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Abstract—Experimental measurements of the monthly performance of an integral collector-storage
solar water heater for a one-year period are compared with performance predictions using the method
.of Zollner. The prediction method reguires two parameters which were obtained from indoor exper-
iments with a solar simulator. The experimental measurements are also compared with predictions in
which the two parameters were obtained from short-term outdoor tests. ’

1. INTRODUCTION

The American Society of Heating, Refrigerating,
and Air Conditioning Engineers (ASHRAE) has es-

tablished a short-term test method for solar do-

mestic hot water (SDHW) systems[1]. Test condi-
tions, such as irradiance  profile, ambient
temperature, windspeed, etc., are prescribed by a
rating agency such as the Solar Rating and Certi-
fication Corporation (SRCC)[2].

The results from short-term tests do not nec-
essarily reflect the performance of SDHW systems
in either an absolute or relative sense. The SRCC
- test results only allow a comparison of the thermal

performance of various systems at the prescribed .

rating conditions. The economic merit of an SDHW
system can be established only by examining its
long-term performance. The long-term perform-
ance depends on both its design and the climate in
which it is operated.

Methods of estimating the long-term perform-.

ance of several types of SDHW systems using local
climatic data’ have been developed. The f-Chart
method[4-5] is applicable to several generic types

of forced circulation systems. A technique for pre-.

dicting the long-term performance of forced-cir-
culation SDHW systems based on short-term test
data has been developed[6]. A performance esti-
mation method for integral collector storage (ICS)
systems has recently been developed by Zollner et
al.[3].

Performance prediction methods for solar en-
ergy systems necessarily rely on data generated by
computer simulations since long-term performance

. data are difficult to obtain and not widely available. .

The computer simulation models incorporate nu-
merous simplifications. Further approximations are
made in developing correlations of long-term per-

formance from the simulation data. Comparisons
with experimental data are needed to establish the
validity of the performance predictions methods.
The f-Chart method has been the subject of nu-
merous validation efforts[7-9]. The method devel-
oped by Zollner et al. for ICS systems has not been
validated due to a lack of published experimental
data.

The purpose of this paper is to compare the
monthly and annual performance estimates from
the Zollner method with experimental data col-
lected at the National Bureau of Standards (NBS).
A second purpose of the paper is to investigate
whether the two parameters needed in the predic-
tion method can be obtained from short-term out-

‘door tests instead of indoor tests with a solar sim-

ulator.

2. LONG-;I‘ERM PERFORMANCE PREDICTION
PROCEDURE

The long-term performance prediction technique
employed in this study is semi-empirical and based
on simulation results obtained using. the -
TRNSYS[10] simulation program. Reference [3] in-
cludes a description of the model and details con-
cerning the development of the performance pre-
diction technique. A summary of the performance
prediction technique is provided below.

A monthly energy balance on an ICS system,
assumed to have a fully mixed storage tank and sub-
jected to a continuous water draw, results in a sim-
ple expression for the fraction of the load supplied
by solar energy:

TD - Tm

fm,c= Ts—Tm-

M
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The subscripts m and ¢ indicate a fully. mixed sys-
tem subjected to a continuous draw. T, is supply
water temperature (assumed constant over the

month), T, is the hot water set temperature, and T}, -

is the monthly average temperature at which water
exits the ICS unit. Performing an energy balance

on the ICS unit and ignoring changes in stored en- :
In eqn (4), fsc is the fraction of the thermal load

ergy results in the following expression for Tp:

7 _ AT)Hy + MpCeTy + UrAcT. At @
b MDCP + ULAC At ’

Hy is the monthly average daily solar radiation per
unit area incident on the ICS aperture of area A.
during the month, (7&) is the monthly average trans-
mittance-absorptance product, which is the product
of (ra),, the normal incidence transmittance-ab-
sorptance product, and K., the incidence angle
modifier for the month. My is the average daily
mass of water withdrawn from the ICS unit. T, is
defined as the effective sink temperature which ac-
counts for radiation losses to the sky. Zollner et
al.[3] suggests that the following expression be used
to compute the effective sink temperature:

To = Ta — VA(Ty — Tugy)- €)

The overall heat loss coefficient, Uy, and monthly
average transmittance absorptance product (Ta),
are computed from short-term test results in the
manner described in Section III.

