
















The i n t e g r a l  i s  genera l ly  approximated by: 

o r  by: 

where A t  = 
i + l  

- t .  i s  t h e  "sampling i n t e r v a l "  ( t ime between data  logger 
"scans" ) . 1 

Sampling i n t e r v a l s  of 1, 5,  1 0  and 15  minutes have been used a t  CSU. 

The dens i ty ,  p ,  used t o  evaluate  m = VAp, i s  t y p i c a l l y  evaluated from esta-  
b l i shed  .density-temperature funct ions  f o r  the aqueous s o l u t i o n s  encountered 
i n  the  hydronic systems. I n  a i r  systems dens i ty  i s  t y p i c a l l y  computed from 
a  reference  d e n s i t y  cor rec ted  f o r  measured barometric pressure ,  humidity 
and temperature. A t  any r a t e ,  the  most common measurements i n  CSUfs a c t i v e  
heat ing and cool ing systems a r e  temperatures, temperature d i f fe rences ,  and 
flows. 

Thermopiles f o r  Measuring Temperature Differences 

Temperature d i f f e r e n c e s  encountered i n  the CSU hydronic systems were or ig i -  
n a l l y  computed by taking the  d i f fe rence  between separa te  thermocouple read- 
ings. However re fe rence  junc t ion  e r r o r s  and l i m i t e d  data  logger r e s o l u t i o n  
r e s u l t e d  i n  e r r o r s  t h a t  o f t e n  exceeded .5 K. Consequently a  5  K measured 
temperature d i f fe rence  could e a s i l y  be i n  e r r o r  by more than 10W. Further-  
more, over ha l f  of t h i s  e r r o r  t y p i c a l l y  appeared a s  a  r e l a t i v e l y  constant  
o f f s e t  e r r o r .  This  r e s u l t e d  i n  systematic e r r o r s  i n  ca lcu la ted  energy 
flows. 

Temperature d i f f e r e n c e s  i n  the  CSU a i r  system on the  o the r  hand have been 
measured with thermopiles from the  ou t se t .  Eight o r  more p a i r s  of junc- 
t i o n s  a r e  used i n  the  f a b r i c a t i o n  of each thermopile. The junct ions  a r e  
d i s t r i b u t e d  a c r o s s  the  duct  a t  each measuring s t a t i o n  a s  shown i n  Figure 10 
t o  ob ta in  an average temperature d i f fe rence  when the  a i r  i s  not  f u l l y  
mixed. Temperature g rad ien t s  can e x i s t  perpendicular  t o  the flow i n  such 
cases.  Large g rad ien t s  a r e  a c t u a l l y  f a i r l y  common downstream of c e r t a i n  
p ieces  of equipment such a s  the  air-water hea t  exchanger. 

Properly f a b r i c a t e d  and i n s t a l l e d  thermopiles a r e  inherent ly  zero o f f s e t  
devices.  The s c a l e  f a c t o r  e r r o r  can be taken t o  be the ASTM s c a l e  f a c t o r  
e r r o r  ( i . e .  the  "percent of readingf '  e r r o r  component). Thus type T  ther- 
mopiles f a b r i c a t e d  from "premiumff or  "specia l  l i m i t s "  grade wire a r e  
accura te  t o  wi th in  + .4% of reading. This f i g u r e  has been v e r i f i e d  i n  
c a l i b r a t i o n  t e s t s  a t  CSU and SERI. The data  logger w i l l  con t r ibu te  a  small 
o f f s e t  error  t h a t  i s  u s u a l l y  l e s s  than .05 K. For example, a 5 microvolt 
o f f s e t  e r r o r  r e s u l t s  i n  a  . O 1  K o f f s e t  e r r o r  when temperature d i f fe rence  i s  
measured by a  9 p a i r ,  type T  thermopile. 



Figure 10. 
Location of six pairs of junctions at two duct cross sections for 
measuring average temperature difference in an air heating system by 
means of a thermopile. 
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A p r a c t i c e  of measuring temperature d i f f e rences  i n  a complete c i r c u i t  
around each f l u i d  loop ( i . e .  between every contiguous p a i r  of measuring 
s t a t i o n s )  has proven usefu l .  Two such c i r c u i t s  a re  shown i n  Figure 11 
where i t  i s  seen t h a t  even the  small temperature changes assoc ia ted  with 
hea t  l o s s  from duct runs a r e  measured. The temperature d i f fe rences  meas- 
ured around the  loop a r e  summed a t  every scan. The sum i s  compared t o  an 
e r r o r  l i m i t ,  e.g. + (.l K + 1% of the d i f fe rence  between the  highest  and 
lowest temperatures i n  the l o o p ) .  The r e s u l t s  of t h i s  procedure give added 
confidence i n  thermopile accuracy a s  well  a s  a means of de tec t ing  thermo- 
p i l e ,  probe, o r  leadwire f a u l t s .  

F i g u r e  11. 
Location of temperature measuring stations in an air heating system. 
Note the practice of linking each successive pair of measuring stations 
with a thermopile in order to directly measure all temperature differences 
around the loop. 





