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The thermal performance of six solar domestic hot water systems and a con-
ventional hot water system have been carefully monitored by the National Bureau
of Standards in Gaithersburg, Maryland. The system configurations include an
evacuated-tube air system with a crossflow heat exchanger and two storage tanks, a
single-tank direct system, a double-tank direct system, a single-tank indirect system

with a wrap-around heat exchanger, a double-tank indirect system with a coil-in-
tank hear exchanger, and a thermosyphon system. Results are presented for a one-
year time interval commencing January 1980. This paper includes a detailed
description of the hot-water systems, experimental test results, and comparisons
with computer predictions using the f-chart method {1].

Introduction

The National Bureau of Standards (NBS) solar domestic
hot water (SDHW) test program has two primary obectives.
One objective is to investigate alternative methods of testing
SDHW systems [2] to support the American Society of
Heating, Refrigerating and Air Conditioning Engineers
(ASHRAE) in developing a standard test procedure [3]. A
second objective is to conduct controlled experiments on
typical solar domestic water heaters to determine the extent to
which existing computer programs and design methods ac-
curately predict their performance.

The controlled experiments began in June 1978 with the
gathering of detailed performance data on six heavily in-
strumented SDHW systems at the NBS solar test site in
Gaithersburg, Maryland. All systems were run side-by-side
under identical meterological conditions and each provided
approximately 0.265 m? of hot water per day. Operational
results for the first 12 months are reported in [4]. Com-
- parisons were made between the results and the predictions of
" TRNSYS [5], f~CHART [6], and SOLCOST [7]. A
description of these comparisons for the first 12 months
appears in reference [8]. :

After completion of the first 12-months test of the six
systems at the end of June, 1979, modifications were made to
the systems in preparation for the next 12 months of tests. An
evacuated-tube air collector system was installed in place of
the flat-plate air collector system. A preheat storge tank with
an internal-coil heat exchanger replaced the tank with the
wrap-around heat exchanger in the double-tank indirect
system. An additional collector panel was added to the single-
tank direct (drain-down) system to make its collector area
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identical with other liquid systems, and the tanks for the
double-tank direct system were replaced by tanks with ad-
ditional insulation. Also, mixing valves at the hot water outlet
were removed from all six systems. The necessary
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modifications, instrumentation, and calibration were com-
pleted by December 1979.

This paper summaries the results of the second 12-month
testing period between January 1980 and December 1980.
Presented are a description of each of the systems and the
instrumenation used to monitor their performance.
Measurements of the collector performance characteristics,
storage tank heat loss coefficients, heat exchanger ef-
fectivenesss values for the two indirect systems, and storage
tank temperature profiles are included. Comparisons are
made between the experimental results and predictions using
the f~Chart method.

Systemn Description

The SDHW test facility consists of six independent solar
systems. A complete description of each system foilows.

Single-Tank Direct System. The configuration of the single-
tank direct system is shown in Fig. 1. This system consists of
three solar collectors connected in parallel, one water storage
tank, flow control valves, an on-off differential temperature
controller with freeze protection circuitry, pump, piping, and
insulation.

The collectors used on all five liquid systems are Lennox
Model L.SC18-1S.! This is a single-glass cover flat-plate liquid
collector. The glass is tempered low iron with etched surface
lines to reduce reflection. A steel absorber plate is formed
around copper flow tubes and then coated with black chrome.

TCertain commercial equipment, instruments, or materials are identified in
this paper in order to adequately specify the experimental procedure. Such
identification does not imply recommendation or endorsement by the National
Bureau of Standards nor does it imply that the materials or equipment iden-
tified are necessarily the best available for the purpose. The results of this study
apply to the particular systems tested. Generalization of these results to generic
types of SDHW systems is not necessarily possible.

Each collector has an aperature area of 1.40 m*. The collector
enclosure is constructed of galvanized steel lined with 89 mm
of glass fiber insulation. Instaritancous efficiency tests of the
Lennox LSC18-1S collectors were performed at NBS. A least-
squares curve fit to the data, based on aperture area, resulted
in a linear efficiency of

N =0.805-4.73 (('A/'I'—IU)/GT) (l)
The measured incident angle modifier is represented by
K,,,=l.0—0.lO[(cos(})"—1] )

A State Industries conventional electric water heater is used
for storage. This tank has a nominal 310L capacity and
outside dimensions of 1.57 m in height by 0.61 m in diameter.
The inner surface of the tank is lined with vitrified glass to
minimize corrosion. Glass fiber insulation, thickness 51 mm,
surrounds the actual storage tank, which in turn is covered by
a thin metal jacket. A temperature and pressure relief value is
located at the top of the storage tank. The lower heating
element was not used in this experiment. The upper heating
element, located 1.27 m above the tank bottom is a 208 volt,
3.5 kW, direct immersion heating element. The heating
element is controlled by a thermostat which senses the tem-
perature of the storage tank immediately above it. The solar-
heated water enters the tank through a 12.7-mm dia dip tube
extending 153 mm below the upper heating element.

