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Five test buildings, representing single family dwellings, have been built
and operated at the Colorado State University Solar Village beginning in
1974. A variety of solar cooling, space heating and domestic water heating
systems have been evaluated in these buildings. This paper describes the
evaluation objectives, the kinds of systems monitored and the kinds of data
collected, the equipment used to measure and record the data, and the
installation and calibration procedures which have been established, Pro-
cedures and equipment that have been found to give high quality data at
reasonable cost are emphasized. Many of the standard instrumentation
topics which are familiar to most workers involved in solar performance
monitoring (e.g. pyranometers) are not discussed at all. This is not
meant to slight their importance; we simply have nothing new to say on
these topics,

Most of the information presented here comes from two recent CSU reports
[1,2]. The CSU projects have been supported by the Department of Energy,
whose support is gratefully acknowledged.

Further information on these projects can be obtained by ordering the cited
reports or other publications currently on the Solar Energy Applications
Laboratory publications list. The publications list is available on
request., Parts of this paper are excerpts from the final report [3] of a
project sponsored by the Electric Power Research Institute whose support is
also gratefully acknowledged. :

Types of Data

The overall objective of performance momitoring at CSU is to obtain data
that allow the thermal behavior of each major component to be accurately
characterized. Occasionally it is necessary to study a component in
greater detail, for example to measure the saturation temperatures and
pressures in an asorption chiller, however these studies are peripheral to
the main objective. By obtaining a continuous record of the operating con-
ditions and heat flows in and out of the major components it is possible to
characterize each component as a ’'black box.’ One can then verify a
mathematical or numerical model of the component and determine whether the
parameters (heat transfer coefficients, pumping rates, etc.) characterizing
the component deviate from the values specified in the design. One can
also learn about the interactions between components that are not always
apparent from simulation models. For example, modeling a discrete state
controller as a proportional controller is a reasonable approximation in
some cases but not in others. Finally one can report performance of the
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overall system as well as performance of individual components along with
the average operating conditions, It is often useful to report these per—
formance data for different periods such as a day, a month, or an entire
heating or cooling season,

Some examples of the useful forms in which data from the CSU projects have
been reported are illustrated in Figures 1-5, UFigure 1 shows the instan-
taneous cooling performance, at half hour intervals, of an air-to—air heat
pump used to ’’cold-charge’’ storage during the electric utility’s peak
hours. Figure 2 shows the evolution of rock bed temperature profiles dur—
ing a corresponding period and beyond into the discharge period as well,
Figure 3 illustrates how the parameters of a particular component (the
solar collector array) may be estimated from actual operating data. The
operating conditions, T , T,, and I , are measured every ten minutes along
with the rate of heat r%mov&l, q, pér unit collector area. From these data
the parameters of the Hottel-Whillier collector model:

efficiency = fl = FRta - FpUp (Ti - Ta)
t

may be obtained by a least squares fit.

The Hottel-Whillier model may or may not be adequate depending on one’s
modelling needs. The parameters of more realistic models, for example
models that contain a thermal radiation term:

a . _ —
1 FRta FRUC (Ti Ta) + F
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Figure 1.
One half hour heat pump data.
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Figure 2.
Two-hourly storage temperature profiles.
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Collector efficiency data from large sample of 10 minute data.
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or a wind term:

j‘ = = — —-— Ed
4 Fira FpUp (T; = T) - Fplv (T, - T,)

(where wind velocity, V, is an additional operating condition to be meas-—
ured) or a thermal capacitance term:
q dTi
= — — + S
It FRta FRUL (Ti Ta) Ci at

can be estimated. One can then select the form of model that is ''best”
for a given engineering purpose, Once the desired form of the governing
equation(s) has been established for a component model one can perform
further studies. For example degradation of the selective coating on a
collector plate can be tracked by least square estimation of the radiation
loss term, FRce, from data obtained during a number of successive months,

