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ABSTRACT 

This r epor t  descr ibes  t h e  experimental f a c i l i t y  used t o  t e s t  a i r  s o l a r  
c o l l e c t o r s  a t  t h e  I n s t i t u t e  f o r  Research i n  Construct ion (formerly t h e  
Division of Building Research) of t h e  National Research Council Canada. It 
a l s o  presents  d a t a  manipulation and reduct ion techniques. F ina l ly ,  t h e  
techniques used t o  c a l i b r a t e  the  f a c i l i t y  and t h e  c a l i b r a t i o n  a r e  
discussed. 

NOMENCLATURE 

A Col lec tor  ape r tu re  a rea  (m2) 

At O r i f i c e  p l a t e  a rea  (m2) 
C Discharge c o e f f i c i e n t  (dimensionless) 

Air s p e c i f i c  hea t  (J1kg.K) 
P O r i f i c e  p l a t e  diameter (m) 
D Pipe diameter (m) 
E Veloci ty of approach f a c t o r  (dimensionless) 
G Global i r r a d i a n c e  inc iden t  on the  c o l l e c t o r  (w/m2) 
k I s e n t r o p i c  c o e f f i c i e n t  (dimensionless) 

5 I n l e t  mass f lowra te  (kg/s )  
m Out le t  mass f lowra te  (kg/s)  

4, Leakage mass f lowra te  (kg/s)  

P1 Absolute pressure  a t  t h e  upstream pessure t a p s  (Pa) 

;:" Power inpu t  t o  t h e  Ca l ib ra t ion  Heat Source (W) 
I n l e t  gauge pressure  t o  t h e  c o l l e c t o r  (Pa) 

Po Out le t  gauge pressure  t o  t h e  c o l l e c t o r  (Pa) 

Qc Collected energy (W) 
Re Reynolds number (dimensionless) 

T1 Absolute temperature a t  t h e  upstream pressure  taps  (K) 

T, Ambient temperature (OC) 

Ti  I n l e t  temperature t o  t h e  c o l l e c t o r  (OC) 

To Out le t  temperature t o  t h e  c o l l e c t o r  ("C) 

TL Air  leakage temperature (OC) 

T ~ o  
A i r  leakage temperature (OC) 

Sky temperature (K) ? Humidity r a t i o  (kg H20/kg dry a i r )  
a Stefan-Boltzmann cons tant  ( w / ~ * . K ~ )  
AP Pressure d i f f e r e n t  across  t h e  o r i f i c e  p l a t e  (Pa) 
AT Temperature d i f f e r e n c e  across  t h e  c o l l e c t o r  (K) 
t7 Thermal e f f i c i e n c y  ( X )  
Y Gas expansion f a c t o r  (dimensionless) 
p1 A i r  dens i ty  a t  t h e  upstream pressure  taps  loca t ion  (kg/m3) 
b Air v i s c o s i t y  ( ~ * s / m ~ )  
@ d/D (dimensionless) 

1.0 In t roduc t ion  

The I n s t i t u t e  f o r  Research i n  Construct ion (formerly t h e  Division of 
Building Research) of t h e  National  Research Council of Canada was involved 
from 1981 t o  1985 i n  t h e  development of improved thermal performance t e s t  



methods and equipment and better characterizations of air solar collectors 
thermal performance. Thermal performance test methods and characterizations 
of air solar collectors will be the subject of another paper (1). This 
report describes the facility used at NRCC to test air collectors. The test 
facility was bought from the Ontario Research Foundation, who had built 
similar devices for solar collector commercial testing at the Canadian 
National Solar Test Facility (2). The facility was modified by NRCC to suit 
research needs. This note is an account of the hardware and software 
modifications made to the test facility. As well, a thorough calibration, 
which is also reported here, was undertaken to minimize experimental 
uncertainty. 

2.0 Description of the facility 

2.1 Altazimuth frame 

The experimental test facility (Fig. 1) rests on four rubber tire 
wheels and rotates around two axes (altazimuth tracking). It is anchored to 
a leveled concrete pad (7 m x 7 m, 114' slope allowed for water drainage) 
via two removable keys (Fig. 2a). With the keys disengaged, the frame can 
easily be wheeled inside for servicing. Whenver required, an automatic snow 
melting system is activated to keep the pad free of snow and ice. 

A vertical shaft, through a DC motor-worm-gear-chain drive arrangement, 
provides the azimuth (east-west) rotation. The altitude drive includes two 
parts: An enclosed worm gear with a DC motor and an open worm gear drive 
(Fig. 2b). The altitude axle rotates in two pillow block bearings. 