Figure 14. 
Temperature measuring station with thermopile end removed from 
probe to show liberal use of thermal grease to reduce probe error. 

Converting Thermopile Voltage to Temperature 

Thermopiles are somewhat non-linear. Over the range of temperatures 
encountered in low temperature solar applications most types of thermopile 
have a positive temperature coefficient, i. e. their sensitivity increases 
with temperature. In any case it is always necessary to measure the tem- 
perature at one end of the thermopile to perform the voltage to temperature 
conversion. However, because the thermopile nonlinearity is weak, only a . 

small fraction of the error in this "reference temperature" measurement 
is propagated to the resulting temperature difference. 

Three thermopile conversion algorithms are in common use [31: the first 
uses the standard form of the thermocouple curve 141, the second uses a 
table of thermopile coefficients with linear interpolation, and the third 
uses a bivarite function, S(Ae, T ), fit to the table of thermopile coef- 
ficients. The first method was e&$foyed at C.S.U. for i time [I] but d i e  
continued in favor of the less computationally burdensome third method. 

The third method is simpler in part because it is usually unnecessary for 
the thermopile canversion function to be fitted over the entire range of 
the standard thermocouple curve. A lower order polynomial may therefore be 
used. Coefficients in the thermopile sensitivity function depend on the 
thermocoa le type as well as the temperature range. Over the temperature g range -35 C < T < 115'~ and -100K < A T  < +loOK the conversion functions 

f may be approrimHded by: 



S = 25.89 - .05749 T - .7447Ae + .0001635 9 + .005557 Tref Ae + .4654 Ae 2 ref ref 

- -4475x10-~ 9 - .00002107<~~ As - .0003793 Tref ~e~ - .00218g As 3 
ref 

for type T within .08% rms, +.47% maximum and -.07Sb minimum error, and 

S = 19.86 - .02447 Tref - .2446Ae + .0001044 eef + .002155 TrefAe + .01341 As 2 

- -1554 x 3 - .00004093 eef Ae - .0005038 Tref 8e2 - .002351 Ae 3 ref 

for type J within .04% rms, +.25% maximum and -.08% minimum error. Using 
the appropriate expression for S, the temperature difference in Kelvins is 
calculated by A T  = She where Ae is the measured thermopile voltage in mil- 
livolts divided by the number of junction pairs. 

Two practices have been used at CSU to obtain the "reference temperature" 
measurements needed for thermopile conversion. Both use thermocouples and 
work equally well. The first is to simply insert an extra thermocouple in 
the probe along with the thermopile leads. The second involves splicing 
into the thermopile a pair of thermocouple leads so that the data logger 
can treat one of the thermopile junctions as if it were a separate thermo- 
couple. This method will only work if certain grounding and data logger 
requirements are met as discussed in [51. 

Air Flow Measurement 

The essentially constant volumetric flow rate property of most residential 
W A C  blowers has been used to advantage in measuring flow rates in the CSU 
solar air heating system. The scheme involves determining long term aver- 
age flow rates for each mode of operation and duct location of interest. 
Calibrated, low cost Pitot rakes such as the one shown in Figure 15 are 
used as the primary measuring elements. Airflow measuring stations W108 
and W109 are shown in Figure 16 with the pitot rake module for station W109 
partially removed. A large number of flow stations are needed because air 
leaks result in large differences in mass flow rate at different points 
about a "closed loop." The locations of,the thirteen measuring stations 
used to monitor the parallel heat pump system are shown in Figure 17. 

The Pitot rakes produce very low differential pLressures (around .1 milli- 
bar) at the air velocities being measured (around 3 mls). The cost of a 
secondary measuring element (differential pressure transducer) with ade- 
quate accuracy specifications is therefore quite high (around $3000). Con- 
sequently a measuring system has been developed in which a single trans- 
ducer is used to monitor a number of air flow stations. We call this 
"pneumatic time-division multiplexing." 

Figure 1 8  shows the differential pressure transducer (lower right) and its 
associated electronics (top). The back of the panel to which pneumatic 
tubes from the Pitot rake stations connect is visible (center); the 2-gang 
12-position 
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Figu re  15. 
P i t o t  r a k e  module showing t h e  e i g h t  t o t a l  p r e s s u r e  t a p s  and manifold 
(copper ) ,  two s t a t i c  t a p s  (aluminum), and the honeycomb a i r  s t r a i g h t e n e r  
(da rk  a r e a ) .  The module measures a i r  f low toward t h e  viewer t h e r e f o r e  
t h e  t o t a l  p r e s s u r e  t a p s  p o i n t  away from t h e  viewer (upstream). 

F igu re  16. 
A i r  f low measuring s t a t i o n s  i n  t h e  duc t  l e a d i n g  t o  t h e  lower rock  bed 
plenum. The s t a t i o n  from which t h e  P i t o t  r a k e  module has been p a r t l y  
removed measures f low when s t o r a g e  is  being charged (flow t o  t h e  left). 
The o t h e r  s t a t i o n  measures flow du r ing  d i s c h a r g e  (flow t o  t h e  r i g h t ) .  



