  t h e s e  h e a t  t r a n s f e r  
f l u i d s ,  t h e  i n l e t  temperature  and temperature  r i s e  f o r  
both  t h e  RHS and t h e  t e s t  c o l l e c t o r  b e  k e p t  
approximately t h e  same. This  can be accomplished by 
coo l ing  t h e  f l u i d  between t h e  RHS and t h e  c o l l e c t o r ,  
and by a d j u s t i n g  t h e  h e a t e r  i n p u t  t o  make t h e  
temperature  r i s e  n e a r l y  e q u a l  a c r o s s  bo th  t h e  RHS and 
t h e  c o l l e c t o r .  As shown by t h e  example i n  Table 1 ,  t h e  
e r r o r  r e s u l t i n g  from a l a r g e  temperature  d i f f e r e n t i a l  
between t h e  RHS and t h e  c o l l e c t o r  i s  q u i t e  s i g n i f i c a n t  
( ~ 2 % )  wi th  a g lycol /water  mixture ,  bu t  i n s i g n i f i c a n t  
("0.1%) w i t h  water. Although t h e  example i s  f o r  a 
"worse case" s i t u a t i o n ,  i t  does i n d i c a t e  t h e  need f o r  
avoiding l a r g e  d i f f e r e n c e s  i n  temperature  cond i t ions  
between RHS and c o l l e c t o r .  

TABLE 1 EXAMPLE OF ERROR I N  ASSUMING Cp,, = Cp, RHS 

C o l l e c t o r  type: evacuated tube,  h igh  f l u i d  r e s idence  
t ime 

Fluid:  (50% by volume e t h y l e n e  g lyco l /wa te r  mixture) 

Theref o r e ,  

For water ,  t h e  corresponding r a t i o  would be: 

To summarize: t h e  RHS should  be des igned t o  
achieve t h e  fo l lowing:  

1 )  n e g l i g i b l e  o r  d e f i n a b l e  h e a t  l o s s ,  
2) low power d e n s i t y  hea t ing  element,  and a h igh  

h e a t  t r a n s f e r  c o e f f i c i e n t  between t h e  h e a t e r  
and t h e  f l u i d  t o  avoid  b o i l i n g ,  

3)  good f l u i d  mixing upstream of each temperature  
measurement p o i n t  t o  ensu re  a c c u r a t e  f l u i d  
temperature  measurements, 

4 )  smal l  p r e s s u r e  drop between temperature  w e l l s  
t o  avoid  f r i c t i o n a l  h e a t i n g  of t h e  f l u i d .  

The d e s i r e d  ope ra t ing  cond i t ions  f o r  t h e  RHS a r e :  
1 )  s t eady  ope ra t ion ,  i .e . ,  a cons tan t  f lowra te ,  

i n l e t  temperature ,  and h e a t e r  power i n p u t ,  
2 )  s u f f i c i e n t  f lowra te ,  o r  low o u t l e t  temperature ,  

s o  t h a t  t h e  f l u i d  i n  t h e  RHS does n o t  b o i l ,  
3) temperature  r i s e  l a r g e  enough t o  minimize AT 

e r r o r s ,  
4)  mean f l u i d  temperature  i n  t h e  RHS c l o s e  t o  t h a t  

i n  t h e  c o l l e c t o r  t o  minimize C e r r o r s .  
P 

3. DESIGN OF THE DBR/NRCC REFERENCE HEAT SOURCE 

Because t h e  DBRINRCC Solar  Co l l ec to r  Test  F a c i l i t y  
h a s  t h e  c a p a b i l i t y  of t e s t i n g  two c o l l e c t o r s  
s imul taneously ,  i t  has  two s e p a r a t e  ca lo r ime te r  l oops ,  
each w i t h  i t s  own r e f e r e n c e  h e a t  source.  The two 
( r e f e r r e d  t o  a s  RHSiIl and RHSiI2) a r e  i d e n t i c a l  excep t  
f o r  minor d i f f e r e n c e s  i n  t h e  thermopi le  design. 