One useful way of representing overall system performance is shown in Fig-
ure 4. The monthly energy contributions by solar and auxiliary energy to
the space cooling and domestic hot water loads are shown, Four different
hydronic heating systems were tested during the time periods indicated. It
can be seen that month to month variations in the loads affect performance
about as strongly as modifications to the systems themselves. Thus it is
essential to develop adequate models to compare the performance of dif-
ferent types of systems. Side by side performance monitoring is often not
feasible but it is possible to verify models of these systems with suffi-
ciently accurate data from relatively short monitoring periods, Different
systems can then be compared by simulation using identical weather and load
conditions,

Another form in which overall system performance can be concisely reported
is illustrated in Figure 5., Here the cumulative energy transfers into and
out of the system are presented according to the path or mechanism of
energy flow., Note the 2% difference between energy collected and energy
supplied or lost. Part of this difference is a ’‘'heat balance closure
error’’ due to instrument errors., It is important at this level of perfor-
mance monitoring that all energy flows be measured so that this heat bal-
ance closure error can be calculated. This is the only reliable way to
verify that the transducers and data acquisition system have been function-
ing properly. More will be said on the subject of heat balances in the
next section, :

Types of Solar Heating and Cooling Systems Monitored

One of the four hydromic systems for which performance was reported in Fig-
ure 4 is depicted schematically in Figure 6. The first step in planning
the instrumentation of such a system is the construction of an energy flow
network., Such a network is shown in Figure 7. The system is then instru-
mented to measure all of the major energy flows and internal energy of all
energy storage components, This makes it possible to perform a heat bal-

-ance on each subsystem and on each component,
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Figure 6.
Solar air heating system with parallel heat pump auxiliary which also
employs off peak storage during the cooling season.
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Figure 7.
Energy flow diagram of the system shown in Figure 6.
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Determining all of the major energy flows in an air heating system, such as
the one depicted in Figure 8 can be quite difficult. The reason for this
is apparent from the corresponding energy flow network depicted in Figure
9. A number of the major emergy flows are due to ''air leakage'’ and

1 infiltration.’ Also shown are energy flows due to ‘'duct losses’’ which
are generally much larger than the corresponding pipe losses of hydromic
systems, Some of these energy flows can be measured with reasonable accu—
racy. Some can be calculated based on other measurements, However some,
such as the energy flow due to air leakage from storage, are very difficult
even to estimate. Because air leakage compounds the problem of flow meas—
urement in air systems a great deal of work has gone into air flow measure-
ment at CSU. Some of the results of this work are reported later in the

paper,

Energy Flow in Fluid Streams

Most of the measurements on these heating and cooling systems are ulti-
mately used to compute energy flow rates associated with the continuous
heating or cooling of fluids. Heat transfer rates of this sort are
evaluated by an equation of the form

Q = ATmc
P
where
AT = temperature difference
m = mass flow rate of the fluid
cp = specific heat of the fluid.

The mass flow rate is usually evaluated by an equation of the form

m = VAp
where

V = average velocity of the fluid

A = cross sectional area of the pipe
or duct where fluid velocity is measured
p = fluid density

3

The quantity of heat transferred between two points in time, t and t_, are
evaluated by integration: ° n

t

n
Q= /[ AT m ¢ dt.
¢ P

(o]
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Figure 8.
Solar hydronic heating and cooling system.
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The integral is generally approximated by:

. n-1

= At . ) At
Q ATo m 5 2 + 151 ATi m; c, At + ATn m, Cp 2
or by:
i |AT, + AT, Fitl .
——_———-l——
Q= Xz J mdtec
i=¢ v t
i
where At = ti+1 - ti is the '’sampling interval’’ (time between data logger

‘’scans’’ ).
Sampling intervals of 1, 5, 10 and 15 minutes have been used at CSU.