Figure 17. 
Location of air flow measuring stations in the solar air heating system 
with parallel heat pump and off-peak cooling capability. Note the location 
of stations at both collector inlets and outlets to determine leakage 
rates. 

Figure 18. 
Pneumatic multiplexer and differential pressure transducer for sampling 
the dynamic heads developed by up to 11 pitot rake air flow measuring 
stations. 



Figure 19. 
Block diagram of the air flow measuring system and its relation to 
the data logger and.the monitored system. 
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valve (pneumatic switch) t o  which the  i n t e r n a l  tubes connect, i s  hidden. 
The valve p o s i t i o n  c o n t r o l l e r  appears t o  the lower l e f t .  A hea te r  main- 
t a i n s  t h e  pressure  transducer a t  6 0 ' ~  t o  reduce f l u c t u a t i o n s  i n  zero 
o f f s e t .  With t h i s  mult iplexing scheme only one s t a t i o n  can be monitored a t  
each scan (scans  occur every 10 minutes).  The r e s u l t i n g  sampling r a t e  i s  
never the less  s u f f i c i e n t  f o r  obta in ing long term average flow r a t e s  and even 
t o  d e t e c t  changes i n  the  average flow r a t e s  t h a t  occur a s  f requent ly  a s  
every few days. 

A block diagram of the  a i r  flow measuring system i s  shown i n  Figure 1 9 ,  
'Iko such systems a r e  i n  use wi th  a t o t a l  capaci ty  of 22 a i r  flow measuring 
s t a t i o n s .  The purpose of the pneumatic mult iplexing c o n t r o l l e r  i s  t o  
determine the  opera t ing mode of the  heat ing system and t o  sequen t ia l ly  
s e l e c t  a i r  flow s t a t i o n s  t h a t  a r e  a c t i v e  i n  t h a t  mode. 

The c o n t r o l l e r  opera tes  a s  follows. A pneumatic switch, which connects the  
d i f f e r e n t i a l  pressure  transducer pneumatically t o  one of twelve pneumatic 
c i r c u i t s  i s  stepped through i t s  twelve p o s i t i o n s  sequen t ia l ly .  Up t o  
eleven of these  p o s i t i o n s  may connect t o  P i t o t  rakes  a t  var ious  loca t ions  
i n  the  system while the  twelvth i s  connected t o  a pneumatic shor t  c i r c u i t  
f o r  measuring the  zero  o f f s e t  of the d i f f e r e n t i a l  pressure  transducer. 
Stepping commences a f t e r  each scan. A t  each s t e p  the  mode and switch posi- 
t i o n  a r e  input  t o  a t r u t h  t a b l e  whose output  i s  True i f  the  a i r  monitor 
corresponding t o  the  switch p o s i t i o n  i s  a c t i v e  i n  the  indicated  mode and 
Fa l se  i f  it i s  not. On False  another s t e p  i s  i n i t i a t e d ;  on True stepping 
s tops .  Eventually the  d i f f e r e n t i a l  pressure  transducer i s  connected pneu- 
mat ica l ly  t o  an a c t i v e  a i r  monitor o r  t o  the  pneumatic s o r t .  A scan 
occurs,  the  d i f f e r e n t i a l  pressure  reading i s  secured, and the  whole process 
i s  repeated.  A schematic of the c o n t r o l l e r  i s  shown i n  Figure 20. 



The volumetric flow rate corresponding to the measured differential pres- 
sure is calculated first at local conditions of temperature and pressure 
and then at blower conditions. The variables used in these calculations 
are defined below: 

$0,~ % Volumetric flow rate: at local (air monitor) density 

(g), and at blower density (B) 

AL 
Duct cross-sectional area at monitor 

Air monitor pitot coefficient (determined by calibration) 

v~ Flow velocity 

AP Dynamic pressure 

Po.Pg~PB Air density: standard, at the monitor, and at the blower 

po,pR,pB Static pressure: standard, at the monitor, and at the blower 

To,TL,TB Temperature: standard, at the monitor, and at the blower 

The local volumetric flow rate is given by: 

The local pressure, p , is taken to the the atmospheric pressure within the 
building envelope uncorrected for pressure distribution within the ducts. 
Such a correction is less than two parts per thousand in most air systems 
and is thus unimportant. In practice, the product, C A is determined by 
calibration of individual air monitors, as discussed in the next section. 