The r e f e r e n c e  h e a t  sou rce  designed a t  NRCC i s  
shown i n  F igure  2.  It c o n s i s t s  of a 7 5 0 q a t t  e l e c t r i c  
immersion h e a t e r  element enclosed i n  a s e c t i o n  of 
copper pipe.  Th i s  r e p r e s e n t s  a maximm power d e n s i t y  
of approximately 49 kw/m2. 

The RHS was des igned t o  be  compact t o  f a c i l i t a t e  
t h e  inco rpora t ion  of a thermal guard r ing .  The thermal 
guard i s  in tended t o  l i m i t  t h e  h e a t  l o s s e s  ( o r  ga ins )  
between t h e  i n t e r n a l  components and t h e  surroundings .  
Glass  f i b r e  i n s u l a t i o n  i s  used t o  i n s u l a t e  t h e  i n t e r n a l  
components from each o t h e r  and from t h e  guard r ing .  
The thermal  guard c o n s i s t s  of a c o i l e d  copper tube  
so lde red  t o  a copper shee t .  The f l u i d  i s  c i r c u l a t e d  
through t h e  guard b e f o r e  e n t e r i n g  t h e  h e a t e r  s e c t i o n  of  
the  RHS. This c o n f i g u r a t i o n  s i g n i f i c a n t l y  reduces  t h e  
temperature  d i f f e r e n c e  and r e s u l t a n t  h e a t  l o s s  between 
t h e  h e a t e r ' s  i n t e r n a l  components and i ts immediate 
surroundings .  The guard r i n g  temperature  fo l lows  t h e  
i n l e t  f l u i d  temperature  wi thout  t h e  need f o r  a 
c o n t r o l l e r  even when t h e  h e a t  t r a n s f e r  f l u i d  i s  c o o l e r  
than t h e  a i r  ad jacen t  t o  t h e  RHS. The e x t e r i o r  of t h e  
thermal  guard r i n g  i s  i n s u l a t e d  t o  minimize h e a t  l o s s e s  
and l i m i t  t h e  temperature g r a d i e n t  a long i t s  f low 
l eng th .  An advantage of t h e  f l u i d  guard r i n g  ove r  an  
e l e c t r i c  guard r i n g ,  i n  a d d i t i o n  t o  i ts  c a p a b i l i t y  t o  
o p e r a t e  below t h e  ambient temperature ,  i s  t h a t  i t  does  
n o t  r e q u i r e  a c o n t r o l  c i r c u i t  which could in t roduce  
"noise"  i n t o  t h e  temperature  measurement. 

A mixing dev ice  and a temperature measurement w e l l  
a r e  l o c a t e d  a t  bo th  t h e  i n l e t  and t h e  o u t l e t  of t h e  
hea te r .  To achieve h igh  r e s o l u t i o n  and r e l i a b i l i t y ,  
t ype  "T" ( c o p p e r c o n s t a n t a n )  d i f f e r e n t i a l  thermopi les  
a r e  used t o  measure t h e  f l u i d  temperature  r i s e  a c r o s s  
t h e  h e a t e r  elements.  (RHSdk1 h a s  10 j u n c t i o n s  and RHSdI2 
has  8.) The thermopi les  were c a l i b r a t e d  by t h e  
Div i s ion  of Phys ic s  of  t h e  NRCC, i n  terms of  t h e  
I n t e r n a t i o n a l  P r a c t i c a l  Temperature Scale  of 1968 
(IPTS-68). The e l e c t r i c a l  power i n p u t  (PRHS) i s  
measured wi th  a c a l i b r a t e d  e l e c t r o n i c  power t r ansduce r  
(20.25% of f u l l  s c a l e ) .  

The f l u i d  p i p e s  l e a d i n g  t o  and from t h e  RHS a r e  
i n s u l a t e d  t o  l i m i t  a x i a l  thermal conduction, a s  a r e  t h e  
wi re s  going t o  and from t h e  thermopi le  and hea te r .  The 
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4.1 Tes t  Procedure 
A s e r i e s  of c a l i b r a t i o n  t e s t s  was ~ e r f o r m e d  t o  

depth  of immersion of t h e  temperature w e l l s  i s  
approximately 30 d iame te r s ,  which exceeds t h e  
recommendations of t h e  ASHRAE Standard 41.1-74: 
Sec t ion  on Temperature Measurements [i]. 