The overall heat loss coefficient for each storage tank was
determined experimentally. During a 72-hr cool-down test, no
energy was suppled or withdrawn from the storage tanks.
Each tank was initially heated to 70°C. The ambient tem-
perature surrounding the storage tanks was maintained at
20°C. Using readings from thermocouples located inside and
surrounding the storage tanks, a plot of average tank tem-
perature versus time was generated. Fitting an exponential
curve to the resulting data allowed-the—-overall-heat-loss

Nomenclature
e = fractional energy savings excluding parasitic
energy, dimenisonless
eaux = fractiona! energy savings including parasitic
energy, dimensionless
ey = fractional energy savings calculated using the

f-Chart correlation and measured horizontal
radiation data, dimensionless

er = fractional energy savings calculated using the
f~Chart correlation and measured tilt radiation
data, dimensionless
= solar fraction, dimensionless
Fr'/Fr = collector-heat exchanger correction factor,
dimensionless
Fgr(ra), = intercept of collector efficiency curve based on
aperture area, dimensionless
FrU, = slope of the collector efficiency curve based on
aperture area, (W/(m? - °C)
G = total global irradiance incident upon the
B aperture plane of the collector array, W/m?
H = montly average daily total radiation incident

upon a horizontal surface, MJ/m?-day
s = monthly average daily diffuse radiation in-
cident upon a horizontal surface, MJ/m?-day

H, = monthly average daily total radiation on the
solar colllector array, MJ/m?>-day
K., = incident angle modifier, dimensionless
Qaux = energy consumed by pump, controls, and

solenoid valves if applicable, kJ
Qconv = energy required by a conventional hot water
system, kJ
Q15 = hot water thermal load of the solar sytem, kJ
312/ Vol. 105, AUGUST 1983

Qsue = energy consumed by the heating elements in
the solar system, kJ

Q. = thermal tank losses of a conventional electric
hot water tank, kJ

Qs = energy loss for the auxiliary portion of the
solar system, kJ

t, = ambient temperature, °C
tein = collector fluid temperature entering the heat

exchanger, °C
t.omw = collector fluid temperature leaving the heat
exchanger, °C
t; = fluid temperature entering the solar collector
array, °C

t, = average water temperature in the solar-heated
portion of the storage tank, °C
UAq s = energy loss coefficient for the auxiliary
portion of the solar system, W/°C
¢. = heat exchanger effectiveness, dimensionless
6 = angle of incident between the direct solar beam

and the normal to the collector aperture, deg
14 = collector efficiency based on aperature area,

dimensionless
7, = collector efficiency based on gross area,
dimensionless
(ra),, = effective transmittance-absorptance product
for the collector at normal incidence,
. dimensionless
(ra) = monthly average transmittance-absorptance

product for the collector, dimensionless
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coefficient to be determined for each tank. For the single-tank
direct system, the measured overall heat loss coefficent is 4.42
W/°C. A Hawthorne Model 1504-A Fix Flow controller is
used to actuate the Grundfos UPS-20-42 pump when a
temperature difference of 8.9°C exists between the collector
absorber plate and the storage tank temperatures. A tem-
perature difference of less than 1.7°C causes circulation to
cease. The collector flow rate is at 0.0833 L/s. The storage
tank sensor is located on the exterior tank surface, at an
elevation of 0.152 m. The controller also acutates two
solenoid valves to provide freeze protection. Freeze protection
action is initiated if the absorber plate temperature reaches
2.8°C. One solenoid valve closes the supply to the collectors
while the second one opens and allows drainage of the
collectors. A fail-safe scheme is employed such that during a
power failure the collector supply is closed and the collector
drain is opened. An air vent and a vacuum relief valve at-
tached to the highest point of the system allow venting of air
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during collector fill and eliminates a partial vacuum in the
collectors during a drainage.

Hard copper tubing of 12.7-mm dia is used throughout the
installation, except for 25.4-mm dia headers interconnecting
the three collectors. Armaflex insulation of 12.7 mm provide
indoor type insulation. Outdoor insulation consists of 32-mm
thick glass fiber insulation covering the 12.7-mm piping while
a 51-mm glass fiber insulation encases the collector headers.

Double-Tank Direct System. The double-tank direct system
is shown in Fig. 2. This system consists of three solar
collectors connected in parallel, two water storage tanks, flow
control valves, an on-off differential temperature controller
with freeze protection circuitry, a pump, and associated
piping.

Lennox LSC18-1S solar collectors are utilized. Both the
preheat and auxiliary storage tank are A. O. Smith Energy
Saver IIl conventional electric hot water tanks. The two
heating elements in the 303-L heating elements are utilized to
maintain the 151-L auxiliary tank at 60°C. Outside dimen-
sions of the 303-L tank are 1.50 m in height by 0.56 m in
diameter. The 151-L tank has outside dimensions of 1.4 m in
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height by 0.56 m in diameter. Both storage tanks are
surrounded by glass fiber insulation having a thickness of 64
mm. The measured overall heat loss coefficients for the
preheat tank and auxiliary tank are, respectively, 3.31 W/°C
and 2.03 W/°C.,

A Hawthorne Model 1504-A Fix Flo controller regulates
the Grundfos UPS-20-42 pump and freeze protection unit. All
components and control temperature set-points are identical
to those utilized in the single-tank direct system. The collector
flow rate is 0.0833 L/s. Piping and insulation are identical to

the single tank direct system.

Single-Tank Indirect System. The single-tank, closed-loop
indirect system, Fig. 3, consists of three Lennox Model
LSC18-1S collectors connected in parallel, a single water
storage tank, an on-off differential temperature controller, a
pump, and associated piping and insulation.

The Solarstream 310-L water storage tank has an integral
4500-W heating element located in the upper portion of the
tank. Thus, during periods of insufficient. solar energy, the
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Table 1 Monthly source water temperature and average
ambient temperature

Ambient Mains
Month [°cCl °q
Jan. 0.0 8.2
Feb. 0.0 9.6
Mar. 6.1 10.4
Apr. 12.4 12.5
May. 19.3 17.7
Jun. 20.1 19.1
Jul. 25.0 19.5
Aug. 24.0 24.9
Sept. 21.2 26.1
Oct. 11.1 20.8
Nov. 6.0 13.1
Dec. 0.3 10.4
8.5
8.4
g 0.3 .-_. URAP AROUMD WEAT EXCHANGER
E : oo oo e e % %a°g, oo ©9 4,009,090
; 0.2 -
g 4
] :l“‘,,‘x-:x-nn""""x"’“':-xx:-
g 0.1
= -t INTERMAL COIL HEAY EXCHANGER
(YY) — S ESI————
) 1 2 3 4 5