The local volumetric flow rate, V , is then converted to blower equivalent 
air density and the negligible pressure correction eliminated giving: 

As pointed out in 231 there is theoretical justification for expressing all 
volumetric flow rates at blower conditions. In a fluid circuit with a con- 
stant volume motor-blower, constant temperature along the flow path and 
stable leakage, volumetric flow rates would be expected to be constant 
everywhere. The introduction of temperature changes along the flow path 
results in expansion (or contraction) of the air as it is heated (or 
cooled) locally thus increasing (or decreasing) the volumetric flow rate at 
any given point in the loop. Experimental results confirm that.V has a B 
tighter distribution, and thus smaller standard deviation than Yg. 
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Figure 20. (below) 
Schematic of the programmable pneumatic 
multiplexing controller. . . 
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Figure 21. ( lef t )  
Airf low s t a t i s t i c s  f r o r  CSU So la r  House 
2. Two d i f f e r e n t  o p e r a t i n g  modes a r e  
r e p r e s e n t e d  wi th  f low measurements taken  
a t  t h r e e  d i f P e r e n t  l o c a t i o n s  f o r  each 
mode. ';he random v a r i a b l e ,  x ,  i s  volu- 
metric f l o w r a t e  a t  blower c o n d i t i o n s ,  
de s igna t ed  4 i n  t h e  t e x t .  The main 
a b s c i s s a  = c a f e  g i v e s  x normalized t o  t h e  
s a n p l e  mean, x / x .  The a b s c i s s a  s c a l e  
belcw each r e l a t i v e  frequency his togram 
g i v e s  d e v i a t i o n  from t h e  sample mean 
no]-rnalized t o  t h e  s tandad  d e v i a t i o n  o f  - 
t h e  sample,  ( x  - x ) / s x .  



Figure  2 1  i s  r e p r e s e n t a t i v e  of t he  s t a t i s t i c a l  a n a l y s i s  app l i ed  t o  a l l  of 
the  flow da ta .  The sample va r i ance  f o r  the  3a o u t l i e r  r e j e c t i o n  c r i t e r i o n  
i s  based on t h e  s tandard  d e v i a t i o n  of t h e  f i n a l l y  accepted sample and must 
t h e r e f o r e  be solved i t e r a t i v e l y  i n  m u l t i p l e  pas s  da t a  process ing .  The da ta  
a r e  g e n e r a l l y  processed i n  two week samples i n  order  t o  t e s t  f o r  changes i n  
t h e  sample mean and va r i ance .  

Heat r a t e s  must always be c a l c u l a t e d  us ing  t h e  flow r a t e  v a l u e s  which a r e  
v a l i d  a t  t h e  time of t h e  h e a t  r a t e  measurements. This  i s  a  disadvantage 
because the  r e s u l t s  of real- t ime d a t a  r educ t ion  must be c o r r e c t e d  when a  
change i n  any of t he  r a t e s  i s  de tec ted .  Fo r tuna te ly  the  averages have gen- 
e ra l ly . r ema ined  cons tan t  except  f o r  i n t e n t i o n a l  adjustments .  Advantages of 
t h i s  scheme a r e  t h a t  instrument  mal funct ions  a r e  qu ick ly  de tec t ed  (by the  
r a t i o  of samples accepted  t o  samples r e j e c t e d  o r  by changes i n  t h e  sample 
mean o r  va r i ance )  and t r a n s i e n t  flow readings ,  which can p o t e n t i a l l y  in t ro -  
duce l a r g e  h e a t  balance e r r o r s ,  a r e  r e j e c t e d  according t o  a  formal,  r e l i -  
a b l e  procedure. The scheme provides  good accuracy ( w i t h i n  t 2% of the  t r u e  
s t eady  s t a t e  average a t  v e l o c i t i e s  of around 3 mls) a t  r e l a t i v e l y  low c o s t  
when the  number of a i r  flow s t a t i o n s  i s  more than  about f i v e .  

C a l i b r a t i o n  of A i r  Flowmeters 

Basic  p l ans  and procedures f o r  the  c a l i b r a t i o n  r i g  appear  i n  ASHRAE [61, 
ASHRAE [ 7 ]  and NBS [ a ] .  However these  documents a r e  somewhat incomplete.  
The equipment and procedures  t h a t  were found t o  work wel l  a t  CSU a r e  there-  
f o r e  p resen ted  below. 

The b a s i c  nozzle  appara tus  i s  shown schemat ica l ly  i n  Figure 22 and pic-  
t o r a l l y  i n  F igure  23. Cons t ruc t ion  d e t a i l s  a r e  shown i n  F igure  24. The 
box i s  f a b r i c a t e d  of plywood w i t h  continuous corner  b locks  of f i r  or  p ine  
which a r e  screwed and glued t o  ensure  a i r  t i g h t n e s s .  Wooden f l anges  a r e  
i n s t a l l e d  t o  accep t  t h e  i n l e t  a d a p t e r  ( t h i s  i s  an  e x t e r n a l  f l ange )  t h e  
d i f f u s e r  b a f f l e s ,  and nozzle  b a f f l e ,  and an access  cover.  Closed c e l l  foam 
gaske t s  a r e  c a r e f u l l y  bonded t o  the  i n l e t ,  nozzle,  and access  cover f l ange  
f aces .  To minimize leakage,  h o l e s  f o r  t he  i n l e t  a d a p t e r  f a s t e n e r s  a r e  
d r i l l e d  o u t s i d e  of t he  gasket ;  nozz le  b a f f l e  ho le s  a r e  d r i l l e d  through the  
gasket .  