A s  mentioned e a r l i e r ,  a  s t a b l e  i n l e t  temperature ,  
good f l o w r a t e  c o n t r o l  and r e g u l a t i o n  of  t h e  power 
suppl ied  t o  t h e  RHS a r e  a l l  e s s e n t i a l  t o  s t eady- s t a t e  
ope ra t ion  of t h e  RHS. The DBRINRCC s o l a r  c o l l e c t o r  
t e s t  loop uses  a  p res su re - sens i t ive  c o n t r o l  va lve  t o  
mainta in  t h e  f l o w r a t e  t o  f0.1% of t h e  s e t  po in t .  The 
s t a b i l i t y  of t h e  i n l e t  temperature,  u s ing  a  well-mixed 
temperature  b a t h  upstream of t h e  RHS, was 3.1 K dur ing  
a  t e s t  per iod.  Heater power f l u c t u a t i o n s  a r e  reduced 
t o  -f0.1% wi th  t h e  use  of a  vo l t age  r e g u l a t o r .  

determine t h e  e f f e c t  on nRHS, o f ;  
- temperature r i s e  through h e a t e r ,  
- temperature  d i f f e r e n c e  between h e a t e r  f l u i d  and 

surrounding a i r ,  
- f l u i d  f lowrate .  
In  o r d e r  t o  perform t h e  c a l i b r a t i o n  t e s t s ,  t h e  

upper po r t ion  of t h e  c o l l e c t o r  t e s t  f a c i l i t y  was 
modified a s  shown i n  F igure  3, w i t h  a  dump t ank  and a  
measuring s c a l e  i n  p l a c e  of t h e  s o l a r  c o l l e c t o r .  This  
pe rmi t t ed  an  independent de t e rmina t ion  of average mass 
f low r a t e ,  by measuring t h e  t o t a l  mass of f l u i d  flowing 
through t h e  r e f e r e n c e  h e a t e r  over  a  p r e c i s e l y  measured 
time i n t e r v a l .  For t h e  c a l i b r a t i o n  t e s t s ,  t h e  va lue  of 
f l u i d  s p e c i f i c  h e a t  (C ) was determined a t  t h e  mean 

P 



TABLE 2 SAMPLE DATA FROM CALIBRATION TEST 

RHS 11 1 
Run Number 5 7 

Average Temperature Measurements i n  RHS 

I n l e t  f l u i d  temperature (Ti) 44.70°C 
Out le t  f l u i d  temperature (To) 53.08OC - 1 Tm --• (Ti + To) 48.89OC 

2 
AT,, 8.39 K 
Ambient temperature  (Ta) 27.0°C 

Tm- Ta 21.9 K 
WELL-MIXED 

TEMPERATURE BATH Gravimetric Flow Rate  

CONTROL 
I - - Net weight 9.26 kg 

VALVE - - - - - Time per iod - 599.9 s 
- - Mass f lowra te  - 

0.016 kg / s  
Volume f lowra te  0.98 Llmin 

VI PUMP 
REFERENCE 3 a I 1r Power 

HEAT SOURCE & - 
r l  h d  TEMPERATURE P~~~ 568.1 w a t t s  

CONTROL LOOP 
qRHS 566.6 wa t t s  

a T ~ ~ ~  nRHs 99.7% 

Fig. 3. Ca l ib ra t ion  set-up 
A t  high f l u i d  temperatures ,  evaporat ion from t h e  

f l u i d  temperature i n  t h e  h e a t e r ,  us ing va lues  taken weighing tank in t roduces  a measurement e r r o r ,  

from re fe rence  [?I. e s p e c i a l l y  a t  low flow r a t e s  when t h e  weighing per iod 

A c a l i b r a t i o n  t e s t  was performed a s  fol lows.  The i s  long. To reduce t h i s  e r r o r  due t o  evaporat ion 

heat  t r a n s f e r  f l u i d  was drawn from a well-mixed l o s s e s ,  t he  f l u i d  was cooled before  e n t e r i n g  t h e  

temperature c o n t r o l l e d  ba th ,  pumped through t h e  h e a t e r ,  weighing tank and a 'Over was used O n  the 

cooled and then re tu rned  t o  t h e  bath. Flowrate was tank. 