Both movements are computer controlled. The computer, using the date 
and time entered by the operator, positions the altazimuth frame so that the 
face of the collector is perpendicular to the sun's rays. Potentiometers 
located on each shaft feed back to the computer the actual position and the 
computer, by activating the azimuth and /or the altitude drive, makes the 
necessary adjustments so that the tracking is always within *lo .  These 
corrections occur approximately once every minute. Limit switches are 
strategically located on each shaft to prevent over-travel. 

2.2 Meteorological measurements 

2.2.1 Radiation measurements 

The global (beam + diffuse) solar radiation striking the collector is 
measured using a calibrated Precision Spectral Pyranometer. The PSP is 
mounted on the tracking altazimuth frame with it's sensing surface coplanar 
to the collector glazing surface as recommended by ASHRAE Standard 
93-77 (3). 

The beam component of solar radiario~l is ~uraaurad using a calibrated 
NIP (Normal Incidence Pyrheliometer) mounted on a precise sun tracking 
device and located on the roof of a nearby building. The amount of diffuse 
solar radiation received by the collector is not measured; it is simply 
calculated as the difference between the readings of the PSP and the NIP. 



Long wave r a d i a t i o n  (thermal sky radiance)  i s  measured us ing  a 
pyrgeometer. The thermopile vol tage  output  of t h i s  instrument i s  a func t ion  
of i ts  temperature, which i s  determined by t h e  balance between absorbed and 
emit ted long wave r a d i a t i o n  f luxes .  An i n t e r n a l  thermistor-bat tery-  
r e s i s t ance  c i r c u i t  produces a vol tage  propor t ional  t o  uT4, where T i s  t h e  
absolu te  temperature of t h e  instrument. This analog vol tage  can be added t o  
t h e  thermopile output  i n  order  t o  ob ta in  only the  downcoming long wave 
r ad ia t ion ,  oTsky4, where T is t h e  equiva lent  sky temperature. The 

sky pyrgeometer i s  mounted on t h e  a l taz imuth  frame and i t s  sens ing  su r face  i s  
coplanar with t h e  c o l l e c t o r  sur face .  

2.2.2 Ambient temperature 

The ambient temperature is measured us ing  a five-element s i l i c o n  
temperature sensor  encapsulated i n  a 6 mm s t a i n l e s s - s t e e l  tube which i s  
i n s e r t e d  i n  a n  a s p i r a t e d  temperature-radiation sh ie ld .  

2.2.3 Wind speed 

Wind speed i s  measured using a micro response t h r e e  cup anemometer 
equipped wi th  a DC genera tor  producing a DC vol tage  propor t ional  t o  wind 
speed. The anemometer is pos i t ioned ,  a s  recommended by ASHRAE Standard 
93-77 ( 3 ) ,  a t  approximately mid-collector he ight ,  i .e .  2.4 m above ground, 
and i s  mounted on t h e  a l taz imuth  frame (see  Fig. 1). 

2.3 A i r  flow c i r c u i t  

A schematic of t h e  t e s t  loop i s  shown i n  Fig. 3. The a i r  flow c i r c u i t  
i s  an open loop. The two-blower conf igura t ion  permits  t h e  v a r i a t i o n  of 
i n l e t  pressure  and f lowra te  t o  t h e  co l l ec to r .  Ambient a i r  e n t e r s  t h e  
c i r c u i t  a t  t h e  i n t a k e  of t h e  i n l e t  blower. Two plug valves loca ted  a t  t h e  
discharge of t h e  blower permit the  manual con t ro l  of i n l e t  mass f lowra te  and 
pressure. Then t h e  a i r  t r a v e l s  success ive ly  from t h e  i n l e t  hea te r  t o  t h e  
upstream o r i f i c e  p l a t e ,  t o  t h e  i n l e t  pressure  tape  and t o  the  i n l e t  
temperature measuring sect ion.  The a i r  e n t e r s  t h e  c o l l e c t o r  a t  t h e  bottom, 
e x i t s  a t  t h e  top  where t h e  o u t l e t  temperature and p res su re  a r e  measured, 
e n t e r s  t h e  downstream o r i f i c e  p l a t e  s e c t i o n  and f i n a l l y  ends up a t  t h e  
suc t ion  blower. The o u t l e t  mass f lowra te  i s  regula ted  by bleeding a i r  
through a compute rcon t ro l l ed  bypass. 