Equation (2) is valid for fully mixed ICS systems
in which thermal stratification within the storage
tank cannot occur. Thermal stratification is mod-

elled by dividing the ICS tank into a number of -

equal-volume segments, (or nodes) each of which
is assumed to be fully mixed. Computer simula-
tions[3] show that the effect of stratification is a
function of the solar fraction and the ratio of storage
tank volume to the average daily water use. Sys-
tems which meet only a small fraction of the load
do not show significant performance improvements
when the number of tank sections is increased be-
cause there is little energy in the tank at any time
and thus little possibility to benefit from stratifi-
cation. The ratio of the average daily water use to
the storage volume is defined as TT, the average
daily tank turnovers. Stratification is reduced as the
number of tank turnovers is increased due to in-
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creased draw-induced mixing. The following cor-
relation for the solar fraction of a stratified ICS sys-
tem was developed from simulation results:

fS,C
fme

a
= 1 -+ ﬁ(l - fm,c)- (4)

met by a system having a continuous water draw
and a stratified storage tank. However, computer
simulations have shown the thermal performance
of ICS systems to be relatively insensitive to the
water draw profile. Zollner et al.[3] found only
small differences in the annual thermal performance
obtained using the SRCC, RAND, and continuous
draw profiles: differences of 10-20% were noted
between the extremes of evening- and morning-
weighted profiles. The coefficient, a, in eqn (4) is
dependent on the number of nodes used to model
stratification. For a two-node tank, Zollner et al.[3]
found the numerical value of a to be 0.17, compared
to a value of 0.326 for a 10-node tank. The value of
a cannot easily be determined from short-term ex-
periments and thus must be assumed. However, the
assumed value of 4 has only a small effect on the
long-term performance of the system[3].

3, SHORT-TERM TEST RESULTS

Test data from five short-term tests, conducted
in accordance with ASHRAE Standard 95-1981[1],
for an ICS unit identical to the units tested outdoors
at NBS were provided by the Florida Solar Energy
Center. Each of the five tests were conducted in-
doors using a solar simulator to irradiate the ICS

‘unit and repeated on a daily basis until periodic

steady-state performance was achieved. Test con-
ditions are given in Table 1. The insolation intensity
was varied by changing the incident angle while
maintaining the simulator lamp intensity constant.
The integrated daily solar radiation level, listed in
Table 2, was varied by changing the time duration
at each insolation level. In addition to the irradiated -
tests, an additional test was conducted in accord-
ance with SRCC Standard 200-82[2] to determine
the heat loss coefficient of the ICS units. A heat
loss coefficient of 1.44 W/m?-°C (based on ICS ap-
erture area) was obtained from this 16-hour non-
irradiated test. The average transmittance-absorp-

Table 1. Indoor test conditions-

Mains

Daily simulated Ambient water Daily

Test solar radiation temperature  temperature draw
number (Wh/m?) (&)} °C) (/day)

1 3940.4 22 22 375

2 5516.6 22 22 375

3 6304.7 22 22 375

4 4728.5 22 11.1 270

5 4728.5 22 22 375
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Table 2. Indoor solar simulator irradiance profiles
Test 1 Test 2 Test 3 Tests 4, 5
daily daily daily daily
incident incident incident incident
radiation radiation radiation radiation
Incident 3940.4 Wh/m? 5516.6 Wh/m? 6304.7 Wh/m? 4728.5 Wh/m?
Irradiance angle
I(), Wim?  degrees Solar time Solar time Solar time - Solar time
315.2 60 0840-0930 0640-0830 06400800 0800--0900
472.9 45 0930-1020 0830-0940. 0800-0920 09001000
567.4 30 10201110 0940--1050 0920-1040 1000-1100
662.0 15 1110-1200 1050-1200 10401200 1100-1200
693.5 0 1200-1250 1200-1310 1200-1320 1200--1300
662.0 15 1250-1340 13101420 1320-1440 13001400
567.4 30 13401430 1420-1530 14401600 1400-1500
472.9 45 1430-1520 1530-1640 1600-1720 15001600
315.2 60 15201600 1640-1750 17201840 16001700

tance product, (7a), for each of the five tests was
computed by rearranging eqn (2) to yield

___ MpCelTp — Tml + UL AcAT[Tp — T.]

o= T 4

The results, Table 3, show a variation of less than
2.6% in the value of (7@) in spite of the fact that
the test conditions varied widely. The (7a) value
resulting from the SRCC Standard 200-82 test con-
ditions, .44, was used to predict the long-term per-
formance of the ICS units tested at NBS.