maintained cons tan t  wi th  a p r e s s u r e s e n s i t i v e  c o n t r o l  A s e r i e s  of t e s t s  were performed t o  determine t h e  

valve. The f l u i d  temperature r i s e  through t h e  hea te r  p ressu re  drop c h a r a c t e r i s t i c  of t h e  r e fe rence  hea t  

and t h e  i n l e t  f l u i d  temperature  were cont inously  source ,  a s  s i g n i f i c a n t  f l u i d  f r i c t i o n  h e a t i n g  could 

monitored on a s t r i p  c h a r t  recorder  t o  d e t e c t  any in t roduce  e r r o r s .  The p ressu re  drop between thermopile 

t r a n s i e n t  o r  abnormal cond i t ions ,  and t o  i n d i c a t e  when w e l l s  was measured a t  s e v e r a l  f lowra tes  from 0.008 t o  

s teady cond i t ions  were achieved ( see  Figure 4 f o r  an 0.125 kg/s.  

example of t h e  temperature cond i t ions  dur ing  a t e s t  To determine t h e  thermal response of t h e  RHS t o  
run).  When s t eady  conditions were achieved, i.e. when variations in power the tests were 
t h e  i n l e t  temperature d i d  n o t  vary by more than 3 . 1  K performed a t  v a r i o u s  f l u i d  f lowrates .  For each 

and t h e  temperature r i s e  ac ross  t h e  RHS, by more than f lowra te  t h e  RHS was allowed t o  s t a b i l i z e  and t h e  v a l u e  

k0.05 K, f o r  a per iod g r e a t e r  than t h e  t e s t  t ime of ATRHS measured. The hea te r  power i n p u t  t o  t h e  RHS 

i n t e r v a l  (approx. 3 t o  15  min.), t h e  flow was d i v e r t e d  was then switched o f f ,  wh i l e  t h e  i n l e t  f l u i d  

t o  a weighing s c a l e  and an average mass flow temperature and mass f lowra te  were maintained cons tan t .  

measurement obtained. Table 2 g ives  t h e  r e s u l t s  of a The subsequent decay of t h e  va lue  of ATRHS was recorded 

t y p i c a l  t e s t  run. u n t i l  i t  was e f f e c t i v e l y  zero. 

4.2 Test  Resu l t s  
Figures  5a and 5b show c a l i b r a t i o n  r e s u l t s  f o r  two 

END i d e n t i c a l  RHS's wi th  water a s  t h e  heat  t r a n s f e r  f l u i d .  
The thermal e f f i c i e n c y  (%HS) i s  p l o t t e d  a g a i n s t  t h e  
d i f f e r e n c e  between t h e  mean f l u i d  temperature i n  t h e  
RHS and the  surrounding ambient a i r  temperature 
(Tm - Ta) f o r  d i f f e r e n t  f lowra tes .  The magnitude of I 

t h e  v e r t i c a l  b a r s  r e p r e s e n t s  t h e  u n c e r t a i n t y  a s soc ia ted  
wi th  each d a t a  po in t  (Appendix A). For a f lowra te  
between 0.008 kg/s  and 0.050 kg/s  (0.5 t o  3 L/min.), 
t he  va lues  of measured RHS e f f i c i e n c y  a r e  s l i g h t l y  l e s s  
than 100% f o r  t h e  normal range of t e s t  temperatures.  
I f  a " l e a s t  squares"  curve f i t  is  app l i ed  t o  t h e  d a t a ,  
t h e  va lue  of e f f i c i e n c y  i s  seen  t o  dec rease  very 
s l i g h t l y  wi th  inc reas ing  va lues  of (T, - T ). 

START I f  t h e  dependence of qRHS on (T, - T,B i s  
neglected,  t h e  value  of thermal e f f i c i e n c y  (nRHS) 
obtained f o r  RHStl is  99.61% with  a s tandard dev ia t ion  

Pig. 4. Var ia t ion of t h e  temperature condi t ions  dur ing Of 0'22 and f o r  RHS#Zs %HS = 99'59% with a standard 

a t y p i c a l  t e s t  run  dev ia t ion  of 0.28. Thus t h e  requirement f o r  1% 

5 
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Fig. 5. Ca l ib ra t ion  r e s u l t s  f o r  RHSill ( a )  and 
RHSl2 (b)  

accuracy on t h e  measurement of mass f lowra te  over t h e  
t e s t  range a s  r equ i red  by ASHRAE [L] is  surpassed. 