The density, p, used to evaluate m = VAp, is typically evaluated from esta-
blished ‘density—temperature functions for the aqueous solutions encountered
in the hydronic systems. In air systems density is typically computed from
a reference density corrected for measured barometric pressure, humidity
and temperature. At any rate, the most common measurements in CSU’s active
heating and cooling systems are temperatures, temperature differences, and
flows,

Thermopiles for Measuring Temperature Differences

Temperature differences encountered in the CSU hydronic systems were origi-—
nally computed by taking the difference between separate thermocouple read-
ings, However reference junction errors and limited data logger resolution
resulted in errors that often exceeded .5 K. Consequently a 5 K measured
temperature difference could easily be in error by more than 10%. Further-
more, over half of this error typically appeared as a relatively constant
offset error, This resulted in systematic errors in calculated energy
flows.,

Temperature differences in the CSU air system on the other hand have been
measured with thermopiles from the outset. Eight or more pairs of junc-
tions are used in the fabrication of each thermopile. The junctions are
distributed across the duct at each measuring station as shown in Figure 10
to obtain an average temperature difference when the air is not fully
mixed. Temperature gradients can exist perpendicular to the flow in such
cases, Large gradients are actually fairly common downstream of certain
pieces of equipment such as the air-water heat exchanger,

Properly fabricated and installed thermopiles are inherently zero offset
devices, The scale factor error can be taken to be the ASTM scale factor
error (i.e., the ''percent of reading’’ error component). Thus type T ther-
mopiles fabricated from ''premium’’ or ’’special limits’’ grade wire are
accurate to within + .4% of reading. This figure has been verified in
calibration tests at CSU and SERI. The data logger will contribute a small
offset error that is usually less than .05 K. For example, a8 5 microvolt
offset error results in a .01 K offset error when temperature difference is
measured by a 9 pair, type T thermopile.
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Figure 10.
Location of six pairs of junctions at two duct cross sectioms for
measuring average temperature difference in an air heating system by
means of a thermopile.
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A practice of measuring temperature differences in a complete circuit
around each fluid loop (i.e., between every contiguous pair of measuring
stations) has proven useful., 7Two such circuits are shown in Figure 11
where it is seen that even the small temperature changes associated with
heat loss from duct runs are measured, The temperature differences meas—
ured around the loop are summed at every scan, The sum is compared to an
error limit, e.g. + (.1 K + 1% of the difference between the highest and
lowest temperatures in the loop). The results of this procedure give added
confidence in thermopile accuracy as well as a means of detecting thermo-
pile, probe, or leadwire faults.

Figure 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 12.
A prototype loop of three thermopiles and three probes., Most
applicartiens reguiré mere Chan three mesasuring stations and
greater lengths of thermopile cabling between probes,

Fipure 13,
Temperatnre weasuring station at a collector header inler with
three separalbe probes. One probe dis preovided fuvr each of the
three thermepiles that Lerminate at this statlon,
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Figure 1l4.
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 [3]: the first
uses the standard form of the thermocouple curve [4], the second uses a
table of thermopile coefficients with linear interpolation, and the third
uses & bivarite function, S(Ae, T ), fit to the table of thermopile coef-
ficients, The first method was eﬁsfoyed at C.S.U. for a time [5] but dis-—
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 conversion 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
thermocougle type as welg as the temperature range, Over the temperature
range =35 C (T < 115°C and -100K < AT < +100K the conversion functions
may be approximsged by:
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= - - 2
S =25.89 .05749 T:e .7447Ae + ,0001635 Tief + .005557 Tref Ae +[::F54 Ae
3

£
- .4475x10°% T _ — .00002107T? . Ae - .0003793 T . Ae> — .002188 Ae
ref ref ref

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

2

S =19.86 - .02447 T - .2446Ae + .0001044 ’I'2 + 002155 T _Ae + ,01341 Ae
re ref re

£ £
- 1554 x 100 T _ - .00004093 T> . Ae — .0005038 T . AeZ — .002351 Ae>
ref ref 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 AT = SAe 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 [5].

Air Flow Measurement

The essentially constant volumetric flow rate property of most residential
HVAC 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 statiom 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 pressures (around .1 milli-
bar) at the air velocities being measured (around 3 m/s). The cost of a
secondary measuring element (differential pressure transducer) with ade-
quate accuracy specifications is therefore quite high (arouand *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 18 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 conmect is visible (center); the 2-gang
12-position


parmstrong
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Figure 15.
Pitot rake module showing the eight total pressure taps and manifold
(copper), two static taps (aluminum), and the honeycomb air straightener
(dark area). The module measures air flow toward the viewer therefore
the total pressure taps point away from the viewer (upstream).