The p ip ing  has  a nominal pipe diameter of 100 mm. A l l  of t h e  f l e x i b l e  
p ip ing  i s  of t h e  wire-helix type. A t  t h e  meta l - f lex ib le  p ipe  junct ions  t h e  
metal pipe is heavi ly  coated wi th  high vacuum grease before being i n s e r t e d  
(approx. 50 mm) i n t o  t h e  f l e x  pipe and fas tened  t o  i t  wi th  a hose clamp. 
The piping i s  i n s u l a t e d  with 20 mm of Armaflex in su la t ion .  The Armaflex i s  
painted white  t o  reduce s o l a r  gains.  T rans i t i ons  p ieces  a r e  o f t e n  requi red  
a t  t h e  i n l e t  and o u t l e t  of the  c o l l e c t o r  t o  go from, f o r  example, a round 
p ipe  a t  t h e  temperature measuring s e c t i o n s  t o  rec tangular  entrances a t  t h e  
c o l l e c t o r  i n l e t  (Fig. 2c). The headers,  i .e.  t h e  pipe s e c t i o n s  from t h e  
temperature measuring l o c a t i o n s  t o  t h e  c o l l e c t o r ,  a r e  in su la t ed  wi th  75 mm 
of f i b e r g l a s s  p ipe  i n s u l a t i o n  and covered wi th  white  waterproof tape  
(Fig. 2d). 



2.4 Mass f lowra te  measurements 

Measurements of mass f lowra te  a r e  made upstream and downstream of t h e  
c o l l e c t o r  us ing  two nominally i d e n t i c a l  o r i f i c e  p l a t e  sec t ions  b u i l t  
according t o  ASME and IS0 procedure (4,5) .  By s e l e c t i n g  one of f i v e  o r i f i c e  
p l a t e s ,  c o l l e c t o r s  can be t e s t e d  a t  f lowra tes  up t o  0.20 kg/s while  
maintaining a  r e l a t i v e l y  high pressure drop through t h e  o r i f i c e s  ( t y p i c a l l y ,  
AP s LOO0 Pa). The c a l c u l a t i o n  procedure a s  w e l l  a s  cons t ruc t ion  d e t a i l s  of 
t h e  o r i f i c e  p l a t e  sec t ions  a r e  presented i n  Appendix A. 

2.5 D i f f e r e n t i a l  temperature measurement 

I n l e t  and o u t l e t  temperatures a r e  measured us ing  both s i l i c o n  
t r a n s i s t o r s  and platinum r e s i s t a n c e  temperature sensors .  To ob ta in  t h e  
average temperature through t h e  pipe s e c t i o n  and decrease t h e  measurement 
unce r t a in ty ,  each type  of sensor  is arranged i n  an a r r a y  of f i v e  elements 
connected i n  s e r i e s  (Fig. 4) .  Temperature measurement e r r o r s  due t o  
r a d i a t i o n  exchange between t h e  sensors  and t h e  duct w a l l  a r e  minimized by 
i n s u l a t i n g  t h e  temperature measurement s e c t i o n  wi th  75 mm of f i b e r g l a s s  
i n s u l a t i o n  and by p a r t i a l l y  sh i e ld ing  each sensor  wi th  a  s t a i n l e s s - s t e e l  
tube. The s i l i c o n  sensors  have a  negat ive temperature c o e f f i c i e n t  and t h e  
platinum ones have a  p o s i t i v e  c o e f f i c i e n t ,  s o  t h a t  an e r r o r  due t o  a  d r i f t  
i n  t h e  computer's AID conver te r  can be de tec ted  a s  an apparent divergence of 
t h e  i n l e t  temperature readings. 

During c o l l e c t o r  t e s t i n g ,  i n l e t  and o u t l e t  temperature measurements a r e  
taken a t  some d i s t ance  from t h e  a c t u a l  i n l e t  and o u t l e t  of t h e  co l l ec to r .  
Even though headers a r e  in su la t ed ,  hea t  l o s s e s  occur. I f  no co r rec t ion  i s  
appl ied  these  l o s s e s  might in t roduce  a  s i g n i f i c a n t  sys temat ic  e r r o r  on t h e  
temperature d i f fe rence .  Therefore, d i f f e r e n t i a l  temperature readings a r e  
cor rec ted  according t o  t h e  procedure ou t l ined  i n  ( 6 ) .  

2.6 Rela t ive  humidity 

The r e l a t i v e  humidity i s  measured us ing  a  capac i t ive  thin-f i lm humidity 
sensor. The sensor  i s  loca ted  near  t h e  i n t a k e  of t h e  i n l e t  blower and i s  
pro tec ted  by a  small  "Stephenson" sc reen  enclosure. 