The d i f f u s e r  b a f f l e s  a r e  p e r f o r a t e d  p l a t e s  wi th  approximately 40% f r e e  
a r e a ,  uniformly d i s t r i b u t e d .  Commercially a v a i l a b l e  p e r f o r a t e d  sc reen  w i t h  
about 0.5 cm ho les  i s  s a t i s f a c t o r y  except  when a  very  small nozzle i s  used; 
the  d i f f u s e r  p e r f o r a t i o n s  should be l e s s  than 1/5 the nozzle diameter .  
Moderate leakage i n t o  the  nozzle o u t l e t  plenum from the  ou t s ide  i s  permis- 
s i b l e .  However, leakage between the  nozzle i n l e t  plenum and the  o u t s i d e ,  
o r  between t h e  i n l e t  plenum and the  o u t l e t  plenum, must be minimized. The 
leakage r a t e s  were measured using the  appara tus  shown i n  F igure  24. The 
l e a k  t e s t  procedure fo l lows.  

With a  s o l i d  adap te r  p l a t e  cover ing  the  i n l e t  f lange ,  a  vacuum c leane r  i s  
used t o  draw the  plenum gauge p r e s s u r e  down t o  what w i l l  be encountered 
dur ing  o p e r a t i o n  a t  f u l l  flow. Leakage, a s  i n f e r r e d  from Ap a c r o s s  the  
o r i f  i c e ,  was l e s s  than  0.1% of the  f u l l  flow. 



Figure 22. 
Schematic of air flow calibration rig employing a 6 inch diameter 
ASME standard nozzle. 

. - I I 

NOZZLE : DISCHARGE PLENUM ( ~ ~ h ~ ~ ~ +  , I 

i 1 

-Air Flo 

Diffusion 
Baff 10s 

Figure 23. 
Photograph of the air flow calibration rig. 



Figure 24. 
Apparatus for checking leakage into the nozzle inlet plenum. 

h m  vacuum cleaner intake n ti 

Figure 25. 
Acrylic nozzle turned to ASME long radius nozzle standards ( 
a micromanometer (right) for measuring nozzle pressure drop. 

left) and 



When s e l e c t i n g  a  nozzle and blower/motor s e t ,  t he  range of volumetr ic  flow 
r a t e s  and r e s u l t i n g  nozzle  p res su re  drops must be considered.  The nozzle 
p res su re  drop a t  a  maximum t h r o a t  v e l o c i t y  of 35 m / s  (115 f p s )  i s  700 N/m 2  

(2.8 inches  water )  a t  s tandard  a i r  cond i t ions .  (The d i f f u s e r  b a f f l e s  add 
only about  3% t o  the nozzle  p r e s s u r e  drop.) This  p r e s s u r e  drop i s  consid- 
e r a b l y  l a r g e r  than  t h a t  encountered i n  the  CSU s o l a r  a i r  hea t ing  system, so 
a  cor respondingly  l a r g e r  motor was r e q u i r e d  t o  d r i v e  the c a l i b r a t i o n  r i g .  
Flow r a t e  modulation was provided by changing d r i v e  r a t i o s  and by an adju- 
s t a b l e  damper a t  t h e  blower. 

The nozzle  shown i n  F igure  25 was turned  i n  the  CSU Engineering Research 
Shop. The n o z z l e ' s  t h r o a t  d iameter  was determined p r e c i s e l y  before  i n s t a l -  
l a t i o n  i n  the  nozzle appara tus  by measuring t h e  i n s i d e  diameter  a t  fou r  
l o c a t i o n s  i n  the  t h r o a t  t o  an  accuracy of 0.05%. The f o u r  measurements 
should agree  t o  w i t h i n  0.2% and t h e i r  average used t o  c a l c u l a t e  the  cross-  
s e c t i o n a l  a r e a  of t h e  t h r o a t .  Nozzles manufactured t o  AShE long r a d i u s  
nozzle  s p e c i f i c a t i o n s  a r e  a v a i l a b l e  i n  e i g h t  s i z e s  between 4  and 22 cm (50% 
increments)  from A i r  F i l t e r  .Test ing Labora to r i e s ,  1912 Product ion D r . ,  
L,ouisvi l le ,  KY 40299. Smaller nozz le s  a r e  a v a i l a b l e  from Cox Instrument ,  
15300 F u l l e r t o n ,  D e t r o i t ,  M I  48227. 

A good square  edge s t a t i c  p r e s s u r e  t a p  which mounts f l u s h  w i t h  the plywood 
w a l l  has been f a b r i c a t e d  a t  low c o s t  from a  f l a t  hea t  c a r r i a g e  b o l t  a s  
shown i n  F igure  26. Taps a r e  i n s t a l l e d  0.5d upstream and 1.0d dowostream 
of the  nozzle b a f f l e .  It i s  important  t h a t  no l e a k s  e x i s t  i n  the  s t a t i c  
t a p  t u b u l a t i o n s  and t h a t  the  manometer have a  p r e c i s i o n  of 0.05 mm water 
column o r  b e t t e r .  A hook gauge o r  "micro-manometer," a s  shown i n  Figure 
25, i s  r equ i red .  