4. NBS EXPERIMENTAL APPARATUS

A solar hot water system employing commer-
cially available integral collector storage units was
fabricated at the National Bureau of Standards
Solar Hot Water Test Facility in order to obtain
long-term outdoor performance data. The system
consisted of two identical integral collector storage
units connected in series. The ICS systems have
reflective polyisocyanurate insulation with one
glass and two fiberglass covers. The systems were
installed on a fixed test stand with the axis of the
355.6-mm-diameter tank along an east-west line in

. the horizontal plane. The rack was set to provide
a tilt angle of 39°. Complete materials and dimen-
sions for the ICS systems are given in Table 4.

Table 3. Computation of normal transmittance—
absorptance product from indoor test results

Average transmittance—
absorptance product

Test during test .
number (Fa) K-ru,lesl (ro)q
1 .440 .948 464
2 440 .948 464
3 447 .948 471
4 451 .948 476
5 444 .948 .468

Instrumentation was used to measure the total
irradiance, effective blackbody sky temperature,
ambient temperature, wind speed, internal tank
water temperatures, and the temperature of the
water entering and leaving each integral collector
storage unit. The total solar radiation and infrared
sky radiation were measured normal to the aperture
plane of the ICS systems using an Eppley model
PSP pyranometer and an Eppley model PIR pyre-
geometer, respectively. A four-vane anemometer
was used to monitor wind speed. A type-T ther-
mocouple was mounted in a small, white ventilated
box near the test stand to measure ambient air tem-
perature. Thermocouple probes were constructed
for measuring the temperature of the water inside
the storage tank of each system at five vertical
heights within each tank. The junctions of these
type-T thermocouple probes were electrically in-
sulated from the water using silicone rubber sealant
and heat shrink tubing to prevent the occurrence of
ground loops. Six-junction thermopiles were fab-
ricated to measure the temperature differential be-
tween the inlet and outlet port of each of the two
units and across both ICS units.

All measurements were taken at one-minute in-
tervals using a microcomputer-controlled data ac-
quisition system. Fifteen minute averages of the
data were stored on flexible media disks for final
data reduction and analysis. In addition to data ac-
quisition, the microcomputer initiated and con-
trolled the hot water draws. The draw schedule,

Table 4. Dimensions and properties of integral collector
storage systems tested at NBS

Nominal capacity (m?) 0.121
Aperture area {m?) 1.317
Length (m) 1.62
Width (m) 1.04
Tank diameter (mm) 355.6

Outer cover
Inner covers (2)
Insulation

Low iron glass

Fiberglass acrylic

Reflective
polyisocyanurate
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identical to the one used during the indoor tests,
consisted of three draws which occurred daily at
8:00, 12:00, and 17:00. Each draw consisted of
water entering the solar system at approximately
23°C at a flow rate of 2 X 10~% m%/s. The micro-
computer terminated the draw when approximately
14,100 kJ of energy were removed from a down-
stream conventional hot water tank. The quantity
of energy removed was computed by numerically
integrating the product of mass flow rate through
the solar system, the temperature differential
dacross the system, and the specific heat of water. -

5. PREDICTED VERSUS MEASURED OUTDOOR
PERFORMANCE

The performance of the ICS system, subjected
to outdoor conditions at the NBS Test Facility, was
monitored from November 1, 1984, through Octo-
ber 31, 1985. A summary of the monthly experi-
mental data appears in Table 5. The second column
indicates the number of days in which complete
data existed for each of the 12 months. Missing data
were caused by downtime for instrument calibra-
tion, power and water supply failures, data acqui-
sition equipment failures, and the freezing of the
supply and return pipes leading to and from the ICS
system. Columns 3 and 4 list the average ambient
and effective sky temperatures, respectively. The
fifth column represents the daily average mass of
water withdrawn from the ICS unit. The inlet tem-
perature represents the measured average inlet tem-
perature during the data collection period, Column
7 gives the daily solar radiation per unit area mea-
sured at the tilt angle of the ICS unit.

