T

J. A. Duffie

f-Chart:

. . J. W. Mitchell

Solar Energy Laboratory,
University of Wisconsin-Madison,
Madison, Wis. 53706

1 Introduction

; The f-chart method for predicting the annual performance
}  ofsolar heating systems has come into widespread use since jts
i publication in 1976 and 1977. For several years, only a limited
data base of measured performance of systems has been
available allowing general comparisons to be made of
predicted and measured performance. The data base is now
mproved; the purpose of this paper is to summarize the
-omparisons and outline reasons why measured performance
data do or do not agree with predictions.

The design method is based on correlation of the results of
" alarge number of detailed, hour-by-hour simulations of solar
- heating, systems. f-chart annual performance estimates have
!been checked against detailed simulations for many U.S.
tlocations, with agreement generally in the range of +3
- percent and within + 11 percent in the worst case (Seattle).
! Simulations have been compared with detailed measurements
ion real systems for periods on the order of days, again with
.stisfactory results. In this paper we compare the annual
‘rerformance resuits of J-chart with annual or seasonal
imeasured performance, the third in a hierachy of steps in the

#lidation of the method and the simulations on which it is
1oased,

2 The f-Chart Method

. The f-chart correlations [1-3] were developed for predicting
e annual performance of solar space heating systems of two
sandard configurations. The standard liquid system con-
Tiuration is shown in Fig. 1. The range of design parameters
sied in developing the correlation is given in Table 1. Several
bwumptions were made, most of which tend to lead to
fnservative predictions of performance. For example, a fully
tied storage tank was assumed, and the method of
Focessing solar radiation data led to conservative estimates
¥ solar contribution. On the other hand, it was assumed that
bnirols were such that energy in the storage tank could be
*&livered 10 the load as long as its temperature was above the
§ ®om lemperature of 20°C. This relatively low temperature

By lead o overestimates of collected energy. Auxiliary

'FVEY for space heating is added in parallel with solar; i.e.,

“'3{ Wwas assumed to supply as much as it could, and auxiliary
g Bovided the balance of the needed energy.

=
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Fig. 1 Schematic of the standard f-chart system configuration for
space heating using a liquid storage tank .

Table 1 Ranges of design parameters used in developing the
J-charts for liquid systems, and ranges of parameters covered
by correction factors [1, 4]

0.6 = (ra),, = 0.9 ,
5= FRA = 120m- Y
2Ll=sU; =8.3W/m-C
0=p < 80deg
83 = (UA), = 667 W/C
Storage capacity

37.5 = Store Cap = 300 //m?
Load heat exchanger

0.5< ( fﬂ‘-") <50
(UA), ‘

The standard air system configuration is shown in Fig. 2,
and the range of design parameters is indicated Table 2. For
these systems, stratification in the pebble bed storage unit was
accounted for, and auxiliary was again assumed to be added
in parallel. '

An f-chart correlation was also developed for hot water
systems. In this case, the J-chart itself (and the equation
describing the correlation) is the same as for liquid space
heating systems, but the dimensionless variable X was
redefined to include the supply water temperature and the
delivery water temperature. The latter was constrained to the
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Fig. 2 Schematic of the standard f-chart air system configuration for
space heating using pebble bed storage

Table 2 Ranges of design parameters used in developing the
Jf-chart for air systems, and ranges of parameters covered by
correction factors [2, 4]

0.6 < (ra), = 0.9
55 FhA = 120m?
21sU; = 8.3 W/m?C
30 <8 < 90 deg
83 = (UA), =< 667 W/C

Storage size
0.125 = store volume = 1.00 m?/m?

Air flow rate in collector

5= volumetric flow =-207/m?s

range of 40 to 60°C. A two-tank system was assumed, as
shown in Fig. 3. Standard losses were assumed to occur from
a well-insulated preheat tank, and losses from the auxiliary
tank should be included as part of the heating loads on the
system.

The f-chart correlations for monthly performance apply
over limited ranges of the dimensionless variables X and Y. X
and Y can be written

X = FoU, S2(1~ Toaear
Fr
_ (ra) Fgp .
Y = Fp(ra), (re) Fa HyNA./L

The parameters include Fg(ra), and FrU,, the intercept
and slope of the collector test curves. These are modified bya

Nomenclature

"FCHART 3, an interactive program that is convenient fu:~

. systems done with FCHART 4 will be close to but n

set of factors, including (re)/(re), and F§/Fp. They may aly |
be modified to account for duct and pipe losses (5), if these ;
are to ambient and are in fact losses. In addition, COorrection |
factors for the sizes of the load heat exchanger and storage
tank (for liquid systems) and for the air flow rate and pebbls |
bed store size (for air systems) were developed for limiteg
ranges of these variables, as indicated in Tables 1 and 2.