2.7 I n l e t  and o u t l e t  pressure  t a p  s e c t i o n s  

The i n l e t  and o u t l e t  gauge p res su res  were measured us ing  a  d i g i t a l  
micromanometer connected t o  a  piezometer r i n g  (Fig. 2c). The r ing ,  which i s  
s i m i l a r  t o  t h e  o r i f i c e  p l a t e  piezometer r ing ,  permits t h e  averaging of j t h e  
pressure  around t h e  circumference of t h e  pipe. It is preceeded by 0.45 m of 
s t r a i g h t  pipe. Since t h e  i n l e t  and o u t l e t  gauge pressures  a r e  not  measured 
a t  t h e  a c t u a l  i n l e t  and o u t l e t  of t h e  c o l l e c t o r ,  a  pressure  drop t e s t  i s  
neccaaary and co r rec t ion  i s  appl ied  t o  o b t a i n  t h e  a c t u a l  i n l e t  and o u t l e t  
gauge pressures.  I n  t h e  pressure  drop t e s t ,  t h e  c o l l e c t o r  is removed and 
both headers a r e  bol ted  together  with a  p i t o t  tube i n s e r t e d  a t  the  junction. 
The f ans  a r e  then  a c t i v a t e d  and t h e  s t a t i c  pressure  drop between t h e  i n l e t  
pressure  t a p  and t h e  junc t ion  and t h e  pressure  drop between t h e  junct ion  and 
t h e  o u t l e t  pressure  t a p  a r e  measured. 



2.8 Inlet heater 

The air temperature at the collector inlet was controlled within +O.Z°C 
of the set point by a computer-regulated, multi-element strip heater 
(9.4 kW). 

2.9 Computer 

The on-board computer is a Z8OA based microcomputer with 38 Kbytes of 
read-onlymemory (ROM) and 26 Kbytes of random access memory (RAM). It has 
a 16 channel, 12 bit bipolar analog to digital input circuit for data 
acquisition and a digital output circuit for control. The computer is 
located inside an instrumentation box (Fig. 2e). It is accessed via a 
remote terminal located in an office overlooking the test site (Fig. 2f). 

2.10 Typical test 

Some operations are necessary before actual testing can start, 
typically the pre-test procedure goes as follows: 

1. The collector surface and all radiation measuring instruments are 
cleaned to remove any dust or dirt accumulation. 

2. An opening is made in the loop by unfastening one of the metal-flexible 
pipe joint to prevent abnormal pressures in the loop as start-up. 

3. The two blowers are started. Manual adjustments on the plug valves and 
on the bypass are made to obtain the required thermal performance test 
flowrate, as determined by the computer, upstream and downstream of the 
collector. 

4. The metal-flexible pipe joint is refastened. 
5. Final adjustments are made on the plug valves and on the bypass so as to 

obtain the desired inlet flowrate and pressure. 

3.0 Data Manipulation 

3.1 Data Acquisition 

After the pre-test procedures have been completed (Section 2.10) and 
before the actual testing period, a series of instructions must be sent to 
the on-board computer in order to inform it of the required thermal 
performance test conditions. These instructions are performed sequentially 
after execution has been initiated. Some of the most important commands are 
described below: 

INSTRUCTIONS 
(in order of execution) 

EXPLANATION 

FS0.0720 - Flow Let; sets the inlet flow to 0.0720 kgls 
TS22.0 Temperature Set; sets the inlet temperature to - 

22. O0C 



var i ab le  

i n l e t  temp. 
i n l e t  flow 
t racking  accuracy 

Wait f o r  Control; a l l  f u r t h e r  commands a r e  - 
stopped u y t i l  t h e  i n l e t  temperature, t h e  f l u i d  
f lowra te  and frame azimuth and a l t i t u d e  have 
reached t h e i r  set poin t  and maintained i t  
wi th in  a c e r t a i n  range f o r  a spec i f i ed  l eng th  
of time. Typical ly t h e  following ranges were 
used: 

range l ength  of time 

fl.O°C 300 sec.  
f0.00025 kg/s  300 sec. 
i 1 °  10 sec .  

Af ter  con t ro l  (WC) has been achieved execut ion  
i s  suspended u n t i l  t h e  Wait f o r  Time command 
has elapsed ( t y p i c a l l y  900 sec) .  Usually 
a f t e r  t h i s  "soak" period t h e  temperature r i s e  
through the  c o l l e c t o r  is s t ab le .  