ELAPSED 1 ' (HOURRY
Fig. 8 - Heat exchanger effactiveness for two indirect systems

heating element set at 60°C satisfies the load requirements.
The outside dimensions of this tank are 1.42 m in height by
0.71 m in diameter. A double-wall heat exchanger jacket
surrounding the water tank allows the heat transfer fluid to
heat the water within. The heat transfer fluid is a mixture of
ethylene glycol (40 percent by weight) and distilled water with
a specific heat of 3.60 kJ/kg°C and specific gravity of 1.042
at 40°C. The heat exchanger jacket has an area of 1.58 m?®
that is attached to the surface of the tank by mechanical
bonding. Insulation surrounding the heat exchanger and tank
consists of 76-mm thick glass fiber. A 76-mm insulation slug
also exists at the top and bottom of the tank. The measured
overall heat loss coefficient for this tank is 3.02 W/°C.

A Honeywell Model R7412A Controller for this tank ac-
tuates the Grundfos UPS-20-42 pump when a temperature
difference of 10°C exists between the absorber plate and a
tank surface temperature sensor. The tank sensor is located at
a heigth of 0.7 m. A 1.7°C temperature difference causes the
0.0833 L/s circulation to terminate.

Piping and insulation are identical to that of the systems
previously discussed systems.

Double-Tank Indirect System. The double-tank indirect
closed-loop system, Fig. 4, uses three Lennox Model LSC18-
1S collectors connected in parallel, two water storage tanks,
an on-off differential temperature controller, and a Grundfos
UPS-20-40, two-speed pump. A Ford Model TC80E stone-
lined storage tank with an internal coil double-wall heat
exchanger serves as the preheat tank. Outside dimensions of
the tank are 1.68 m in height and 0.61 m in diameter. Glass
fiber insulation, 51 mm in thickness, surrounds the storage
tank. The measured overall heat loss coefficient is 2.95 W/°C
for this tank. The downstream auxiliary tank is identical to
the auxilliary tank of the double-tank direct system. The
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pump circulates an ethylene glycol-water (40 percent-60
percent) mixture at 0.0833 L/s. A Honeywell differential
temperature controller, identical to the single tank indirect
system controller, is employed. The tank temperature sensor
is located at a height of 0.432 m on the preheat storage tank
under the glass fiber insulation. Piping and insulation are
identical to the previously discussed systems.

Thermosyphon System. The thermosyphon system consists
of three Lennox Model LSC18-1A collectors connected in
parallel, one water storage tank, and a freeze protection
system (Fig. 5).

The water storage tank is a 250-L State Industries con-
ventional electric hot water tank. The bottom 4500-W heating
element has been disconnected for this experiment, while the
upper 4500-W electric heating element maintains the upper
portion of the stored water at 60°C. The measured overall
heat loss coefficient for the tank is 4.62 W/°C.

Freeze protection is provided by utilizing solenoid valves
and a controller to operate in the same fashion as those
utilized in the single and double-tank direct systems. A
Hawthorne 1504-A Controller provides the needed freeze
protection circuitry. Two solenoid valves, one which closes
the collector inlet and one which drains the collector, are
actuated at a 2°C absorber plate temperature. A check valve
on the collector return piping prevents reverse ther-
mosyphoning as well as tank drainage during freeze periods.

Hard copper tubing of 25.4-mm dia is used exclusively on
the collector flow loop. All piping bends were kept to a
minimum in order to minimize pressure drops throughout the
system. Armaflex insulation of 13-mm thickness provides
interior plumbing insulation. Exterior insulation consists of a
51-mm glass fiber insulation encasing all piping.

Air System. The General Electric TCA Solar Hot Water
System is shown in Fig. 6. Two collector modules are con-
nected by center feed to an energy transfer module (ETM).
Each solar collector module consists of eight evacuated tube
assemblies backed by curved reflectors. Air enters each
assembly between the inner surface of the evacuated tube and
the outer surface of a return tube. At the end of each
evacuated tube, the air is diverted into the interior of the
return tube gaining additional heat. At the end of the return
tube the air is delivered to the hot air duct. The ETM contains
a motor attached to both a blower and a water pump and also
contains an air-to-water heat exchanger. The gross area of the
two collectors including the center feed duct work is 3.92 m?.

The two TCA collectors and ETM were tested as a unit by
DSET Laboratories [9]. A least squares fit to the test data
resulted in the following efficiency equation of

[l"_[a ly— 2
ng=o.370—0.511[f__]_0_17[ ﬁGTta] 3)

Gr
based on gross area. The measured combined incident angle
modifier is represented by

K,=10-021 (—1— -1) @)
cosé

The water flowing through the ETM circulates through a
State Industries 114-L storage tank. Outside dimensions of
this tank are 1.0 m in height by 0.46 m in diameter. The
measured overall heat loss coefficient for this tank is 2.64
W/°C. The auxiliary tank is a 159-L State Industries con-
ventional electric hot water tank. Both 4500-W heating
elements are utilized to maintain the set-point temperature.
Outside dimensions of the 159-L tank are 1.22 m in height by
0.51 m in diameter. Glass fiber insulation, thickness 51 mm,
surrounds the actual storage tank resuting in a measured
overall heat loss coefficent of 2.80 W/°C,

The controller activates the ETM if the solar intensity,

Journal of Solar Energy Engineering

measured by a photodiode, is greater than 158 W/m?. If the
preheat tank temperature exceeds the high-temperature cut-
off limit, 80°C, the controller deactivates the unit.