While the f-charts yield a month-by-month estimates of the
solar contribution to heating and hot water loads, they are
intended to be a means for arriving at annual or seasonal solar
contributions. As stated in [1], the f-chart ‘“is not intendeq o
provide an accurate estimate of systems performance for anv
particular month, but rather for the year.” All comparisons
in this paper are of predicted and measured performance for
at least the major part of the heating season.

* There are several possible definitions of f, the monthly (or
F, the annual) contributions of solar energy, as noted by
Buckles and Klein [6]. In their nomenclature, the two which
should be distinguished are

f; = 1-—auxiliary/load
Jf3 = 1-—auxiliary with solar/auxiliary without solar

In the f-chart method, the load is the energy needed to hex
the building and/or water plus (for two-tank water heater
losses from the auxiliary tank. Thus, it is the energy tha
would be supplied if there were no solar energy system. A.
long as the presence of the solar energy system does not affec
the loads, f; and f; are the same. If, however, the solar energ:
system affects the load, they are not identical. This e
happen, for example, if a solar heating system keeps the
building temperature higher within a control band than does »
conventional system, or if during mild weather auxilian
energy is turned off and occupants settle for lower building o
water temperatures. The solar fractions reported here arc
values of f5.

(It is useful to distinguish between the f-chart method an.

doing the necessary calculations. There is also an FCHART :
program that uses the f-chart correlation for air systems, b
uses a different method (utilizability) for liquid and DHW
systems. The resuls of calculations of liquid and DHW

identical with those done with FCHART 3. All of the resu:
included in this paper are for f-chart predictions, wi
calculations made by hand or with FCHART 3.)

3 Data Sources and Comparisons

Differences between predicted and measured performanc
i.e., between Fp and Fy,, can arise for several reasons. Fir-
the system may not be close in configuration, paramet
ranges, or control strategy to one of the standard system:
Second, there may be defects in the details of design or i
stallation of the system. Third, reliable measurements-ofsol-_|
radiation and systeni performance are not easy to make, -

A,
Cmin
Fy

Fp

Fr
F4/Fy

iy

nn

collector area

minimurn capacitance rate
measured fraction of load
met by solar energy-
predicted fraction of load
met by solar energy
collector heat removal
factor

collector heat exchanger
correction factor

monthly average daily
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month (seconds if U, is in

. watts, hours is in hours)

e

radiation on collector, per U, = collector overall o
unit area coefficient

monthly heating load (UA), = loss coefficient-area
number of days in month product of building
“monthly average ambient B = slope of collector
temperature ¢ = effectiveness of load he:
an (empirical) reference exchanger

temperature, 100°C (ra) = transmittance-absorptai.-
212°F) product of collector
number of time units in a (7o) = transmittance-absorptar.:

product at normal

cidence
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Table 3
Year Fp Fy
1959-60 0.56 0.48
1960-61 0.62 0.57
RELIEF VALVES TEMPERING
VALVE
TO TAPS
S
& > 2
h] PREHEAT
N % % STORAGE g AUXILIARY
TANK — N
i WATER
; HEATER
o

COLLECTOR-5TORAGE
HEAT EXCHANGER

WATER SUPPLY

#g. 3 Schematic of the standard f.chart system configuration for
water heating only. Collector fiuid may be either air or water

~easurement errors in either may contribute to apparent
ziferences. Fourth, f-chart calculatioris may be in error, as it
~not always clear from the reported calculated performance
aactly how the f-chart analyses have been done (for example,
v losses for storage tanks, ducts, and piping have been
zwounted for, or whether Fp (7), and Fr U, values used are
:om in situ measurements or laboratory tests), Fifth, there is
w basic question addressed in this paper: does f-chart
~spresent the long-term performance, for systems that show
.{ferences not attributed to any of the first four reasons?