Wait f o r  S t a b i l i t y :  During t h i s  period t h e  - 
computer Thecks ( t y p i c a l l y  every 15 seconds) 
t h e  peak-to-peak f l u c t u a t i o n  of t h e  (Ti-Ta)/G 
parameter and of t h e  ca l cu la t ed  ef f ic iency .  
I f  (T.-Ta)/G remains wi th in  0.003 and t h e  
e f f i c i e n c y  wi th  0.03 f o r  a c e r t a i n  period 
( t y p i c a l l y  300 sec.) then  s t a b i l i t y  is 
achieved and a s t a b l e  message appears i n  t h e  
d a t a  buffer ing  i n d i c a t i n g  a d a t a  point.  An 
audio s i g n a l  is s e n t  t o  t h e  opera tor  
i n d i c a t i n g  t h a t  s t a b i l i t y  has been achieved. 

A Second Sensor check i s  performed immediately 
afTer  WS t o  check t h e  i n l e t  and d i f f e r e n t i a l  
temperature measured by t h e  secondary 
temperature sensors  (plat inum r e s i s t a n c e  
temperature sensor) .  I f  t h e  d i f f e r e n c e  
between t h e  primary and secondary temperature 
sensors  is g r e a t e r  than 0.2'C t h e  t e s t  i s  
stopped and t roubleshoot ing  i s  undertaken t o  
i d e n t i f y  t h e  cause of t h e  discrepancy. As  
well ,  t h e  o u t l e t  f l owra te  i s  reported. 

Af ter  s t a b i l i t y  has been achieved t h e  MV 
command i s  i n i t i a t e d  manually by t h e  operator .  
This command g ives  t h e  opera tor  t h e  outputs  
( i n  m i l l i v o l t s )  of every channel. Three of 
these  readings a r e  used l a t e r .  

Typical ly during a c l e a r  day t h e  c o l l e c t o r  is t e s t e d  a t  one f lowra te  
and t h r e e  o r  f o u r  (depending on t h e  day 's  length)  i n l e t  temperatures.  
Table 1 g ives  an example of a t y p i c a l  on-board computer output .  Lines a r e  



pr in t ed  i n  memory every 60 seconds. They represent  t h e  exponential  average* 
of readings taken every 5 seconds. 

Af t e r  s t a b i l i t y  has been achieved a Second Sensor check i s  executed and 
t h e  r e s u l t  p r i n t e d  i n  computer memory (again these  numbers a r e  exponential  
averages).  Then t h e  MV command is executed and t h e  instantaneous m i l l i v o l t  
outputs  of every channel a r e  pr in ted .  Measurement of long wave r a d i a t i o n  
( o r  more p rec i se ly  T ) was done, every minute, by a sky independent HP 

sky 41-CV based d a t a  a c q u i s i t i o n  system. The beam component of s o l a r  r a d i a t i o n  
was measured and recorded every minute by DBR's  l i q u i d  c o l l e c t o r  ca lor imeter  
d a t a  a c q u i s i t i o n  system. 

3 . 2  Data Reduction 

A t  t h e  end of t h e  a l l  t h e  raw da ta ,  i ssued  from t h e  on-board computer, 
a r e  t r a n s f e r r e d  t o  a DEC PDP 1 1 / 2 3  computer. Then a computer program 
transforms a l l  t h e  raw da ta  i n t o  a format compatible with t h e  e x i s t i n g  DBR 
l i q u i d  ca lor imeter  d a t a  processing software. Br ief ly ,  t h e  t ransformation 
goes as  follows: 

1. The raw d a t a  f i l e  i s  scanned and t h e  "s tab le"  d a t a  po in t s  located.  
2.  The i r r ad iance ,  ambient temperature, i n l e t  temperature, temperature 

r i s e ,  i n l e t  f lowra te  and wind speed a r e  averaged over t h e  l a s t  f i v e  
minutes p r i o r  t o  t h e  s t a b l e  message. 

3. The o u t l e t  f lowra te  i s  "ext rac ted"  from t h e  second sensor  check. 
4. The averaged temperature rise ac ross  t h e  c o l l e c t o r  is correc ted  f o r  

header hea t  losses .  
5. The i n l e t  and o u t l e t  pressures  and t h e  r e l a t i v e  humidity a r e  converted 

from t h e i r  m i l l i v o l t  output  t o  engineering u n i t s  us ing  t h e  appropr ia te  
conversion f ac to r s .  