Inlet Water Temperature Control System.The inlet water
temperatures to all six SDHW values are listed in Table 1. The
temperature of the water is controlled by means of 310-L
storage tank with one 4500-W integral heating element in
combination with a 0.75-ton chiller. When a hot water draw
takes place, water from a well located at the test site
replenishes the 310-L tank. The water is circulated con-
tinuously around a closed loop post the inlet of each system,
and through the chiller and the 310-L tank. A temperature
controller interfaced with the electric heating element supplies
the energy required to heat the water if necessary. A ther-
mostat incorporated in the chiller actuates the chiller to
remove heat, if so required. The inlet water temperature
control system maintains the set-point temperature to within a
tolerance of £2°C. :

Automated Hot Water Draw System. The outlet of each hot
water system interconnects with a main header. A normally
closed solenoid valve, located at the center of the header,
releases the flow to a drain when actuated. An electronic timer
combined with a stepping relay selects an interval timer
corresponding to the desired hourly draw. The automatic
reset interval timers range from 1.5 to 10 min in duration. A
constant flow valve control located at the exit of each system
is set to maintain a flow rate of 3.79 L/min when the solenoid
valve is open Thus, when a given interval timer is energized
for its set-time interval, a corresponding amount of water is
drawn from each of the six systems. A flow totlalizer at the
exit of the interconnecting header totalizer the draw down
from all six systems. The Rand load schedule [10], Fig. 7, was
used in this experimental program.

Instrumentation. Each SDHW system is extensively in-
strumented. Located within each water storage tank are Type
T copper-constantan thermocouples spaced in 152-mm in-
crements along a vertical axis. Thermocouples also monitor
the collector inlet and outlet temperature for each system. The
inlet and exit potable water temperatures are measured with
thermocouples, and a three-junction thermopile measures the
temperature difference between the inlet and outlet during
draw down.

A General Electric type I1-70-S kWh meter is used to
measure the auxiliary energy consumed by the electric heating
elements. A Duncan Electric Model EM 10 Wh meter
measures the energy used by the circulators, controls,
solenoid valves, etc., for each system. The water consumption
of each system is measured by two Badger Meter Model 15
flow totalizers. A Brooks Instrument Company Rotometer
measures the flow rate of the fluid circulating through the
collectors of each liquid system. A three-valve bypass
arrangement is included on each liquid system such that a
turbine flowmeter may be installed in the collector flow loop.
This capability allows the flow rate to be continuously
recorded if desired for any system. An elapsed time meter
connected to each system’s controller measures the amount of
time the circulators are in operation.

Recorded meteorological information includes horizontal
surface radiation, tilted surface radiation, windpseed, wind
direction, and ambient temperature. The SDHW test facility
has a total of 150 independent inputs which are measureed
every 10 min by a Leeds & Northrup Trendscan 1000 High
Sensitivity Data Acquistion Unit. The data acquisition system
is interfaced with a Kennedy Model 1600/360 incremental-
write magnetic tape recorder. The magnetic tape is replaced
every seven days and taken to the NBS computer center for
data reduction.
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Experimental Results

Heat Exchanger Effectiveness. The air, single-tank, and
double-tank indirect systems utilized a heat exchanger to
provide heat transfer between the collector fluid and the
potable water within the storage tanks. The efficiency curve
for the air system, equation (3), includes the effect of the air-
to-water heat exchange. For the single- and double-tank
indirect systems the heat exchianger effectiveness is needed in
order to compare experimental system performance to
predictions using the f~Chart method.

The heat exchanger effectiveness was determined in the
following manner. The two storage tanks were initially filled
with 23°C water. The collector heat transfer fluid rates were
maintained at 0.0833 L/s throughout a five hour test interval.
The inlet and outlet temperatures of each heat exchanger and
the temperature of the water within the storage tanks were
measured at 10-min intervals. For each 10-min interval, the
effectiveness of the heat exchanger was calculated using the
following relationship
Lein = Icom (5)

€=
Lein — 1

where t,.;, and ¢, ,,, are the temperatures of the collector fluid
entering and exiting the heat exchanger, respectively, and ¢, is
the average water temperature in the solar-heated portion of
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the storage tank. For the double-tank indirect system the
average preheat tank temperature represents, f,. For the
single-tank indirect system, the solar heated portion of the
tank is defined as the portion of the storage tank surrounded
by the wrap-around heat exchanger.

Figue 8 shows the effectiveness the single-tank indirect
wrap-around heat exchanger and the double-tank indirect
coil-in-tank heat exchanger as a function of time. The average
tank temperature varied from 23°C initially for both tanks to
a final temperature of 55°C for the single-tank indirect and
48°C for the double-tank indirect system. Heat exchanger
effectiveness values of 0.24 and 0.13 were selected, based on
these experimental data, as representing typical values of the
single-tank indirect and double-tank indirect systems.

Stratification. Vertical tank temperature profiles within
each storage tank were measured using copper-constantan
thermocouples positioned every 152 mm along the vertical
axis of each tank. Figures 9-14 show the temperature profiles
in the solar storage tanks for May 30, 1980. .

The preheat tank for the air and double-tank direct systems
exhibit similar temperature profiles as seen in Figs. 9 and 10.
The degree of stratification which exists within these storage
tanks is dependent upon the operational status of the cir-
culator pumps. During time intervals when the pumps are not
energized, the tanks are stratified. During periods of solar
energy collection, the circulation of water through the storage

Transactions of the ASME
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tanks resulted in rapid mixing of the water in each tank. After
thirty minutes of continuous circulator operation, no
stratification exists within the storage tanks.