The original f-chart paper [1] included a comparison of
~aults for MIT House IV operation for each of two years.
-iese were the only data available in 1976, and are shown in
“lable 3. The system configuration was not identical to that of
t:¢. 1, in that the system used drain-back freeze protection. It
3 @ system development experiment, and Engebretson 7
“ated that performance could have been expected to improve
«th further operating experience with the system. The initial
-‘mparison were encouraging.

A few other comparisons have been made. Fanney [8]
wmpares measured with predicted results of solar water
tzaters in NBS laboratories. The Solar Energy Applications
Laboratory of Colorado State University has made careful
rasurements of a year’s performance of each of several
tnes of air and liquid systems, and comparisons for three of
base systems are included [9, 10]. Faiman et al. [11] have
ronitored a year’s operation of a water heating system at a
Meev kibbutz, and compared the measured with the
frudicted output. The results of these authors are included in
L summary.

The National Solar Data Network (NSDN) has provided
L:asured performance data on a wide variety of systems in all
Ris of the United States, and their reports include the
Fudicted solar contribution using f-chart. The systems for
bich we show comparisons of NSDN data are systems that
ke feasonably close (but not in all respects identical) in
afiguration to the standard J-chart configurations; these are
"ems for which f-chart might legitimately be used for
%u2n. Some of the data were previously reported by Mears
1 Nash { 12}]. We also include data for two buildings that are
$ussed in detail by Wiley [13]. :

Fchart predictions using measured radiation and tem-
Kaure data and measured loads should be compared with

Measured solar contribution to meeting these loads. The f-
" procedure does not predict the weather nor the actual
ding loads. Comparisons have *been incorrectly. made

Rieen predicted solar contributions based on long-term
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Fig.4 Frequency of occurrence of values of (T; = T4)IGy forsystem 1.2
during February and July at Glendo, Wym.
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Fig. 5 Predicted compared to measured annual or seasonal per-
formance for systems using water storage tanks
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Fig. 6 Predicted compared to measured annual or seasonal per-
formancs for air systems with pebbie bed storage

average meteorological data and measured solar contribution
for a particular year; the year may have been very different
from the long-term average.

The f-chart method requires that values of Fr (7a) and
FrU, be available. Laboratory measurements of these
parameters, based on ASHRAE standard test procedures, are
normally supplied by collector manufacturers. The in situ
values of the parameters may, however, differ from
laboratory measurements because of obvious factors such as
changes in flow rate from those of the laboratory
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Tabled4 Characteristics and annual performance of liquid systems

A
»

.

System Location Load Ag,m? Store, ! Tyermin Fp Fuy

L2 Glendo, Wyo. S+HW 27.3 3780 Troom 0.22 0.24
L3 Yosemite, Calif. S 91 9460 32°C. 0.22 0.23
L4 Tucson, Ariz; S+HW 179 11350 - 0.73 0.85
L3 Tunkhamock, Pa. S+HW 19.4 450 35°C 0.31) 0.17)
L6 Columbia, Md. S+HW 325 3780 - 0.24 0.25
L7 Ft Collins, Colo. S+HW 50 4500 25°C 0.61 0.63
L8 Ft Collins, Colo. S+HW 44.7 4160 25°C (0.56) 0.43y
L9 Medway, Mass. S+HW 2.93 2840 21°C 0.51 0.54
L10 Blue Earth, Minn. S 1070 75,000 - 0.79 0.86

measurements, and because of more subtle effects such as Lo ’ :

changes in loss coefficient due to interactions of buildings and r Domestic

collectors. The designer has the laboratory data to work with Hot Water Systems

and can make corrections for flow rate, pipe and duct losses,
etc. [4], while the evaluation of field installations are based on
in situ measurements. The NSDN reports show both
laboratory and in situ measurements of Fi (7o), and F,U,
and the values of F» shown are based on the latter.

The NSDN reports also show another interesting fact, i.e.,
that collectors normally operate over limited ranges of the
parameter (7; - 7,)/Gr. Sample histograms of frequency of
occurrence of various values of this ratio for summer and
winter operation of a heating system are shown in Fig. 4.
These histograms define the range over which collector tests
should be done in determining Fr U, and Fr(ra),, if there are
significant nonlinearities in collector performance.