~Thevalues of K., column 8; are computed using
the technique outlined in Ref. [11] with the as-
sumption that the monthly incident angle modifier
varies in the same manner as a flat-plate collector
with three covers. The monthly value of (&), col-
umn 9, is computed by multiplying the monthly val-
- ues of K., in column 8, by (ta), which in turn is
computed by dividing the value of (Ta) obtained
from the short-term indoor tests (Column 1, Table
"3) by Ew,test in column 2, the value of incidence
angle modifier for the test day. Since the irradiance

‘angle of solar radiation is known throughout the -

short-term indoor test, Kmtm can be computed
using the procedure described in Ref. [11].
The experimental average outlet temperature of

the ICS system, 1p, and solar fraction, columns 10

and 11, may be compared to the predicted values
given in the remaining columns. The predicted

monthly solar fraction values are in close agreement .

with the experimental values. Agreement is within
three percentage points for each of the 12 months
with the exception of January. The five-point dis-
crepancy noted in January may be due to snow
which occurred during the 18-day test period. Snow
on the ICS glazing would decrease the performance
of the SDHW system and would not be accounted
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for in eqn (2) since the value of incident solar ra-
diation, Hy, was measured using a radiometer
cleaned on a daily basis. Additionally, one hot -
water draw did not occur during the 18-day period
due to a frozen inlet water supply line. The pre-
dicted annual solar fraction, 33%, is in excellent
agreement with the measured value of 32%.

The above prediction results are based on indoor
experiments to determine needed parameters. The -
second objective of this investigation was to deter-
mine if short-term outdoor monitoring could be
used to determine the parameters required for the
long-term performance predictions. Two distinct
tests were required to obtain the required param-
eters, similar in this respect to the method of Reich-
muth and Robison[12]. The first experiment, used
to determine the overall heat loss coefficient, was
conducted in the following manner. A radiation
shield was placed above the ICS unit to block in-
coming radiation. An air space between the radia-
tion shield and ICS glazing was maintained for ad-
equate air circulation. The ICS unit was filled with
60°C water and subjected to outdoor environmental
conditions. The resulting overall loss coefficient,
UL, and average environmental conditions which
existed during each of two tests are tabulated in
Table 6.

The second experiment consisted of measuring
the incident solar radiation, ambient temperature,
effective sky temperature, inlet and outlet temper-
atures of the ICS unit during hot water draws, and
the mass of water removed during each draw. These
data were already in hand as a result of the long-
term monitoring effort previously described. Equa-
tion (5), in conjunction with an average overall heat
loss coefficient value of 1.73 W/m?-°C, (Table 6),
resulted in the (7a) values tabulated in Table 7 for
10-day periods during the months of April, June,
and November. Table 7 also gives the transmit-
tance-absorptance -product at normal incidence,
(to)n, for each 10-day test period calculated as the
ratio of (7&)/K.., where K., is evaluated using the
average conditions for the 10-day test period. One
would expect that the accuracy and consistency of
the (ra), value to improve as the number of con-
secutive days used in the computations increase
due to the lack of a storage term within eqn (5).

Using the (1), values in Table 7 and the outdoor .
measured value for the overall-heat loss coefficient,
1.73 W/m?-°C, the predicted monthly and annual
solar fraction for the ICS system was calculated for
each of the three sets of outdoor test data. Table 8
compares the predicted performance using the out-
door and indoor (SRCC) test results to the mea-
sured monthly solar fractions.