6. Measurements of T and beam r a d i a t i o n  a r e  manually merged i n t o  t h e  
transformed f i l e .  sky 

3 .3  Data P rocess ing  

The d a t a  processing software t akes  a transformed f i l e  and c a l c u l a t e s  
va lues  of thermal e f f i c i ency  (I)) and (Ti - Ta)/G. The e f f i c i e n c y  may be 
ca l cu la t ed  f i v e  d i f f e r e n t  ways (1,7): 

a )  Eff ic iency  based on an enthalpy balance: 

"Exponential averaging: 

11 average measurement a t  t=60 sec. = - (ave rage  measurement a t  t= 55 sec.) 
1 12  + - ( ins tan taneous  reading a t  t=60 sec.). Exponential averaging i s  used 

12 
t o  save on-board computer memory. 



where, TL = (Ti + To)/2 

where, TL = (Ti + T0)/2 
is estimated by the experimenter (1). 

b) Efficiency based on the inlet flowrate: 

c) Efficiency based on the outlet flowrate: 

In these equations the specific heat, Cp, is evaluated using the 
following algorithm: 

C~ 
= 11030.1 - 0.19762 T + 3.947 x 10-4 T2] + 1'792 ') 

(1 + W) 

Values of q vs (Ti - Ta)/G can then be plotted. A typical output is 
presented in Figure 5, where the same data have been plotted three different 
ways . 
4.0 Calibration 

Calibration of such a facility is essential to ensure experimental 
accuracy. In actual fact, an earlier calibration (8) proved to be important 
as severe inaccuracies were detected. In what follows the measurements have 
been divided into two categories, critical or non-critical, depending on 
whether they have a direct or a second order effect on thermal efficiency. 

4.1 Calibration of the non-critical measurements 

4.1.1 Orifice plate air temperature sensors 

Both orifice plate air temperature sensors were calibrated in a 
temperature bath against a precision platinum resistance temperature sensor 
that had been calibrated by the Division of Physics of the NRCC. Spot 



checks were made at O°C and 80°C. In every case the sensors were within the 
accuracy requirement set fosward by ASHRAE Standard 93-77 ( 3 ) ,  
i.e. f0.5'C). 

4.1.2 Wind speed measurement 

The manufacturer accuracy claim (fO.l m/s or 1%) for the wind 
measurement was deemed sufficient with respect to the ASHRAE Standard 93-77 
requirement (f0.8 m/s), therefore, the wind sensor was not calibrated. 

4.1.3 Long wave and normal incidence radiation 

The pyrgeometer and the NIP were calibrated by Atmospheric Environment 
Services (AES) in Toronto; no accuracy claims are given with these 
calibration certificates. 

4.1.4 Humidity sensor 

The humidity sensor was calibrated by immersing it in saturated salt 
solutions as recommended by the manufacturer. The results indicate that in 
the range 0%-75% RH the accuracy is f2-3% RH, while from 75% to 100% the 
accuracy is 25% RH. 

4.1.5 Pressure sensors 

Calibration of both orifice plate differentials pressure transducers 
showed that their outputs were within 21% of the readings given by a Betz 
manometer (manufacturer accuracy - f 0.01 "H20). 

The barometer used to calculate the barometric pressure was not 
calibrated as it is a fundamental measurement in itself. The digital 
micromanometers, used for the measurement of inlet and outlet pressure, were 
calibrated against a Betz manometer and shown to give readings accurate to 
f2% in their range of operation. 

4.2 Calibration of the critical measurements 

Referring back to Eqns. 1-5, one can see that the measurements of mass 
flowrate, differential temperature, global irradiance, collector area, air 
specific heat, ambient temperature and inlet temperature are all critical 
for an accurate determination of I). 

4.2.1 Global solar irradiance 

The PSP used to measure global irradiance was calibrated at AES where 
calibrations are provided to within +3% of the World Radiation Reference 
(9). 

4.2.2 Collector area 

The accuracy of the aperture area measurement, i.e. the area of the 
collector through which solar radiation is admitted, is typically of the 
order of +0005 m2 (based on random uncertainty of 3 mm on length and width 
measurements. 



4.2.3 A i r  s p e c i f i c  hea t  

It is est imated t h a t  f o r  t h e  temperatures and humidity r a t i o s  normally 
encountered t h e  accuracy of t h e  a i r  s p e c i f i c  hea t ,  C is +0.1%. 

P 

4.2.4 Ambient temperature 

The ambient temperature sensor  was c a l i b r a t e d  along with t h e  o r i f i c e  
p l a t e  a i r  temperature sensors  and showed t h e  same accuracy (i.e. 20.5"C). 