TTS— L

Figure 16.
Air flow measuring stations in the duct leading to the lower rock bed
plenum. The station from which the Pitot rake module has been partly
removed measures flow when storage is being charged (flow to the left).
The other station measures flow during discharge (flow to the right).

129



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.
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Figure 18.

Pneumatic multiplexer and differential pressure transducer for sampling

the dynamic heads developed by up to 1l pitot rake air flow measuring
stations.
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Figure 19.
Block diagram of the air flow measuring system and its relation to
the data logger and the monitored system,

_________ |
: MONITORED SYSTEM |
|
: STATUS OF MOPE PNEUMATIC
BLOWERS 8-TTL STATU
' ENCODER _OF-
1| PUMPS, - MULTIPLEXING Lo END-OF -SCAN SIGNAL
| | DAMPERS, ' | CONTROLLER
| | AuxiLiary '
HEATER I ] MOQDE
| : ] DATA
| ] DAC FLOW STATION LOGGER
! stepl (DAU)
1| 7 STATIC AND 7 TOTAL | , TSCANIVALVE"
' |PrESSURE TAPS IN || . PNEUMATIC Ap
|7 AIR FLOW STATIONS : TUBULATION SELECTOR CELL
l |
| I
L e e e e e — —— -

valve (pneumatic switch) to which the internal tubes connect, is hidden,
The valve position controller appears to the lower left. A heater main-
tains the pressure transducer at 60°C to reduce fluctuations in zero
offset, With this multiplexing scheme only one station can be monitored at
each scan (scans occur every 10 minutes). The resulting sampling rate is
nevertheless sufficient for obtaining long term average flow rates and even
to detect changes in the average flow rates that occur as frequently as
every few days.

A block diagram of the air flow measuring system is shown in Figure 19,
Two such systems are in use with a total capacity of 22 air flow measuring
stations, The purpose of the pneumatic multiplexing controller is to
determine the operating mode of the heating system and to sequentially
select air flow stations that are active in that mode.

The controller operates as follows. A pneumatic switch, which connects the
differential pressure transducer pneumatically to one of twelve pneumatic
circuits is stepped through its twelve positions sequentially. Up to
eleven of these positions may connect to Pitot rakes at various locations
in the system while the twelvth is connected to a pneumatic short circuit
for measuring the zero offset of the differential pressure transducer.
Stepping commences after each scan. At each step the mode and switch posi-
tion are input to a truth table whose output is True if the air momitor
corresponding to the switch position is active in the indicated mode and
False if it is not. On False another step is initiated; on True stepping
stops. Eventually the differential pressure transducer is connected pneu-
matically to an active air monitor or to the pneumatic sort. A scan
occurs, the differential pressure reading is secured, and the whole process
is repeated. A schematic of the controller is shown in Figure 20.
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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:

¥, ¥B Volumetric flow rate: at local (air monitor) density

(2), and at blower density (B)

Al Duct cross—sectional area at monitor

CQ Air monitor pitot coefficient (determined by calibration)
VZ Flow velocity

Ap Dynamic pressure

PorPy Pp Air density: standard, at the monitor, and at the blower
po,pQ,pB Static pressure: standard, at the monitor, and at the blower

To'TR’TB Temperature: standard, at the monitor, and at the blower

The local volumetric flow rate is given by:

. p T
¥, = CoA )V, = CoAy ,| o CoA,  |24p b 5

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 1is determined by
calibration of individual air monitors, as discussed in the next section,
The local volumetric flow rate, ¥ , is then converted to blower equivalent
air density and the negligible pressure correction eliminated giving:

. Py - rp, T, . . T .
ARt A Ak
B B Ty 2

As pointed out in [3] 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

tighter distribution, and thus smaller standard deviation than V-?