The c a l i b r a t i o n  r i g  has  been opera ted  i n  a  c losed  room so t h a t  i n l e t  a i r  i s  
drawn d i r e c t l y  from room ambient through a  b e l l  mouth opening leading  i n t o  
the  t e s t  meter  duct  s e c t i o n ,  the  nozzle,  and f i n a l l y ,  the  blower. Blower 
exhaus t  a i r  i s  d ischarged  back i n t o  t h e  room. It i s  s imples t  t o  measure 
barometr ic  p re s su re  i n  the  room and add t o  i t  the s t a t i c  gauge pressure  ( a  
negat ive  gauge p r e s s u r e )  measured i n  the  nozzle o u t l e t  plenum. A i r  tem- 
p e r a t u r e  and r e l a t i v e  humidity (needed i n  a d d i t i o n  t o  barometr ic  p re s su re  
t o  c a l c u l a t e  a i r  d e n s i t y )  a r e  a l s o  measured a t  room ambient cond i t ions  thus  
e l i m i n a t i n g  t h e  need f o r  duct  probes. 

Liquid Flow Measurement 

O r i f i c e  meters  and d i f f e r e n t i a l  p re s su re  t r ansduce r s  were used f o r  a  time 
t o  measure flow r a t e s  i n  S o l a r  House 1. However ze ro  o f f s e t  d r i f t  r e s u l t e d  
i n  l a r g e  e r r o r s .  I n d u s t r i a l  grade t u r b i n e  meters  have been used s ince  
then. With p e r i o d i c  i n d i v i d u a l  c a l i b r a t i o n  these  meters  provide good accu- 
r acy  (21%) a t  reasonable  c o s t .  

m e  tu rb ine  meters  were o r i g i n a l l y  c a l i b r a t e d  a g a i n s t  a  mass s tandard  a s  
shown i n  F igure  27. The procedure fo l lows:  

Begin w i t h  t h e  c a t c h  bucket  (empty) and a  s tandard  mass, m , on one s i d e  of 
t h e  ba lance  and a n  excess  of mass on t h e  o t h e r  s i d e .  s t a r t  pumping the  
f l u i d  a t  a  s t eady  r a t e  through the t e s t  meter  and i n t o  the  c a t c h  bucket.  
A t  t h e  i n s t a n t  t h e  ba lance  c r o s s e s  z e r o  s t a r t  i n t e g r a t i n g  the  meter ' s  out- 
pu t .  



Remove the  s t anda rd  mass from the  c a t c h  bucket s i d e  of t he  s c a l e ;  t he  mass 
on the  o t h e r  s i d e  i s  unchanged so i t  w i l l  aga in  be i n  excess .  When a  mass 
of l i q u i d  equal  t o  m has  passed i n t o  the  bucket ,  t h e  ba lance  w i l l  aga in  
c r o s s  zero.  A t  t h e  s n s t a n t  t h e  ba lance  c r o s s e s  z e r o  s t o p  i n t e g r a t i n g  

For a  vo lume t r i c  flowmeter t h e  meter  c a l i b r a t i o n  i s  g iven  by: 

where dens i ty .  p ,  is  measured o r  i n f e r r e d  from the  temperature of the  
f l u i d ,  and f indicated i s  t h e  cumulat ive volume i n d i c a t e d  by the  t e s t  meter.  

Some p o t e n t i a l  sou rces  of e r r o r  which a r e  e l imina ted  by t h i s  procedure a r e :  

1. volume measurement e r r o r :  a  mass s t anda rd  i s  no t  a f f e c t e d  by tem- 
p e r a t u r e  of mechanical s t r e s s ;  

2 .  weighing s c a l e  n o n l i n e a r i t y :  t he  s c a l e  i s  i n  t h e  same p o s i t i o n  
( t h e  z e r o  c r o s s i n g  p o i n t )  a t  bo th  t h e  s t a r t  and the  f i n i s h  of the  run; 

3. v a r i a t i o n  i n  f l u i d  holdup volume: t he  volume of f l u i d  he ld  up i n  
t he  p i p e s  remains cons t an t ;  

F i g u r e  26. 
Cheap squa re  edge s t a t i c  p r e s s u r e  t a p  f a b r i c a t e d  from f l a t  head 
c a r r i a g e  b o l t .  

8mm flathead 
carriage bolt 

( t ~ d a p t e r  for 



Figu re  27 .  
Mass ba l ance  c a l i b r a t i o n  r i g  f o r  l i q u i d  f low meters. 
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Figu re  28. 
V'enturi  m e t e r  and manometer used fo r  in-situ calibration of turbine meters. 



Figure  27 .  
Mass ba lance  c a l i b r a t i o n  r i g  f o r  liquid flow meters .  
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Figure 28. 
Ventu r i  meter and manometer used f o r  i n - s i t u  c a l i b r a t i o n  of t u r b i n e  meters.  