The temperature profile for the single-tank direct system is
shown in Fig. 11. Good stratification is maintained during
periods of no solar energy collection. When circulation
through the storage tank commences, the portion of the tank
monitored by the lower seven thermocouples rapidly becomes
well ‘mixed. The upper thermocouple, located above the
heating element, shows a rapid decay in temperature followed
by a rapid increase in temperature during operation of the
circulating pump. This rapid temperature decay is due to
mixing between the lower solar heated portion of the tank and
the upper auxiliary heated portion of the tank. As the tem-

perature in the upper portion of the tank continues to decrease’

the thermostat energizes the electric heating element, resulting
in a rapid temperature increase. The rate of temperature
decay for the auxiliary heated portion is significantly less
during periods of no solar energy collection due to the lack of
mixing within the storage tank.

The single-tank indirect system temperature profile, Fig.
12, displays excellent stratification over the entire day. The
preheat tank of the double-tank indirect system, however,
displays a temperature profile, Fig. 13, similar to the preheat
tank temperature profiles for the air and doubie-tank direct
systems. The large difference in stratification characteristics
between the two indirect systems is probably due to the
manner in which heat is transferred to the water within the
storage tanks. The wrap-around heat exchanger distributes
heat around the outer surface of the tank. The internal-coil
heat exchanger is a more localized heat source, and it
produces a heat flux which appears to induce convective
currents within the tank resulting in a well-mixed tank.

Stratification within the thermosyphon storage tank is
excellent, as seen in Fig. 14. The lack of mixing within the
thermosyphon system during periods of solar -energy
collection is due to the small flow rate through the solar
collector array.

The temperature of the water in the auxiliary tanks of the
double-tank systems, not shown , is uniform. This well-mixed
condition exists because both heating elements within each
tank maintain the temperature at 60°C.

SDHW System Performance. A comparison between the
performance of each solar hot water system and that of a
conventional hot water sytem meeting the same thermal load
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Fig. 14 Thermosyphon storge tank temperature profile versus time

requirement is possible by defining a parameter called the
““fractional energy savings,”’ i.e.,

Osue + Qaux

Qconv

where e, x is the fractional energy savings of the solar system
including parasitic power required to operate the system,
Qsue is the energy consumed by the heating elements in the
solar systems, Qayx is the energy consumed by pump,
controls, and solenoids if applicable, and Qconv is the
quantity of energy supplied by a conventional hot water
system meeting the same load requirements. The energy
consumed by a conventional hot water system is computed

6

epux =1-

-using

Qconv =015 +OrL )
where Qs is the acutal hot water thermal load of the solar
system, and Qrr is the thermal tank losses of a conventional

- electric hot water tank. Comparisons in this paper are based

on a conventional tank having losses of 11,160 kJ per day.

A second fractional energy savings, e, can be computed if
the parasitic energy consumption of the solar system is
ignored.

Osue
_ ZsHE 8
Oconv ®

This parameter is useful in making comparisons to the f-
Chart predictions, since no parasitic power is accounted for
using the f-Chart method.

Table 2 gives the fractional energy savings, including and
excluding parasitic energy, for each solar system for the
twelve month test period. An error analysis conducted in
accordance with Kline and McClintock [11] results in a
probable error, for the range of fractional energy savings
encountered, of =1.5 percentage points. The thermosyphon
system provided the greatest fractional energy savings. The
evacuated tubular air system provided only 24 percent, in-
cluding parasitic power, of the energy required by a con-
ventional water heater. Consistent with earlier studies at NBS
[8], the single-tank systems out-performed the double- tank
systems. All components of the two direct systems, with the
exception of storage tanks, are identical. Over the 12-month
test period, the single-tank direct system provided 53 percent
of the energy required for a conventional water heater
compared to 50 percent for the double-tank direct system. The
double-tank direct system, however, has a greater capability
to meet thermal loads during periods of insufficient solar
irradiance. A thermal performance comparison of single

e=1
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Table2 Fractional energy savings of six SDHW systems, percent®

Single-tank  Double-tan  Single-tank Double-tank Double-tank Single-tank
Month direct direct indirect indirect air thermosyphon

Jan. 34.5 (31.5) 344 (31.1) 339 (32.1) 29.3 (27.2) 21.6 (18.4) 45.7 (43.3)
Feb. 51.9 (48.1) 53.0 (49.0) 539 (51.2)  42.8 (40.2) 30.8 (26.3) 67.0 (64.5)
Mar. 53.0 (48.2) 47.1 (42.1) 48.6 (46.0) 42.9 (39.9) 26.9 (22.3)  56.6 (53.2)
Apr. 61.3 (55.3) 62.0 (55.5) 67.1 (63.7) 53.4 (49.9) 37.0 (30.6) 76.1 (72.0)
May. 63.5 (58.9) 61.1 (53.7) 66.5 (62.6) 53.3 (51.3) 32.9 (26.2) 71.9 (67.1)
June 73.5 (66.0) 66.4 (58.1) 70.9 (66.6) 55.9 (51.3) 36.2 (28.1) 78.2 (73.2)
July 80.8 (73.5) 74.0 (65.8) 73.1 (68.7) 60.2 (55.6) 38.9 (30.4) 82.4 (77.6)
Aug. 74.5 (66.7) 70.5 (60.9) 65.6 (60.8) 53.7 (48.4) 33,9 (25.2) 72.0 (66.5)
Sept. 78.5 (70.5) 74.5 (64.5) 73.0 (68.6) 51.0 (46.0) 35.6 (26.6) 77.7 (72.3)
Oct. 65.4 (59.0) 61.4 (54.4) 539 (50.7) 37.8 (34.2)  30.1 (23.7) 60.7 (56.4)
Nov. 50.9 (47.2) 51.1 (46.4) 479 (45.7) 34.0 (31.5) 27.7 (23.7) 48.5 (45.8)
Dec. 35.9 (32.7) 409 (36.6) 39.6 (37.7) 39.6 (36.9)  20.3 (16.6) 55.0 (52.9)
Entire Year 58.4 (53.0) 55.7 (49.6) 55.5 (52.4) 44.8 (41.4) 29.9 (24.2) 65.1 (61.2)