4 Predictions and Measurements

The comparisons are shown for three types of systems.
These are liquid systems with energy storage in liquid tanks,
air systems with storage in pebble beds, and hot water only
systems. For each type of system the results are summarized
on plots of Fp versus F\,. Then each specific case is discussed
in-enough detail to-permit interpretation of the comparison:
Finally, all systems comparisons are shown on a single Fp
versus £y, plot. Each of the plots shows lines for =15 percent
deviation. For the NSDN systems, the referenced reports are
listed in the bibliography under the same designation as is
used in the tables, paragraphs and figures below.

Liquid Systems. A summary of the comparisons for liquid
systems is shown in Fig. 5. The MIT House IV data of Table 3
are included for each of the two years, and are designated by
L1. Other systems are also designated as L2 through L10, and
the location, major characteristics, and F» and Fy are in-
dicated in Table 4. For each of the systems the differences
between the system configuration and the f-chart “‘standard’’
are described and other comments on the comparison are
made in paragraphs following the table. Included in this set
are systems with air collectors and air to liquid heat ex-
changers, and systems with heat exchangers immersed in
storage tanks. These systems are covered by the f-chart for
liquid systems as long as correct values of heat exchanger
effectiveness are used in calculating F}/F. The data on F P
and F,, are as reported by the authors of the sources of the
information. The solar fractions in parentheses are those for
which the comparison is of questionable validity.

We have checked many of the design parameters of these
sytems to see if they fall in the f-chart range, and any
discrepancies are noted. It has not been possible to check all
of them, however, and flow rates through the collector are
particularly uncertain.

e L2 This residential system is close to the standard /-
chart configuration, except that drain-back freeze protection
is used, the hot water exchanger is in the main storage tank,
and a single hot water tank is used. Control is also close to
standard.
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Fig.7 Predicted compared to measured perldrmance for domestic het
water systems : '

1o - e
I+ Liquid Systems ’

o Aif Systems /

o DHW Systems.

Fig. 8 Predicted compared to measured performancs for all system
(excluding L5, L8, A7, W4, and W5)

» L3 The application is for a visitar’s center. The syste
configuration is close to standard, but the collector he:
exchanger is in the storage tank. The minimum temperatu::
for heat delivery is 32°C instead of 20°C.

» L4 This residential system has two major features th:
differ from the standard. First, when the auxiliary heater -
turned on, solar heat is not extracted from the storage tans.
this would ordinarily mean that solar performance would t:
somewhat poorer than predicted. Second, swimming poc
heating can be provided by a heat exchanger inthe collect.” -
loop. During February and March solar energy was provide:
to the pool and was included in the loads; as the pool ter
perature would be lower than the main storage tank tew
perature during at least part of the time of collect
operation, the actual performance would tend to be bet
than predicted. The data available do not permit satisfactor:
separation of these two effects, but the fact that measufs:
performance exceeds predicted performance in this case is 0"

Transactions of the ASME




Table5 Characteristics and annual performance of air sytems
System Location Load Aem? Store, m? Fp Fy
Al Carlsbad, N.M. S+HW 37.9 8.1 0.51 0.48
A2 Akron, Ohio S+HW 50.7 7.64 0.22 0.24
A3 Duffield, Va. S+ HW 399 7.5 0.24 0.39
A4 Newman, Ga. S+HW 36.4 9.20 0.32 0.42
AS Huntsville, Ala. S+HW 66.9 14.8 0.35 0.31
A6 Clinton, Miss. S+HW 24.1 3.7 0.20 0.32
H A7 Manchester, N.H. S+HW 74.8 20.4 (0.41) (0.29)
: A8 Lincoln, Nebr. S 44.7 9.82 0.27 0.27
¢ : A9 Canton, Ohio S+HW 39.8 16.8 0.06 0.06
Al0 Ft Collins, Colo. S+ HW 57.9 10.3 0.64 0.65

.rprising.  (Operation- of absorption air conditioning
Juipment was also possible, but no cooling was done during
+wperiod of the data shown in Table 4.)