132



Flow No.5 s/ 2ilppt ~
tp Through Storage (5U) ¥ 36.28 mymin
Whils heating from storoge: N=34
0.2 | Modes 45 -t -
Ol -
6% 0.3%
ow high
outiers . outliers
i
0 4
-3 -2 -1 o] ¢ 2 3
Flow No. 6 /5 =10pp?
From Top Storags to Blower i3 41.77 m/min J
| (ST} ot
02 While hsoting from storage: N 26
Modes 4.5
Cci 49 . 10% -
low high
outlers outhers
o] 1 1
-3 -2 -1 o] | 2 3
Flow No 7 /i =8pp!
Room Suppty Duct (RS) T:4lv4 M mn
While heatng from storage . '
Q2 = Modes 4,5 4+ N 230 -1
Il = g .
e, v. 4%
Lo high
outhers outirert
o) i L i
-3 -2 - 0 | 2 3
Flow No. 8 l-/l—=l7wV
Coltectur Supply (CS; it 24.79 W/ min
Ouring “toruge Charge Nz540
02 I™ modes 6,7 o =
2%
S o Nigh 7
outhiers
0 L
.3 i 2
Fiow No 9 . /7= 1399] e
Coliectar Retyrn (CR) Tz 3130 m™/mn
oz F During Sterage Chgrge - N 539 -
Wodes 6,7
ol 9% + 1.3% -
iow high
outliers outhers
Q 1 A ]
3 -2 -1 9 | 2
Flow No 10 :-/n-= 14 ppt
Down Thraugh Storage (SD) i:27.47 malmm

During Storage Chame:
0.2 T Modes 6,7

H%

N2344

Ol low n
outhers
0 | L 1
-3 -2 -1 T
1 | 1 1 1 1 1 e 1
095 096 Q97 098 Q99 100 1O 12 103 104 105
l/i

Figure 20. (below)
Schematic of the programmable pneumatic
multiplexing controller.

, “Molk"
2- 8CD Displny
;. -

"Device On" P Mode T [Copass | fRnaos’
8-"Device On i Encoder Ca DAC Fit Mode 3,0 oAt
TTL Signals Dispiay KFregranynanie) |oem e o DA

Notes
B T 1) 0igiial filter delays Whe puise nse
£0S “Check Zero = by > 3.0 seconds and the puise
. - * fail by < 0.1 seconam
Initcles steppin: Ottsef Switcn
{nit peind 2)5¢- *®
DaU-Data Acquinition Umit
EOS-FPuise from DAY sdicctes ond of
Qiven scan.
1 Mode & s DAC-Digital to analog cunwverter.
Step | “gpep” - Pos.1:0a BCD- Binar- Coded Oiit
¥ - ot vk B :* i
o 41 gD oR To step o not LED- Indicon P aght tlm"ng diode
SV.
1o stepP
Driver N "\\
el 258 x8 PROM with Output Muitipiexed
LL”"‘ @ , 10 Look Like 2048 riProm.
Digitel  f—
Filter

Sy, o'+ Lopass Anglog
Position 18¢cp 5 DAC Filter sV
Switches | t’“‘"""

10s LED ODisplay
+| BCO Oiusplay
N

"Sv. Pomtion”

Figure 21. (left)
Airflow statistics from CSU Solar House
2. Two different operating modes are
represented with flow measurements taken

at three different 1locations for each
mode. The random variable, x, is volu-~
metric flowrate at blower conditions,
designated %, in the text. The main
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Figure 21 is representative of the statistical amalysis applied to all of
the flow data. The sample variance for the 30 outlier rejection criterion
is based on the standard deviation of the finally accepted sample and must
therefore be solved iteratively in multiple pass data processing., The data
are generally processed in two week samples in order to test for changes in
the sample mean and variance,

Heat rates must always be calculated using the flow rate values which are
valid at the time of the heat rate measurements. This is a disadvantage
because the results of real-time data reduction must be corrected when a
change in any of the rates is detected. Fortunately the averages have gen—
erally. remained constant except for intentional adjustments. Advantages of
this scheme are that instrument malfunctions are quickly detected (by the
ratio of samples accepted to samples rejected or by changes in the sample
mean or variance) and transient flow readings, which can potentially intro-
duce large heat balance errors, are rejected according to a formal, reli-
able procedure, The scheme provides good accuracy (within + 2% of the true
steady state average at velocities of around 3 m/s) at relatively low cost
when the number of air flow stations is more than about five,

Calibration of Air Flowmeters

Basic plans and procedures for the calibration rig appear in ASHRAE [6],
ASHRAE [7] and NBS [8]. However these documents are somewhat incomplete.
The equipment and procedures that were found to work well at CSU are there—
fore presented below.