4.  flow t r a n s i e n t s :  t h e  meter does not  experience flow t r a n s i e n t s  
during c a l i b r a t i o n ;  

5. weighing dynamics: the  mass on the  balance i s  the  same a t  the  end 
of the  run a s  a t  t he  beginning - the  balance i n d i c a t o r  w i l l  t he re fo re  c ross  
ze ro  a t  the  same speed. 

A dump sp igo t  on t h e  weighing bucket and a sump t o  r e t u r n  f l u i d  t o  the  
holding tank exped i t e s  mul t ip l e  c a l i b r a t i o n  runs.  

An i n - s i t u  c a l i b r a t i o n  procedure t h a t  i s  more convenient than  the  mass bal- 
ance c a l i b r a t i o n  procedure has  r e c e n t l y  been adopted. Valves and unions 
a r e  i n s t a l l e d  downstream of the  tu rb ine  meter so t h a t  a  v e n t u r i  meter can 
be connected i n  s e r i e s  a s  shown i n  Figure  28. Low c o s t  aluminum v e n t u r i s  
have proven s u i t a b l e  because they a r e  only used f o r  s h o r t  per iods  of time. 
The v e n t u r i  meter i s  c a l i b r a t e d  using the  mass balance appara tus  descr ibed  
previous ly .  

The advantages of t h i s  procedure a r e  t h a t  the t e s t  meter i s  c a l i b r a t e d  wi th  
the  same f l u i d  and flow geometry a s  i s  used during performance monitoring 
and wi th  the  same s i g n a l  condi t ioning  modules t h a t  a r e  used during perfor -  
mance monitoring. I n  o t h e r  words, a  "system c a l i b r a t i o n "  i s  performed. 
The c a l i b r a t i o n s  a r e  a l s o  performed more quickly  and t h e r e f o r e  more f r e -  
quen t ly  by t h e  i n - s i t e  procedure than by the  mass balance procedure. 

Conclusions 

The o b j e c t i v e s  t o  cont inuously  and a c c u r a t e l y  monitor the  performance of 
f u l l  s c a l e  s o l a r  hea t ing  and cool ing  systems f o r  r e s i d e n t i a l  bu i ld ings  have 
been met. Specia l  purpose measurement systems and c a l i b r a t i o n  procedures 
have been developed a t  CSU t o  meet these  o b j e c t i v e s  a t  reasonable cos t .  
The techniques  presented  here  a r e  based on accepted measuring p r i n c i p l e s  
and should be use fu l  i n  o the r  s i m i l a r  a p p l i c a t i o n s .  However, l i t t l e  has 
been s a i d  about  da ta  logging equipment and micro-computers f o r  da ta  reduc- 
t i o n .  These technologies  a r e  advancing so r a p i d l y  t h a t  by the  time one has 
rece ived,  connected, programmed, and repor t ed  on one ' s  system i t  i s  gen- 
e r a l l y  obso le t e .  Obsolete  o r  not ,  t he  dedica ted  micro-computer systems 
t h a t  have been used f o r  r e a l  time da ta  reduct ion  a t  CSU f o r  the pas t  seven 
y e a r s  have been e s s e n t i a l  t o  the  success  of the  p r o j e c t s  and w i l l  continue 
t o  be so. 

Appendix A: Analysis  of Temperature Probe E r r o r s  

A thermocouple probe ( o r  o t h e r  temperature sensing probe) i s  normally 
immersed i n  a  f l u i d  s tream t o  measure the  l o c a l  f l u i d  temperature. The 
probe i s  coupled convect ive ly  t o  the  f l u i d  and conduct ive ly  (along i t s  
l eng th )  t o  t h e  wa l l  on which i t  i s  mounted. I f  the  f l u i d  i s  a  gas, such a s  
a i r ,  t he  probe i s  a l s o  coupled r a d i a t i v e l y  t o  the  w a l l s  which i t  can see.  
The duct  o r  p ipe  wa l l  temperature o f t e n  d e v i a t e s  s u b s t a n t i a l l y  from the  
temperature of the  bulk  of the  f l u i d .  With e l e c t r i c a l l y  e x c i t e d  tempera- 
t u r e  sensor s  t h e r e  i s  a l s o  a  se l f -hea t ing  e f f e c t  produced by the r e s i s t a n c e  
hea t ing  of the  probe t i p .  To p roper ly  des ign  temperature probes, the  
b i a s e s  produced by the  r a d i a t i o n ,  conduction and se l f -hea t ing  e f f e c t s  a r e  
e s t ima ted  using the  r e l a t i o n s  der ived  by dewinter  [ 3 1 ,  which a re  summarized 
below. 



Radia t ion  E f f e c t  

Let  us  assume t h a t  t he  probe i s  immersed i n  a  f l u i d  of uniform temperature 

T f s  
and t h a t  t he  wa l l  i s  a t  a  uniform temperature T  . 