« L5 Air collectors, an air-to-water heat exchanger, and a
.ter tank storage are used in this residential system. The
suse heating system is forced hot air. Direct heating of the
-uilding with solar heated air is possible. Energy storage for
~ice heating is in two water tanks, one of which is ineffective
~lar as solar heating is concerned, and the capacity shown in
.ublg 4 is for one tank only. The minimum tank temperature
" energy delivery. to the house is 35°C. Thus system con-
~guration and control strategy do not match those of f-chart.
‘he storage/collector ratio is one-half the lower limit of the
~:nge covered by f-chart. The last is probably the most im-
-irtant discrepancy. Also, leakage of air from the collectors
-ay have been significant. Thus f-chart should not be used in
.signing or predicting the performance of this system, and
= comparison of Fp and F,, is meaningless. The data are
wwn for the purpose of illustrating a situation where it is
.r that a system falls outside of the ranges in which f-chart
.nbe used:

+ L6 The system is nearly standard, except for the
anfiguration of the hot water subsystem, which uses a heat
:whanger in the main storage tank to preheat incoming mains
-ster when there is no water draw. The collector loop uses
~sidently) drain-back freeze protection [8].

» L7 This system configuration is close to standard, and
't installation is on a building serving as a CSU laboratory
House I). The collector was a Corning evacuated tubular
-llector, with flat absorber in the tubes; it could be
wpresented adequately by a set of the usual collector
urameters, although FRU,; was lower than most con-
ational collectors. Ty shown in the table was a minimum
{ vage tank temperature for system turn-on in the storage-

“use mode; it could continue to operate at lower tank

-mperatures. Data are for the heating season 1977-78.

+ L8 The system of L7 was rebuilt with a different type of
-acuated tubular collector, an electric auxiliary source which
-lized off-peak energy stored in a separate semsible heat

rage unit, and other minor changes. The off-peak storage

“ithad relatively high thermal losses to the building; during
3 "Id weather this resulted in reduced demand for solar heat

:d increased use of (uncontrolled) auxiliary, and this may
ount for a substantial part of the difference between Fp
<4 F\y. With significant amounts of uncontrolled auxiliacy
led 10 the building, it is questionable whether the com-
Fison is significant. The data are for 1978-79 heating season

“

*L9 This residential system is close to standard con-
Jrallon The collector heat exchanger is inside the main
g"le tank. The DHW system is a one-tank unit with
-iliary energy supplied to the water in the tank.
&'LI0 The system is for space heating only, and is a
Foiit on a single-story manufacturing plant. Freeze
“ection is by drainback. (L9 and L10 are discussed in some
il by Kelly [13].)
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Air Systems. Data are available on a larger number of air
systems, and these are shown in Fig. 6 and Table 5. These
systems all use pebble bed heat storage units, which are
normally characterized by very effective stratification.
Unknown with most air systems is the extent of leakage of air
into or out of the system and its effect on system per-
formance. )

» Al The system is on a residence, and ‘is essentially
identical to standard system except that solar heat to the
building is turned ‘off when auxiliary is turned on. Air flow
rates and storage/collector ratio are very close to standard,
and Fp is very nearly the same as Fy;. _

« A2 This system is also very close to standard, except
that solar heat is not provided to the building when auxiliary
is being provided to the building. This system has a heat
pump auxiliary with a separate off-peak storage unit for the
heat pump, but these features do not affect the solar
operation,

e A3 This system is close to the standard configuration,.

except for two features. First, the collector-storage loop can
operate while auxiliary heat is being supplied to the building;
this would result in some modest performance advantage.
Second, a heat pump auxiliary source is used in parallel with
the solar energy system and has its own off-peak storage; this
should not affect solar operation. The reason for Fy; being
larger than F is not clear.

« A4 This system is close to the standard configuration,
with auxiliary energy provided by a parallel heat pump.
Minimum temperatures of energy delivery to the house are
30°C air from collector or 33°C from storage. Air flow
through the rock bed is horizontal, which should make little
difference as long as there is no bypass of air across the top of
the storage unit. The reason for Fy; being larger than Fp is not
clear.

« A5 The system is close to the standard configuration,
with ‘auxiliary energy provided by a parallel heat pump.
Collector turn-on for collector-to-storage mode occurs when
the collector temperature exceeds the temperature in the
bottom of storage by 25°C and the turn-off difference is
16°C; these are higher than assumed in development of f-
chart. Also, hot water consumption was very low, the preheat
tank ran at higher than normal temperatures, and losses from
it were probably higher than anticipated in the f-chart
development. These may account for Fp being higher than
Fy. . . '

« A6 The system configuration is close to the standard.
Hot water preheat is accomplished via a thermosyphon loop.
Collector turn-on for collector-to-storage mode occurs when
the collector outlet temperature is higher than that in the
bottom of the storage unit by 22°C, and turn-off is at 15°C.
The reason for F, exceeding F is not clear; it may have been
due in part to dust and dirt on the pyranometer which would
lead to underestimated radiation on collector and reduced
performance prediction.