The basic nozzle apparatus is shown schematically in Figure 22 and pic-—
torally in Figure 23, Construction details are shown in Figure 24. The
box is fabricated of plywood with continuous corner blocks of fir or pine
which are screwed and glued to ensure air tightness. Wooden flanges are
installed to accept the inlet adapter (this is an external flange) the
diffuser baffles, and nozzle baffle, and an access cover, Closed cell foam
gaskets are carefully bonded to the inlet, nozzle, and access cover flange
faces. To minimize leakage, holes for the inlet adapter fasteners are
drilled outside of the gasket; nozzle baffle holes are drilled through the
gasket.

The diffuser baffles are perforated plates with approximately 40% free
area, uniformly distributed. Commercially available perforated screen with
about 0.5 cm holes is satisfactory except when a very small nozzle is used;
the diffuser perforations should be less than 1/5 the nozzle diameter.
Moderate leakage into the nozzle outlet plenum from the outside is permis—
sible. However, leakage between the nozzle inlet plenum and the outside,
or between the inlet plenum and the outlet plenum, must be minimized. The
leakage rates were measured using the apparatus shown in Figure 24. The
leak test procedure follows.

With a solid adapter plate covering the inlet flange, a vacuum cleaner is
used to draw the plenum gauge pressure down to what will be encountered
during operation at full flow. Leakage, as inferred from Ap across the
orifice, was less than 0.1% of the full flow.
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Figure 22.
Schematic of air flow calibration rig employing a 6 inch diameter
ASME standard nozzle.
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Figure 23.
Photograph of the air flow calibration rig.
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Figure 24.
Apparatus for checking leakage into the nozzle inlet plenum.
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Figure 25.
Acrylic nozzle turned to ASME long radius nozzle standards (left) and
a micromanometer (right) for measuring nozzle pressure drop.
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When selecting a nozzle and blower/motor set, the range of volumetric flow
rates and resulting nozzle pressure drops must be considered. The nozzle
pressure drop at a maximum throat velocity of 35 m/s (115 fps) is 700 N/m2
(2.8 inches water) at standard air conditions. (The diffuser baffles add
only about 3% to the nozzle pressure drop.) This pressure drop is consid-
erably larger than that encountered in the CSU solar air heating system, so
a correspondingly larger motor was required to drive the calibration rig.
Flow rate modulation was provided by changing drive ratios and by an adju-
stable damper at the blower,

The nozzle shown in Figure 25 was turned in the CSU Engineering Research
Shop. The nozzle's throat diameter was determined precisely before instal-
lation in the nozzle apparatus by measuring the inside diameter at four
locations in the throat to an accuracy of 0.05%. The four measurements
should agree to within 0.2% and their average used to calculate the cross—-
sectional area of the throat. Nozzles manufactured to ASME long radius
nozzle specifications are available in eight sizes between 4 and 22 cm (50%
increments) from Air Filter .Testing Laboratories, 1912 Production Dr.,
Louisville, KY 40299. Smaller nozzles are available from Cox Instrument,
15300 Fullerton, Detroit, MI 48227.