#Numbers in parentheses include parasitic energy use

~Table3 Input data for the J-chart calculations

STD  DTD STI DTI AIR
A [m?] 4,19 4.19 4.19 4.19 3.9
Fgr(ra), 0.805 0.805 0.805 0.805 0.377
FpUp [W/m?-°C]  4.713 4.73 4,73 4,73 0.51¢
Ko Eq.(2) Eq.(2) Eq.(2) Eq.(2) Eq.(d)
€ 1.0 1.0 0.24 0.13 1.0
Fp/Fp 1.0 1.0 0.833  0.702 1.0
(UA) 115 [W/°C] 1.10 2.02 0.98 1.97 2.80
To [°C] 60 60 60 60 60

9Includes Fi /Fp factor
(Monthly mains and ambient temperatures appear in Table 1.)

versus double-tank indirect systems can not be made based on
this study since different heat exchangers are urilized. A
previous study at NBS [8], where identical heat exchangers
were used, resulted in the single-tank indirect system out
performing the double-tank indirect system.

Parasitic energy use resulted in a reduction in fractional
energy savings from 3 to 6 percent. The effect of parasitic
energy use on the fractional energy savings is greater for the
direct systems as compared to the indirect systems because of
fail-safe freeze protection scheme used by the direct systems
required two solenoid valves to be energized continuously
during nonfreeze conditions.

Operational Problems. Hardware problems related to the
operation of the SDHW test facility during the 12-month test
period included failure of the controller on the air system and
failure of the solenoid valves on the drain-down systems.

Failure of solenoid valves on the single-tank direct, double-
tank direct, and thermosyphon systems resulted in three
categories of problems. Failure of the solenoid isolation valve
to close during freezing conditions, thereby not isolating the
storage tank(s) from the collector array, resulted in large
amounts of water being lost through the collector drain.
Failure of solenoid drain valves to open on the collector array
during freeze conditions resulted in burst manifold pipes and
a burst riser tube on one collector panel. Additionally, cracks
in the diaphragm located inside the solenoid valve on the
collector arrays resulted in leaks developing at the collector
array drain during nonfreeze conditions.

Comparison of Experimental and Caiculated Per-
formance :

The f-chart method [1] is widely used to estimate the long-
term performance of solar water heating systems. Although it
was originally developed for double-tank systems having an
external heat exchanger, comparisons with computer
simulations have shown that the f-Chart method can be
applied for single-tank systems and for systems in which the
heat exchange coil is located within the storge tank [12]. The
Jf-Chart method should, therefore, be applicable to all of the
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solar water heating systems investigated except the ther-
mosyphon system. The f~-Chart calculations presented below
were made in the manner outlined in [1] with the following
modifications.

() As recommended in [12], the load used in the f-Chart
calculations was the sum of Qs, the energy required to heat
the water from the main supply to the set temperature, and
Ors, the auxiliary tank energy loss. For double-tank systems,
QOrs was calculated as the product of the auxiliary tank
energy loss coefficent, (U4 )1 s, and the difference between
the set and tank environment temperatures integrated over the
period of operation. The auxiliary energy loss for single-tank
systems was assumed to occur from the portion of the tank
above the heating element; Qr. s was calculated in the same
manner as for double-tank systems, except that (Ud)q s was
estimated to be the product of the energy loss coefficient for .
the single-tank and the fraction of the tank area from which
auxiliary losses occur. The solar fraction, f, obtained from the
J-Chart correlation is the fraction of total load (Qrs + Oris)
supplied by solar energy. The auxiliary energy, QOsyg, needed

- in addition to the solar contribution to supply the load is then

(1-/) (Qis + Qris). Final calculation results are expressed
in terms of the fractional energy savings, e, defined in
equation (8).

(/i) The monthly-average transmittance-absorption
product ratio, (rar)/ (ra),, was estimated as' described in [13].
Experimental values of X,,, the incidence angle modifier,
were used to determine the angular dependence of the tran-
smittance-absorption product ratio. The monthly-average
diffuse radiation fraction, H,/H, needed to estimate (7o
)/(ra),, was obtained from the correlation developed by
Erbs [14]. ‘

(iif) The collector-heat exchanger efficiency factor,
Fp'/Fg, was assumed to be 1.0 for the two direct systems.
Fr'/Fy was also taken to be 1.0 for the air system since the
collector test results in equation (3) include the effect of the
air-to-water exchanger. For the indirect systems, Fp '/ Fy was
calculated as described in [1] for external heat exchangers
assuming the minimum fluid capacitance rate (mass flow rate,
specific heat product) to be the collector fluid capacitance
rate.

The collector parameters, F, (ra), and Fr U, , were taken
to be the Y-intercept and negative slope, respectively, of the
collector test data represented by equations (1) and (3). Since
the f-Chart method assumes Fp U, to be constant, the
quadratic term in equation (3) cannot be considered. FpU,
for the air system is quite small; the effect of neglecting the
quadratic term was judged to have little effect on the
calculated results.