Figure 6 p resen t s  t h e  same d a t a  ( f o r  RHS82 on ly )  
p l o t t e d  a g a i n s t  t h e  temperature  r i s e  through t h e  
hea te r  (ATRHs). A curve f i t  t o  t h e  d a t a  shows t h a t  t h e  
e f f i c i e n c y  i s  e s s e n t i a l l y  independent of t h e  
temperature r i s e  through t h e  RHS. 

Although t h e  l o s s e s  from t h e  RHS should be  z e r o  
when Tm = Ta ( i .e . ,  qRH = loo%),  t h e  r e s u l t s  i n  
Figure  5a and 5b show t g a t  t h i s  i s  n o t  t h e  case.  The 
r e s i d u a l  e r r o r  shown could be t h e  r e s u l t  of a 
sys temat i c  e r r o r  i n h e r e n t  i n  t h e  design of t h e  RHS. It 
could a l s o  be due t o  t h e  t abu la ted  va lues  of C used i n  

P t h i s  c a l i b r a t i o n ,  which may no t  adequately account f o r  
any d i s so lved  a i r  o r  mine ra l s  p resen t  i n  t h e  t e s t  
f l u i d .  

Figure  7 shows t h e  p ressu re  drop c h a r a c t e r i s t i c  of 
t h e  RHS with  water a s  t h e  hea t  t r a n s f e r  f l u i d .  With a 
flow of 0.10 kg / s ,  a f lowra te  h igher  than  t h a t  normally 
encountered i n  s o l a r  c o l l e c t o r  t e s t i n g ,  t h e  p ressu re  
drop between we l l s  was approximately 350 Pa, which 
corresponds t o  approximately 0.035 w a t t s  of f r i c t i o n a l  
heat ing.  This  amount i s  two o r d e r s  of magnitude 

" 100.5 
RHS No. 2 

7) = 99.62 - 7.466 x ( a T R H S )  
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Fig. 6. Thermal e f f i c i e n c y  vs  temperature r i s e  
(RHS#Z) 

F L O W R A T E ,  k g l s  

Fig. 7. Pressure  drop between thermopile we l l s  i n  RHS 

TIME I N T E R V A L ,  r ,  s  I 
Fig. 8. Thermal response of RHS t o  a s t e p  change i n  

h e a t e r  power l e v e l  

smal ler  than t h e  apparent  h e a t  l o s s  from t h e  RHS and 
i s ,  t h e r e f o r e ,  n e g l i g i b l e .  

The t r a n s i e n t  response of t h e  r e fe rence  h e a t  
source was determined by s h u t t i n g  t h e  h e a t e r  off  du r ing  
s t eady-s t a t e  ope ra t ion  and record ing  t h e  t ime decay of 
t h e  d i f f e r e n t i a l  temperature measurement. Resu l t s  a r e  
shown i n  F igure  8 a s  v a l u e s  of temperature r i s e  ATRHS 
a t  time i n t e r v a l  7, (normalized t o  ATms a t  7 = 0) 
vs 7. The r e s u l t s  i n d i c a t e  t h a t  t h e  response time of 
t h e  RHS i s  dependent on t h e  f l u i d  f lowrate .  The 
response of ATRHS t o  a s t e p  v a r i a t i o n  i n  hea te r  power 
i s  e f f e c t i v e l y  exponent ia l ,  preceded by a sma l l  t ime 
l a g  which inc reases  a t  lower f lowrates .  To avoid 
e r r o r s  in t roduced by t h e  thermal i n e r t i a  of t h e  RHS, 
t h e  device  should be operated under s t eady  s t a t e  
condi t ions .  