A good square edge static pressure tap which mounts flush with the plywood
wall has been fabricated at low cost from a flat heat carriage bolt as
shown in Figure 26. Taps are installed 0.5d upstream and 1.0d downstream
of the nozzle baffle. It is important that no leaks exist in the static
tap tubulations and that the manometer have a precision of 0.05 mm water
column or better. A hook gauge or ’''micro-manometer,’’ as shown in Figure
25, is required,

The calibration rig has been operated in a closed room so that imlet air is
drawn directly from room ambient through a bell mouth opening leading into
the test meter duct section, the nozzle, and finally, the blower. Blower
exhaust air is discharged back into the room. It is simplest to measure
barometric pressure in the room and add to it the static gauge pressure (a
negative gauge pressure) measured in the nozzle outlet plenum, Air tem—
perature and relative humidity (mneeded in addition to barometric pressure
to calculate air density) are alsc measured at room ambient conditions thus
eliminating the need for duct probes.

Liquid Flow Measurement

Orifice meters and differential pressure transducers were used for a time
to measure flow rates in Solar House 1. However zero offset drift resulted
in large errors, Industrial grade turbine meters have been used since
then. With periodic individual calibration these meters provide good accu-
racy (11%) at reasonable cost,

The turbine meters were originally calibrated against a mass standard as
shown in Figure 27. The procedure follows:

Begin with the catch bucket (empty) and a standard mass, m_, on one side of
the balance and an excess of mass on the other side. Start pumping the
fluid at a steady rate through the test meter and into the catch bucket.

At the instant the balance crosses zero start integrating the meter’s out-
put.
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Remove the standard mass from the catch bucket side of the scale; the mass
on the other side is unchanged so it will again be in excess. When a mass
of liquid equal to m_ has passed into the bucket, the balance will again
cross zero, At the fnstant the balance crosses zero stop integrating

For a volumetric flowmeter the meter calibration is given by:

k = ms/pvindicated
where density, p, is measured or inferred from the temperature of the
fluid, and vindicated is the cumulative volume indicated by the test meter.

Some potential sources of error which are eliminated by this procedure are:

1. volume measurement error: a mass standard is not affected by tem-
perature of mechanical stress;

2, weighing scale nonlinearity: the scale is in the same position
(the zero crossing point) at both the start and the finish of the run;

3, wvariation in fluid holdup volume: the volume of fluid held up in
the pipes remains constant;

Figure 26.
Cheap square edge static pressure tap fabricated from flat head
carriage bolt.
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Figure 27.
Mass balance calibration rig for liquid flow meters.
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Figure 28.

Venturi meter and manometer used £oY in-situ calibration of turbine meters.
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Figure 27.
Mass balance calibration rig for liquid flow meters.
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Figure 28,
Venturi meter and manometer used for in-situ calibration of turbine meters.
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4, flow transients: the meter does not experience flow transients
during calibration;

5. weighing dynamics: the mass on the balance is the same at the end
of the run as at the beginning — the balance indicator will therefore cross
zero at the same speed.

A dump spigot on the weighing bucket and a sump to return fluid to the
holding tank expedites multiple calibration runs.

An in-situ calibration procedure that is more convenient than the mass bal-
ance calibration procedure has recently been adopted. Valves and unions
are installed downstream of the turbine meter so that a venturi meter can
be connected in series as shown in Figure 28, Low cost aluminum venturis
have proven suitable because they are only used for short periods of time,
The venturi meter is calibrated using the mass balance apparatus described
previously.

The advantages of this procedure are that the test meter is calibrated with
the same fluid and flow geometry as is used during performance monitoring
and with the same signal conditioning modules that are used during perfor—
mance monitoring. In other words, a ''system calibration’’ is performed.
The calibrations are also performed more quickly and therefore more fre-
quently by the in—site procedure than by the mass balance procedure,

Conclusions

The objectives to continuously and accurately monitor the performance of
full scale solar heating and cooling systems for residential buildings have
been met. Special purpose measurement systems and calibration procedures
have been developed at CSU to meet these objectives at reasonable cost.

The techniques presented here are based on accepted measuring principles
and should be useful in other similar applications, However, little has
been said about data logging equipment and micro-computers for data reduc-—
tion, These technologies are advancing so rapidly that by the time one has
received, connected, programmed, and reported on one’'s system it is gen-—
erally obsolete. Obsolete or not, the dedicated micro—computer systems
that have been used for real time data reduction at CSU for the past seven
years have been essential to the success of the projects and will continue
to be so.