The input information used to apply the f-Chart method is
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Table 4 Comparison of experimental and calculated performance for the single-tank direct

system
H - Hp HR O s Orr s

Month N [Ml/m*-day] [MJ/m*-day] [MI/m?.day] - [MJ] . - [MT] e er ey
Jan. 27.0 5.77 8.19 8.34 1501. 102.6 0.35 030 0.31
Feb. 23.0 10.29 14.75 14.27 1082. 874 052 0.59 0.57
Mar. 23.9 12.65 14.03 14.48 1300. 90.9 0.53 0.53 0.54
Apr. 18.0 18.80 19.09 19.16 1016. 68.4 0.61 0.68 0.68
May 23.0 19.41 16.51 17.86 1180. 87.2 0.65 0.63 0.67
June 24.0 22.40 18.00 19.70 1115. 91.2 0.73 0.7t 0.76
July 19.0 22.35 18.41 20.03 875. 72.2 081 0.74 0.79
Aug. 16.0 17.59 16.18 17.05 644. 60.8 0.75 0.68 0.71
Sept. 23.0 16.18 18.34 17.97 898. 87.3 0.79. 0.75 0.74
Oct. 17.0 11.49 15.73 14.84 696. 64.6 0.65 0.65 0.62
Nov. 27.0 8.37 12.24 13.08 1455, 102.5 0.51 0.46 0.49
Dec. 18.6 6.54 9.96 10.91 1043. 70.7 0.36 0.36 0.39
Year . 12805. 985.9 0.58 0.57 0.58

Table 5 Comparison of experimental and calculated performance for the double-tank direct

system
J 2] Hr HR Ors Oy s

Month N [MJ/m2-day] [MJ/m®.day] [MJ/m"-day] [MIJ] [MI] e er ey

Jan. 26.0 5.93 8.45 8.67 1564. 182.0 034 0.25 0.26
Feb. 21.0 10.52 14.99 14.69 1044, 147.0 0.53 0.53 0.52
Mar. 26,9 - 12.33 13.57 14.04 1652. 188.3 0.47 0.43 0.45
Apr. 18.0 18.80 19.09 19.16 983. 126.0 0.62 0.65 0.65
May 23.0 19.41 16.51 17.86 1123. 160.6 0.61 0.60 0.65
June 24.0 '22.40 18.00 19.70 1061. 168.0 0.66 0.68 0.74
July- 19.0 22.35 18.41 20.03 811. 133.0 0.74 0.73 0.78
Aug. 16.0 . 17.59 16.18 17.05 570. 112.0 0.70 0.68 -0.71
Sept. 20.0 17.12 17.44 19.18 666. 140.0 0.74 0.73 0.79
Oct. 14.0 11.80 16.20 15.35 627. 98.0 0.61 0.58 0.55
Nov. 25.0 8.31 11.97 12.95 1231. 175.0 0.51 0.43 046
Dec. 15.0 6.21 9.24 10.13 740. 104.6 0.41 031 0.65
Year 12072. 1734.2 0.56 0.52 0.55

Table 6 Comparison of experimental and calculated performance for the single-tank in-

direct system
H Hr HR Qs Ons

Month N  [MI/mi-day] [MJ/m?-day] [MJ/m?-day] [MJ]  [MIJ] e er ey
Jan. 27.0 5.77 8.19 8.34 1412, 91.3 0.34 029 0.30
Feb. 23.0 10.29 14.75 14.27 1053. 77.7 0.54 055 0.53
Mar. 27.0 12.33 13.57 14.04 1401. 91.3 0.49 0.48 0.49
Apr. 18.0 18.80 19.09 19.16 937. 60.8 0.67 0.64 0.65
May 24.0 19.78 16.78 18.20 1117. 81.1 0.66 0.61 0.65
June 22.0 22.84 18.00 £20.06 967. 744 071 0.67 0.72
July 19.0 22.35 18.41 20.03 818. 64.2 0.73 070 0.75
Aug. 16.0 17.59 16.18 17.05 554, - 54.1 0.66 0.68 0.71
Sept. 23.0 16.18 18.34 17.97 853, 773 073 071 0.70
Oct. 22.0 11.17 14.91 14.31 1003, 744 0.54 0.53 0.51
Nov, 30.0 7.99 11.75 12.27 1579. 101.4 0.48 0.41 0.42
Dec. 24.9 5.93 9.76 9.48 1271. 84.2 0.40 0.34 0.33
Year , 12065. 9325 0.55 0.52 0.54

Table 7 Comparison of experimental and calculated performance for the double-tank
indirect system

H Hrp HR Qs QOns
Month N [M)/m*-day] [MJ/m?-day] [MJ/m?-day] [MJ]  [MJ] e er ey
Jan. 27.0 5.77 8.19 8.34 1525. 183.8 0.29 0.20 0.21
Feb. 23.0 10.29 14.75 - 14.27 1053.  156.6 0.43 0.44 0.43
Mar. 27.0 12.33 13.57 14.04 1551. 183.8 0.43 035 0.37
Apr. 18.0 18.80 19.09 19.16 1028. 1225 0.53 0.50 0.50
May 24.0 19.78 16.78 18.20 1223.  163.4 0.55 0.47 0.51
June 24.0 22.40 18.00 19.70 1152.  163.4 0.56 0.52 0.56
July 19.0 22.35 18.41 20.03 884. 129.4 0.60 0.55 0.60
Aug. 16.0 17.59 16.18 17.05 620. 108.9 0.54 0.52 0.55
Sept. 23.0 16.18 18.34 17.97 897. 156.6 0.51 0.58 0.57
Oct. 22.0 11.17 14.91 14.31 1021.  149.8 0.38 0.42 0.40
Nov. 30.0 7.99 11.75 12.27 1710. 2042 0.34 0.30 0.31
Dec. 24.9 5.93 9.76 9.48 1271, 169.5 0.40 026 0.25
Year 13935. 1892.0 0.45 0.40 0.42
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Table8 Comparison of experimental and calculated performance for the air system