The annual solar fraction predicted using the
short-term outdoor test results varies from a value
of .31 to .35 in comparison to the measured value
of .32. The annual predicted solar fraction is within
one percentage point when the short-term testing
was conducted during the months of April and No-
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Table 6. Measured overall heat loss coefficient for
integral collector storage unit subjected to outdoor
environmental conditions

Test number One Two
Duration (hrs.) 18 9’
Average ambient temperature (°C) -—45 -04
Average effective sky temperature (°C) —6.5 —2.2
Average effective sink temperature (°C) —5.0 -—0.9
Average wind speed (m/s) 0.10  0.02
Overall heat loss coefficient (W/m?-°C) 1.73 1.73

Table 7. Computed 7a values from outdoor short-term
test data

Computed (Ta) value using
data collected during

Number of consecutive

days used in computation  April June November

1 .35 42 47

2 .41 47 43

3 42 44 42

4 41 .44 44

5 41 44 44

6 42 44 45

7 44 .44 47

8 43 44 47

9 44 44 .46
10 43 44 .46
(to)n 47 S1 .50

vember. Using the short-term results collected in
June resulted in a difference of four percentage
points between the measured and predicted annual
performance.

It is interesting to note that although a 20% dif-
ference existed between the indoor measured value
of Uy, 1.44 W/m>°C and the outdoor measured
value of 1.73 W/m?-°C the resulting predicted an-
nual performance using both values is in good
agreement with the measured values. The same ob-
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servation was made by Zollner et al.[3], who found,
using computer simulations, that the determination
of (Ta) using eqn (5) will tend to compensate for
errors in the experimentally determined value of
Uy. Zollner’s results show a difference in predicted
annual performance of less than 5% results for an
error of 30% in the experimental determination of
Uyp. The reader is cautioned against assuming that

‘measurement errors and/or environmental condi-

tions accounted for the 20% difference in Uy.. Nei-
ther of the ICS units tested at NBS was the same
unit for which the indoor testing was conducted for
the Florida Solar Energy Center.

6. CONCLUSIONS

The performance of solar hot water systems de-
pends on their design and the climate to which they
are subjected. Thus, test results obtained for a
given set of meteorological conditions, such as
those used by SRCC[2], can only be used to com-
pare system performance at the selected set of me-

" teorological conditions. The ultimate objective,

however, is the ability to accurately predict system
performance for all climatic conditions.

Klein and Fanney[6] previously conducted an
analytical and experimental investigation to show
how the yearly performance of forced circulation
SDHW systems can be obtained with a minimum
of two indoor tests in accordance with ASHRAE
Standard 95-1981. The research described in this
investigation extends the ability to predict long-
term performance based on short-term test results
to integral collector storage systems. The technique
requires two system parameters, (ta), and U,
which are readily computed from the Solar Rating
and Certification Standard 200-82[2] test results or
from short-term outdoor test results. The predicted
performance obtained using this technique is in ex-
cellent agreement with a carefully monitored ex-
periment at the National Bureau of Standards.

Table 8. Predicted versus measured solar fraction using SRCC and outdoor test results for integral collector storage
systems tested at NBS

Measured solar SRCC test April outdoor June outdoor November outdoor

Month fraction results test results test results test results
11/84 21 23 .19 . 22 21
12/84 12 13 .09 12 11
1/85 .10 15 13 .15 .14
2/85 24 25 .25 28 27
3/85 31 .31 .28 32 .30
4/85 40 43 42 44 45
5/85 .39 39 .38 41 37
6/85 42 : 45 44 .48 46
7/85 47 .46 45 .49 48
8/85 41 41 40 .43 42
9/85 .43 44 42 46 45
10/85 25 .26 26 .29 .28
Annual 32 33 31 .35 .33
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NOMENCLATURE

parameter used in eqn (4)

aperture area

specific heat of water

monthly solar fraction with ICS tank fully mixed
and operating under a continuous draw
monthly solar fraction with ICS tank fully strat-
ified

monthly average daily solar radiation per unit
area on a tilted surface

monthly average incidence angle modifier
average incidence angle modifier during test pe-
riod

average daily mass of water withdrawn from the
ICS system

monthly average ambient temperature

monthly average temperature of water exiting the
ICS system

effective temperature for computing ICS thermal
losses

average cold water supply temperature

hot water set temperature

- effective sky temperature -

heat loss coefficient

ratio average daily water use to storage volume
monthly average transmittance-absorptance
product

transmittance-absorptance product for solar ra-
diation at normal incidence

number of hours or seconds during the month or
test period i

10.

11

12,
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