4.2.5 I n l e t  and o u t l e t  temperatures 

Because t h e  temperature sensors  couldn ' t  be immersed i n  a temperature 
ba th ,  c a l i b r a t i o n  of t h e  i n l e t  and o u t l e t  temperature sensors  had t o  be 
c a r r i e d  out  t h e  fol lowing way: The i n l e t  and o u t l e t  temperacure measuring 
s e c t i o n s  were put  end t o  end and i n s u l a t e d  (with approx. 300 mm of 
f i b e r g l a s s  in su la t ion ) .  A c a l i b r a t e d  platinum r e s i s t a n c e  temperature sensor  
was i n s e r t e d  i n  between t h e  two s e c t i o n s  and t h e  f lowra te  was s e t  t o  0.10 
kg/s.  I n  t h i s  way t h e  output of t h e  i n l e t  and o u t l e t  temperature sensor  
could be checked aga ins t  t h e  c a l i b r a t e d  sensor.  Resul t s  of t h e  c a l i b r a t i o n  
a r e  presented i n  Table 2. 

It can be seen t h a t  the  primary and secondary sensor  readings a r e  
wi th in  t h e  ASHRAE (3) accuracy envelope of f0.5'C. 

4.2.6 Mass flow r a t e  and d i f f e r e n t i a l  temperature measurements 

The secondary measurements needed i n  t h e  determinat ion of t h e  mass 
f lowra te ,  i.e. t h e  barometric pressure ,  t h e  o r i f i c e  p l a t e  a i r  temperatures,  
t h e  d i f f e r e n t i a l  pressure  and t h e  humidity measurements were a l l  ca l ib ra t ed  
( s e e  above). 

Ca l ib ra t ion  of t h e  & measurement per  s e ,  which would include t h e  e r r o r s  
i n  t h e  secondary measurements a s  wel l  a s  e r r o r s  inherent  t o  t h e  design of 
t h e  o r i f i c e  p l a t e ,  was not  undertaken due t o  t h e  d i f f i c u l t y  i n  f ind ing  a 
good f lowra te  measurement aga ins t  which both 5 could be ca l ib ra t ed .  Also, 
a s  mentioned above, t h e  d i f f e r e n t i a l  temperature measurement could not  be 
c a l i b r a t e d  ind iv idua l ly .  For t h e s e  two reasons an o v e r a l l  c a l i b r a t i o n  of 
t h e  Qc measurement (which inc ludes  t h e  measurement e r r o r  on &, C and on AT) 
was performed. P 

Br i e f ly ,  i n  t h e  o v e r a l l  c a l i b r a t i o n  approach (a), t h e  s o l a r  c o l l e c t o r  
is replaced wi th  a Ca l ib ra t ion  Heat Source (CHS) ( l o ) ,  which t r a n s f e r s  an 
accura te ly  measured quan t i ty  of e l e c t r i c a l  energy, Pin, t o  t h e  c i r c u l a t i n g  
f l u i d  ( a i r ) .  Assuming zero  leakage* i n  t h e  CHS, and knowing t h a t  the  amount 
of energy co l l ec t ed ,  Qc, can be expressed as: 

*A s t a t i c  leakage t e s t  was performed on t h e  CHS and t h e  leakage r a t e  was 
found t o  be 5 x 10-5 kg / s  @ -1000 Pa of pressure ,  thus  leakage i s  
considered negl ig ib le .  



The accuracy can the be determined by comparing Qc as measured by the test 
loop (including it's software processing), with the known power input Pi,. 
Calibrations were performed on all five orifice plates with the inlet 
temperature equal to the ambient temperature (Table 3) and with one orifice 
plate (orifice plate B) at Ti > Ta (Table 4). The accuracy of Qc is defined 
as: 

It is relatively safe to say, based on these results that the accuracy on 
the Qc measurement is +1.5%. 

Table 5 summarizes the calibration results of the critical 
measurements. A detailed uncertainty analysis of air solar collector test 
results is presented in (1). 

5.0 Conclusion 

This paper described the experimental test facility used to test air 
solar collectors at the NRCC. Results of a thorough calibration of the 
facility indicates that the amount of energy collected can be measured to an 
accuracy of +1.5% in the range of flowrates and temperatures normally 
encountered in air collector testing. 
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Table 1.  Typical on-board computer output 

1-167) / 0 5  12 :46 :00  1001 -1 .6  22.0 9.49 .07188 1.8 F I L T  CALM 
1-168)  /05 12:47:00 1000 -1 .6  22.1 9 . 4 2  .07184 2.0 F I L T  CALM 
1-169) / 0 5  12:48:00 99'7 -1.6 22 .1  9 . 3 9  .07181 1.8 F I L T  CALM 
1-170)  /05 12:49:00 997 -1.5 22.2  9.39 .07191 0.9 F I L T  CALM 