Appendix A: Analysis of Temperature Probe Errors

A thermocouple probe (or other temperature sensing probe) is normally
immersed in a fluid stream to measure the local fluid temperature, The
probe is coupled convectively to the fluid and conductively (along its
length) to the wall on which it is mounted. If the fluid is a gas, such as
air, the probe is also coupled radiatively to the walls which it can see,
The duct or pipe wall temperature often deviates substantially from the
temperature of the bulk of the fluid. With electrically excited tempera~
ture sensors there is also a self-heating effect produced by the resistance
heating of the probe tip. To properly design temperature probes, the
biases produced by the radiation, conduction and self-heating effects are
estimated using the relations derived by deWinter [3], which are summarized
below,
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Radiation Effect

Let us assume that the probe is immersed in a fluid of uniform temperature
Tf, and that the wall is at a uniform temperature T .,

w
The steady—state radiation error, defined as the difference between the
sensor temperature, T, and Tf, is given by

ATrad = (T - Tf) = (Tw - hrad/hconv

The convection heat transfer coefficient, h , is primarily a function of
the fluid properties, velocity and probe sigg?v With smaller probe size,
conv normally increases so that the error in the reading becomes less,

Empirical relations for estimating h are given by McAdams [9] for the

case of flow normal to a cylindricalcggobe of diameter D:

D
—C9Y- = 0.32 + 0.43 (9—:1"—’)0'52 for 0.1 < (9:—1’9) < 1000
and
hconvD VD, 0.60 VD
—SSB- - 0.24 (2;—) . for 1000 < (Bﬁ_) < 50,000
where

velocity of the fluid, (ft/hr)

= conductivity3 W/mK (bgu/ft F hr)
density, kg/> (1lbm/ft”)

viscosity, kg/ms (1bm/ft hr)

FTUo K<
|

o

The radiation heat transfer coefficient, h ad’ for a probe with a perimeter
very small compared to the perimeter of thé glow passage is normally well
approximated by:

T, + T

f w,3
hrad = eo { 2 )

wggre e iszthe emissivity of the probe and ¢ = 5.669 x 10-8 w/m K4 (.1714 x
1 Btu/ft“ hr) F' is the Stephan—-Boltzman constant.

Conduction Effect

If we consider a slender probe built into a wall (at temperature T ) at ome
end, and immersed in a fluid (at temperature T_ ) along its full leggth,
with the fluid in turn surrounded by a wall (ag temperature T ), we can
derive the standard fin differential equation (see any standatd heat
transfer text):

d2T

kA ;;5 - hconv 2nr (T - Tf) - hrad 2nr (T - T;) =0
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This leads to the following expression for conduction error:

=T -T. = - N S - —_1
AT =T-Te=(T, - T copar = (T, - T)

where

and where T is the temperature at the tip of the probe, L is the length of
the probe, and kA is the probe’s overall axial conductance; i.e. the sum of
all the conductivity—area products in the cross section of the probe,

Self-Heating Effect

If an RTD or semiconductor sensor is used heat is generated because of the
power, Q, dissipated by the excitation curreat and sensor voltage drop.
This raises the measured temperature above the temperature which would oth-
erwise be sensed. The standard fin equation results (for the conditions of
the self heating problem) in the expression for self heat error:

Q tanh mL
dAk (hrad * hconv) 2nr

A

Tself =

The overall probe error is therefore given by

T- Tf = (Tw - T)[§£ * cosh iL - 1-| + e
c ] dAk (hr + hc) 7D

This expression gives T, in terms of T and the biased temperature reading,
T. For estimating the error in order Yo design or select a probe, an
iterative procedure must be used to solve for T in terms of Tw and Tf.

One should also estimate the probe’'s time constant., The following approxi-
mation is only slightly comnservative:

T = Apcp/(hr + hc)nD

where Apc is the probe’s thermal capacitance per unit length; i.e. the sum
of all spgcific heat—density—area products in the cross section of the
probe, The probe should be designed to have a time constant, T, that is
less than 10% of the scan interval.

An example calculation of temperature probe error appears in [3].
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