» A7 .The system configuration is close to standard, but
with the rock bed horizontal. Controls and not standard. In

- FEBRUARY 1983, Vol. 105/7
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Table 6 Measured and predicted values of annual solar contribution of domestic water
heating systems, from NBS laboratory experiments

Collector Heat
System Tank fluid exchanger Fp Fy
Ni 1 Liquid External 0.37 0.36
N2 2 Liquid External 0.40 0.37
N3 1 Liquid Internal 0.43 0.45
N4 2 Liquid Internal 0.30 0.33
N5 1 Air External 0.21 0.20
Table 7 Data on water heating systems from NSDN
System Location Ac ,m* Tanks (/) Fp Fy
Wi Macon, Ga 7.43 1 (454) 0.53 0.50
w2 . Togus, Me. 9.75 2(454, 151) 0.47 0.51
w3 Palm Beach Co., Fla. 7.43 1(454) 0.69 0.85
W4 Encinitas, Calif. 6.04 2 (151, 250) (0.49) (0.59)
W5 Tempe, Ariz. 6.04 2(197,197) (0.57) 0.71)
w6 San Diego, Calif. 48.3 2(3790,*) 0.19 0.21
W7 Medway, Mass. 4.18 2(302, 151) 0.35 0.43
w8 Israel 94.5 2 (4000, 2000) 0.48 0.48

the collector-to-storage mode, it is required that collector
temperature be at least 8°C higher than the hot side storage
temperature; this will lead to premature collector turn-off,
and probably accounts for poor measured performance
relative to prediction. The building was not occupied during
the period of performance measurements.

o A8 The system configuration is close to standard.
Collector-to-storage operation is started when collector plate
temperature is 43°C and is hotter than the {op of the rock bed,
and continues until the plate temperature is less than 33°C (or
until space heating is needed). The collector-to-space heating
mode has the same requirements on plate temperature; i.e., it
starts when space heating is needed and when T > 43°C, and
stops when T drops below 33°C or heat is no longer needed.

«.A9 . The system is standard- as-far.-as space heating is
concerned. Water heating is accomplished by a heat ex-
changer in an air flow loop that can be supplied with heated
air from either storage or collector. Fp and F), agree [12].

« A10 This system was on CSU House II and was
evaluated during the winter of 1978-79. The system was the
standard f-chart air system, and agreement between Fj and
Fy, is excellent [10].

Hot Water Systems. The third set of systems supply hot
water only for residential or institutional use. The systems
vary in the number of tanks used and in the method of freeze
protection. Studies by Buckles and Klein {61 and others in-
dicate that there should not be much difference among these
variants, and data on all of them are included in this sum-
mary.

The National Bureau of Standards conducted a year-long
careful experimental study of the laboratory performance of
several hot water systems [8]. In these experiments, hot water
‘draw was' programmed to match that used in the f-chart
development. The results of five of these experiments are
shown in Table 6, which indicates the fraction of the total
load (water draw plus auxiliary tank losses) supplied by solar.
(The sixth system was a thermosyphon system, to which f-
chart.does not apply). These points are shown on Fig. 7, and
are designated N1 to N5.

Table 7 summarizes additional data from NSDN and other
sources on hot water systems. In contrast to the NBS
laboratory data, these are data from field applications, and
loads on the system varied widely from those assumed in
developing f-chart. Where two tanks are used, the capacities
of both of them are given in parentheses, and where only one
is used, its capacity is indicated.

« W1 This residential application is a single-tank system
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with a jacket heat exchanger. Silicon oil is the fluid used iny
collector loop. Electric resistance elements in the tank provig
auxiliary. Collector turn-on occurs when the collector plx
temperature exceeds the tank bottom temperature by 11°C,
and turn-off occurs when this AT drops below 3°C. Purg
flow rate is proportional to AT over the 11-3°C range.

« W2 This residential system is close to the standard tva
tank conﬁgura[ion A double-wall external collector heg
exchanger is used. Pumps turn on at a temperature dnffercn.:
of 15°C, and off a difference of 5°C.