H Hr HR Qrs Qs
Month N [MJ/m?-day]l [MJ/mi-day] [MJ/m’-day] [MJ] [IMI] e er ey
Tan. 27.0 5.77 8.19 8.34 1466.  261.2 022 0.11 0.12
Feb. 23.0 10.29 14.75 14.27 1097. 2225 031 026 0.25
Mar.  26.9 12.33 13.57 14.04 1468. 2314 027 021 0.22
Apr. 18.0 18.80 19.09 19.16 971. 1741 037 031 0.32
May 15.0 19.24 16.20 17.71 734.  222.1 033 028 030
June 240 22.40 18.00 19.70 1086. 232.2 . 036 032 0.36
July 9.0 2235 18.41 20.03 807. 183.7 039 036 0.39
Aug. 160 17.59 16.18 17.05 581, 1548 034 033 035
Sept.  23.0 16.18 18.34 17.97 822. 2222 036 038 0.37
Oct. 2.0 11.17 14.91 14.31 919. 164.4 030 027 026
Nov.  30.0 7.99 11.75 12.27 1557. 2609 028 0.9 0.20
Dec. 249 5.93 9.76 9.48 1315. 1801 020 0.14 0.14
Year 12823. 26003 030 025 0.25

summarized in Table 3 for the five active systems. Com-
parisons between the experimental and calculated per-
formance of these five systems appear in Tables 4-8. Due to
operational problems with the systems and the in-
strumentation, there are gaps in the experimental data; the
number of days for which data were recorded, N, is given in
the first column of these tables. :

Columns 2 and 3 list the average daily radiation (per unit
area) on a horizontal surface and on the collector plane,
respectively, over the period for which data were recorded.
The solar radiation on the coilector plane was also estimated
from the horizontal data-using the algorithm presented in
[15]. In these calculations, the diffuse radiation fraction was
obtained from the correlation recommended by Erbs [14] and
the ground reflectance was assumed to be 0.2 for all months.
The estimated radiation, HR, in column 4, is generally in
good agreement with the measured radiation on the collector
plane, although it is consistently higher during the summer
months.

The load, Qys, appearing in column 5, was obtained by
integrating the product of the measured hot water draw rate
and the difference between the set and main supply water
temperatures over the period for which data were available.
The load used in the /~Chart correlation was the sum of Qs
and Qris, the auxiliary tank energy loss. Qrys, appearing in
column 6, was estimated as described above.

The experimental value of the fractional energy savings, e,
is given in column 7. The fractional energy savings calculated
using the f-Chart correlation, appears in the last two columns.
The value of ey was obtained using Hy, the measured
radiation on the collector surface in column 3 as input; the
estimated radiation in column 4 was used to obtain e.

Presumably, the results obtained using the measured
radiation data on the collector plane (rather than on a
horizontal surface) provide a better indication of the accuracy
of the f-Chart method. The annual fractional energy savings
calculated using the measured solar radiation data are sightly
- lower (0.01 to 0.05) than the experimental values.

The fractional energy savings calculated using the estimated
radiation are of interest since long-term measurements of
solar radiation data on tilted surfaces are generally not
available. In this case, the performance calculated using the
radiation data estimated from the horizontal measurements
agrees more closely with the experimental results than that
obtained using the measured radiation data on the collector
plane.

Discussion

The performance of six different types of SDHW systems
has been carefully monitored over a one-year period under
identical operating conditions. An intercomparison of the
performance of these six systems provides the opportunity for
an interesting discussion of some of the design trade-offs in
SDHW systems.

An indication of the relative merits of single versus double-
tank systems can be seen by comparing the annual fractional
energy savings of the single-tank direct and double-tank direct
system. These two systems are identical in all respects except
for the number of storge tanks. The single-tank system
slightly outperformed the double-tank system (58 percent
versus 56 percent), presumably because the smaller tank
surface area in the single-tank system resulted in less tank
energy losses than in the double-tank system. As noted
previously, however, the single-tank system has the
disadantage of having less hot water ready for immediate use.

The effect of freeze control strategy is reflected in a
comparison of the single-tank direct system with the single-
tank indirect system. Excluding parasitic energy use, the
direct system performed 3 percent (58 percent versus 55
percent) better than the indirect system. The direct system
enjoys a thermal advantage because its performance is not
penalized by the collector-tank heat exchanger. However, the
indirect system with an antifreeze solution circulating through
the collectors required less parasitic energy. It is also a more
reliable freeze control strategy. Fewer operational problems
were experienced with the indirect systems.

Of the six systems tested, the thermosyphon system
required the least amount of auxiliary energy. Three ex-
plantions can be offered to account for its excellent per-
formance. First, the thermosyphon system tested is a single-
tank system which thus has low thermal energy losses. The
storage tank volume of the thermal system was the smallest of
the six systems. Second, the thermosyphon system is a direct
system and, as a result, it avoids the thermal performance
penalty associated with heat exchange between the collector
fluid and the stored water. Third, and perhaps most im-
portantly, the small flow rate through the thermosyphon
collector array (measured to be less than 0.015 L/s) results in
a high degree of thermal stratification in the storage tank with
little opportunity for mixing of water heated by the electric
heating element with that returning to the collectors.

A comparison of the heat exchanger performance in the
single and double tank indirect systems demonstrates that
different internal heat exchanger designs can result in
markedly different ‘heat exchanger performance. The
measured effectiveness of the wrap-around heat exchanger
used in the single-tank indirect system was significantly higher
than the effectiveness of the coil-in-tank heat exchanger used
in the double-tank indirect system. In both systems, the
measured effectiveness was found to be insensitive to the
temperatures of the stored water and the heated collector
fluid. In addition, a higher degree of thermal stratifcation was
observed in the single-tank indirect system, presumably
because the plumes of heated water rising from the internal
coil promote internal mixing.

One purpose of this investigation was to determine the
accuracy with which the f~Chart method could predict the
performance of SDHW systems. Using the experimentally



"measured monthly meterological data and hot water loads,
along with experimental values of the collector parameters,
storage tank loss coefficients, heat exchanger effectiveness,
and excluding parasitic energy, the annual solar savings
fraction estimated by the f/~Chart method was within 5 percent
of the measured value for the five active systems.
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