5. CONCLUSIONS I 

A major advantage of t h e  RHS is  i t s  c a p a b i l i t y  t o  
measure t h e  product  of mass flow and s p e c i f i c  h e a t  
d i r e c t l y  i n  t h e  t e s t  loop dur ing c o l l e c t o r  t e s t i n g .  
Th i s  avoids  e r r o r s  t h a t  could be  in t roduced through t h e  
use of mechanical flowmeters,  which r e q u i r e  an accura te  
knowledge of t h e  temperature  dependence of t h e  thermal  
and physical  p r o p e r t i e s  of t h e  hea t  t r a n s f e r  f l u i d  
being used. 

To achieve s a t i s f a c t o r y  r e s u l t s  wi th  a n  RHS, 
however, c a r e  must be exe rc i sed  i n  i t s  design and 
s t eady-s t a t e  ope ra t ion  i s  e s s e n t i a l ;  a s t a b l e  i n l e t  
temperature,  good f lowra te  con t ro l  and r e g u l a t i o n  of 
t h e  power supp l i ed  t o  t h e  h e a t e r ,  a r e  required. 



C a l i b r a t i o n  t e s t s  were performed on t h e  NRCC 
re fe rence  h e a t  sou rce  over a range of f l o w r a t e s  and 
i n l e t  temperatures  normally encountered dur ing  t h e  
t e s t i n g  of l i q u i d  cooled s o l a r  c o l l e c t o r s ,  ( i .e . ,  
& from 0.008 kg / s  t o  0.05 kg/s  and Ti from t o  
95OC). When us ing  t h e  RHS o u t s i d e  t h e s e  o p e r a t i n g  
cond i t ions ,  c a u t i o n  must be  exerc ised.  At low 
f lowra te s  (c0.008 k g / s ) ,  l o c a l i z e d  b o i l i n g  may 
in t roduce  e r r o r s  i f  t h e  h e a t e r  power d e n s i t y  i s  n o t  
reduced a s  we l l .  Operation a t  f l owra te s  g r e a t e r  t han  
0.05 kg / s  reduces  t h e  temperature  r i s e  a c r o s s  t h e  RHS, 
inc reas ing  temperature  measurement unce r t a in ty .  

Resu l t s  i n d i c a t e  t h a t  t h e  p r e s e n t  RHS exceeds t h e  
ASHRAE t e s t  method requirement [L] of 1% accuracy i n  
t h e  determinat ion of mass f lowrate .  
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APPENDIX A Analys is  of  t h e  Random Measurement 
Uncer ta in ty  on nRHS 

The u n c e r t a i n t y  a s s o c i a t e d  wi th  nRHS can b e  
evaluated us ing  t h e  propagat ion of random u n c e r t a i n t y  
techniques  [El. 

Using equa t ion  (3)  we have: 

The mass f l o w r a t e  (ni) i s  determined by weighing a mass 
of f l u i d  (M) flowing through t h e  RHS over a p r e c i s e l y  
measured time i n t e r v a l  ( T )  s o  Eq. (5 )  becomes, 

Performing an a n a l y s i s  a s  desc r ibed  i n  Ref. 10  t h e  
u n c e r t a i n t y  i n  t h e  dependent v a r i a b l e  (W llauc ~ k a n  be 

expressed i n  terms of t h e  u n c e r t a i n t i e s  in""e"ach of t h e  
independent v a r i a b l e s  (WM, W T ,  Wcp, VAT, WPRHS). 

where, 

WM = i O . O l k g  

W~ 
P +0.1% of C 

P 
WAT = a . 0 2  K 
W, = 33 .1  s 

%Ras 
= fl.9 w a t t s  ( i . e . ,  0.25% of 750 wa t t s )  

I n s e r t i n g  t h e  va lues  i n  Eq. ( 7 ) ,  we have: 

+ (+) 3 ~ R H S  
RHS 

By s u b s t i t u t i ? ~  t h e  corresponding va lues  of M, AT and 

W"RH~ 
T,  va lues  of -are  obta ined.  Using t h e  r e s u l t s  

W s  
g iven  i n  Table  2, f o r  example, t h e  corresponding 
u n c e r t a i n t y  i n  t h e  de te rmina t ion  of nRHS, is: 

Values corresponding t o  each d a t a  po in t  a r e  r ep resen ted  
by e r r o r  b a r s  i n  F igures  5a and 5b. 
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