» W3 The system is installed on a residence, and is 4
single tank configuration with circulation of water throud
the collector. The turn-on and turn-off temperature &
ferentials were 8°C and 2°C. Loads on the systems durig
much of the period of measurement were lower than expectd
as the building was unoccupied during part of.the pericd
Losses from the tank of a one-tank systemn losses can be mak
up by solar. This combination of circumstances may accout
for the excess of Fy, over Fp.

o W4 This two-tank residential system has the umux
feature that solar heated water can be circulated to either 4
the tanks; i.e., it goes to the 151-L (40-gal) DHW tank wha
its temperature is less than 60°C and to the 250-L solar tarl
when Tpyw exceeds 60°C. In this arrangement, losses (red
the auxiliary tank can be met by solar energy, leading
improvement of performance over design. However, §
combination of lighter than anticipated loads and mechaniid
difficulties with the system made interpretation of the resu:3
difficult. It is questionable whether f-chart should be used 3 1
design of this kind of system. i

« W5 This system has the same two-tank configuration 4
system W4, and solar heated water can be pumped to eith1 |
tank. This would tend to increase performance ot
predictions. Freeze protection is accomplished by circulaurt
warm water through the collectors during infrequent ard
short periods of freezing temperatures, or by manual drain :
of the collector system during extended cold periods. Thet’
methods of freeze protection would tend to decrease e -
formance relative to predictions if freezing or the thred:
thereof occurred very often. As with W4, it is questionats

 whether f-chart should be used to design this system. (T3
data shown for systems W4 and W5 tend to indicate that the?
is a performance advartage to be gained from piping syste
5o that solar heat water can go to either of two storage tanh+
This is an interesting question; the data are far from c?
clusive.) '

« W6 This system is unusual in that it includes a sin:-"l‘
large preheat tank which supplies solar preheated water o i
separate 197-L. DHW heaters, each of which supplies ¥
apartment with hot water. However, its configuration &
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wsically the same as that for which f~chart was developed,
nd agreement between Fp Fy, is very good [12].
« W7 This is a standard system in all respects except for

e collector heat exchanger, which is immersed in the preheat .

ank. The reasons for F), exceeding Fp are not clear [12].

» W8 The system supplies hot water for an Israeli kib-
wtz, and is close to the standard configuration. The main
iiference is that the heated water from the collector heat
achanger can be shunted into the second tank if the preheat
ank reaches a preassigned temperature while the collector is
gill operating. Tp and T, for the year are the same [11].

It has been noted by Stoney [14] and others that many
aslems are operated in mild weather with auxiliary energy
gurces turned off. Under these circumstances, the solar
wiction will be higher than a prediction based on supplying
siter at higher mean temperatures.

§ Summary

An overall impression of the relationships of Fp to F), can
ypained from Fig. 8, which is a composite of the data shown
tFigs. 5, 6, and 7. All of the data from the other figures are
+.luded except for system L35, which is clearly not a system to
x designed with f-chart, and systems L8, A7, W4, and W5,
were use of f-chart is questionable.

Two general observations can be drawn from these data.
§ﬁr<t, there is a general trend of agreement between the
jeasured and predicted seasonal performance of all three
goes of systems. Twenty-two of the measured values are
whin %15 percent of the predicted, while four show
wnificantly better performance than predicted. Second, it
gnears from data from systems Aj, A4, and Ag that there
s:cht be an f-chart bias to underpredict the performance of
¥ systems. From the information available on these systems
s not clear why these discrepancies should appear. In the
sihors’ biased view, the difficulty in making good per-
fmance measurements may be responsible for the dif-

e of system to draw firm statistical conclusions.

ystems with configurations close to the standard show
pod agreement between predicted and measured per-
Q:mance, while those with significant differences do not. The
slector area to storage ratio has a significant effect, as
fown by the discrepancy for system LS5. Finally, the control
Wperatures do not have a major effect on performance air

kences. The number of data points is too small for any one -

systems, based on data for systems A4-A8. The set tem-
peratures for these systems all differ from those for the
"standard. The same comments cannot be made for liquid
systems, and considerably more information is needed (in-
cluding more very careful measurements on air systems)
before clear conclusions can be reached.

Mears and Nash [12] stated in their conclusion that the
modified f-chart analysis technique “‘yields good agreement
between estimated and measured system performance for
properly operating solar hot water and/or space heating
systems...”” The additional data shown in this paper bear out
their conclusion. It is also clear that f~chart must only be used
for systems for which it is designed, and within the specified
ranges of design parameters, such as storage capacity and air
flow rates.
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