W 

The s t eady- s t a t e  r a d i a t i o n  e r r o r ,  def ined  a s  t h e  d i f f e r e n c e  between the  
sensor  temperature,  T, and T  i s  given by 

f '  

The convect ion  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h  i s  p r i m a r i l y  a  func t ion  of 
conv* 

the  f l u i d  p r o p e r t i e s ,  v e l o c i t y  and probe s i z e .  With smal le r  probe s i z e ,  
h  normally i n c r e a s e s  so t h a t  t he  e r r o r  i n  t h e  reading  becomes l e s s .  

C onv 
Empirical  r e l a t i o n s  f o r  e s t ima t ing  h  

C onv a r e  given by McAdams [ 9 ]  f o r  the  
case  of flow normal t o  a  c y l i n d r i c a l  probe of diameter  D: 

h  D -- - 'Onv - 0.32 + 0.43 ( 
k  

m) 0*52 f o r  0  .I ( (QB) < 1.000 
P P 

and 

h  D 
c  onv -- - 

k  - 0.24 ( f o r 1 0 0 0  < (m) < 50,000 
P P 

where 

V = v e l o c i t y  of the  f l u i d ,  ( f t / h r )  
k = c o n d u c t i v i t y  W/mK ( b f u / f t  F h r )  3 p = d e n s i t y ,  kg/ ( l b m / f t  ) 
p = v i s c o s i t y ,  kgjms ( l b m / f t  h r )  

The r a d i a t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h  , f o r  a  probe w i t h  a  per imeter  
very  small  compared t o  the  per imeter  of th6aflow passage i s  normally well  
approximated by: 

wh r e  e i s  the  e m - s s i v i t y  of the  probe and a = 5.669 x  w/m K~ ( .I714 x - 8 2 4 1 B t u l f t  h r )  F i s  t h e  Stephan-Boltzman cons tan t .  

Conduction E f f e c t  

I f  we cons ide r  a  s l ende r  probe b u i l t  i n t o  a  wa l l  ( a t  temperature T ) a t  one 
end, and immersed i n  a  f l u i d  ( a t  temperature T,) a long i t s  f u l l  l egg th ,  
wi th  t h e  f l u i d  i n  t u r n  surrounded by a  wa l l  ( a t  temperature T ) ,  we can 
de r ive  t h e  s tandard  f i n  d i f f e r e n t i a l  equat ion  ( see  any standaFd hea t  
t r a n s f e r  t e x t ) :  

.. 
d L ~  kA - - 

2  
2nr  (T  - Tf) - hrad 2nr  (T  - T ) = 0  

dx c  onv w 



This  l e a d s  t o  t h e  fo l lowing expres s ion  f o r  conduct ion e r r o r :  

= T - Tf = (Tw - 1 
Tf)  cosh-z- - 1 -------- 

A T ~  ond - (Tw - ) cosh  m~ - 1 

where 

and where T i s  t h e  temperature a t  t he  t i p  of the  probe, L i s  the  l e n g t h  of 
t he  probe, and kA i s  t he  p robe ' s  o v e r a l l  a x i a l  conductance; i . e .  the  sum of 
a l l  t h e  conduct iv i ty-area  products  i n  t h e  c r o s s  s e c t i o n  of the  probe. 

Self-Heating E f f e c t  

I f  an RTD o r  semiconductor sensor  i s  used h e a t  i s  generated because of t he  
power, Q, d i s s i p a t e d  by the  e x c i t a t i o n  c u r r e n t  and sensor  vo l t age  drop. 
Th i s  r a i s e s  t h e  measured temperature above the  temperature which would oth- 
erwise be sensed. The s tandard  f i n  equa t ion  r e s u l t s  ( f o r  t h e  cond i t ions  of 
t h e  s e l f  hea t ing  problem) i n  t h e  expres s ion  f o r  s e l f  h e a t  e r r o r :  

The o v e r a l l  probe e r r o r  i s  t h e r e f o r e  given by 

This  expres s ion  g ives  T i n  terms of T and the  b i a sed  temperature reading,  
f  

T. For e s t ima t ing  t h e  e r r o r  i n  o rde r  To des ign  o r  s e l e c t  a  probe, an 
i t e r a t i v e  procedure must be used t o  so lve  f o r  T i n  terms of T and T 

W f '  

One should a l s o  e s t ima te  the  probe ' s  t ime cons tan t .  The fol lowing approxi- 
mation i s  on ly  s l i g h t l y  conserva t ive :  

where Apc i s  t h e  probe ' s  thermal capaci tance  pe r  u n i t  length ;  i . e .  the  sum 
of a l l  spgci f  i c  heat-densi ty-area products  i n  t h e  c r o s s  s e c t i o n  of t he  
probe. The probe should be designed t o  have a  time cons tan t ,  t, t h a t  i s  
l e s s  t h a n  10% of t h e  scan i n t e r v a l .  

An example c a l c u l a t i o n  of temperature probe e r r o r  appears  i n  [ 3 1 .  
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