Table 2. Calibration of the i n l e t  and out le t  temperature sensors 

T1 To 

(cal ibrated Primary Secondary Primary Secondary 
sensor) sensor sensor sensor sensor 



Table 3. Calibration of the Q, measurement (Ti = T, in all cases) 

Flowrate Accuracy Accuracy 
inlet outlet Orif ice of Q ($1 of Q (in,) 

(kgls) (2) ( 2 )  

Table 4. Calibration of the Q measurement T1 > Ta (Ta = 2S°C and orifice 
plate B in all casesf 

Flowrate Accuracv Accuracv 
inlet outlet of Q ($) 

(kg/s) (2) 

Table 5 .  Accuracy on individual measurements 

Measurement Accuracy 



Figure 1. NRCC air solar collector test facility 
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a) Azimuth drive b) Altitude drive 

(a, I 

C) Inlet header (uninsulated) d) Inlet header (insulated) 

e) Instrumentation box f) Remote control operation 

test facility - Figure 2. Solar collector individual components 
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Figure 4. Temperature measuring section 
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Figure 5. Data plotted by three different methods (inward leakage case) 



APPENDIX A 
The Measurement of Air Mass Flowrate Using Orifice Plates 

1.0 Principle of the method 

A primary device, the orifice plate, is inserted in a pipe in which a 
fluid is running full. The static pressure difference created by the 
introduction of the primary device is measured by secondary devices 
(manometer, pressure transducer) and the AIR mass flowrate can be determined 
according to the following equation (in S.I. Units): 

s = c * E  y * A t  [ 2  * A P  '2 

where, 

is the air mass flowrate (kg/s) 
C is the discharge coefficient (dimensionless): 

E is the velocity of approach factor (dimensionless): 

y is the gas expansion factor (dimensionless), for orifice plates: 

At is the orifice area (m2) 
AP is the differential pressure across the orifice (Pa) 
p1 is the air density in the plane of the upstream pressure taps (kg/m3). 

For an airwater vapor mixture, pl may be expressed as: 

P1 (1 + W) 
p1 = 0.0034858 (for P1 near atmospheric pressure) 

T1 (1 + 1.608 W) 

P1 is the absolute pressure at the upstream pressure taps (Pa) 
T1 is the absolute temperature in the plane of the upstream pressure 

taps, K 
W is the humidity ratio, kg H20/kg dry air 
Re is the Reynolds Number (dimensionless) 

is the air viscosity (~*s/rn~) 
k is the isentropic coefficient (k-1.4 for air) 
p = d/D 
d is the orifice diameter (m) 
D is the upstream internal pipe diameter (m) 



2.0 Note on the evaluation of C 

The discharge coefficient, C, is a function of rfi, the mass flowrate. 
The mass flowrate being unknown at the start, an interative process has to 
cake place: A flowrate is guessed and an estimate of C obtained, with this 
estimate of C a new rfi is calculated and the process is repeated until 
convergence is obtained (usually 3-4 iterations). 

3.0 Construction details 

The two identical orifice plate sections were built according to IS0 
and ASME (4,5) specifications (Figs. A1 and A2). The orifice plate sections 
are made of brass as it was the only material meeting the circularity and 
roughness of pipe requirements. The orifice plates are made of 
stainless-steel. The tolerances set forward in (5) for the perpendicularity 
of the orifice plate, the pressure tapping arrangement and the required 
straight length of pipe before and after the plates were all surpassed. 
After construction, both orifice plate sections were sealed at both ends and 
pressurized to approximately 35 kPa; no leaks were detected. 

4.0 AP, p, (PI ,TI , W) measurements 

The static pressure drop across the orifice, AP, is measured using a 
variable reluctance pressure transducer. The determination of the density. 

"1, 
requires the measurement of P1, T1, W. The absolute pressure at the 

upstream pressure tap, PI, is obtained by subtracting from the local 
barometric pressure measurement the pressure difference, as measured by a 
digital micromanometer, from ambient to the upstream pressure tap. The air 
temperature, TI, is measured using five elements silicon temperature 
sensors, located 530 mm downstream from the upstream pressure taps. The 
humidity ratio, W, is obtained from the relative humidity (section 2.6) and 
ambient temperature measurements (section 2.2.2) using the algorithm 
described in (12). 



Figure A l .  Orifice plate section - air collector test facility 



Figure A2. Orifice p la te  section - a i r  col lector  t e s t  f a c i l i t y  (de t a i l )  




