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Comparison of Experimental and
Simulated Thermal Ratings of
Drain-Back Solar Water Heaters

Short-term experimental tests of drain-back solar water heaters are compared to
ratings obtained using TRNSYS to determine if computer simulations can effectively
replace laboratory thermal ratings of solar domestic hot water heating systems. The
effectiveness of TRNSYS in predicting changes in rating due to limited changes in
collector area, collector flow rate, recirculation flow rate, storage tank volume, and
storage tank design is validated to within = 10 percent. Storage tank design is varied
by using a stratification manifold in place of the standard drop tube. Variations in
other component sizes and operating factors are based on current industry standards.
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Introduction

Certification of solar domestic hot water (DHW) systems
by the Solar Rating and Certification Corporation (SRCC),
has until recently relied on a four-day laboratory test which
must be repeated if component or operating modifications are
made (SRCC, 1984a,b). An alternate, and more cost-effective
rating methodology now relies heavily on computer simulations
(SRCC, 1991). To determine the validity of the simulation
certification path, experimental ratings of generic drain-back
systems (Davidson et al., 1992) are compared with simulated
ratings obtained with TRNSYS 13.1 (Klein et al., 1990).

Differences between laboratory and simulated thermal rat-
ings are examined in a two-level, five-factor, half-factorial
experimental design in which changes in collector area, col-

lector flow rate, recirculation flow rate (storage-side flow rate-

between the storage tank and the heat exchanger in the drain-
back tank), storage tank volume, and storage tank design are
considered in 16 rating trials. Storage tank design is varied by
using a rigid porous stratification manifold (Carlson, 1990) in
place of a standard drop tube. The two levels of each design/
operating factor are shown in Table 1.

Methodology- : v

The rating procedure follows the SRCC 0G-200 standard
(1984a,b) with a slight adjustment to the total water heating
load to agree with the Federal Trade Commission (FTC) rating

Contributed by the Solar Energy Division of THE AMERICAN SOCIETY OF
MECHANICAL ENGINEERS for publication inthe ASME JOURNAL OF SOLAR ENERGY

ENGINEERING. - . "
Manuscript received by the ASME Solar Energy Division, Aug. 1992; final

_revision. Dec. 1992, Associate Technical Editor: J. Morehouse.

Journal of Solar Energy Engineering

procedures for conventional gas and electric hot-water systems
(FTC, 1989). Hourly radiation and incidence angle profiles are
specified with total daily insolation equal to 17.03 MJ/m’.
Cold-water supply, tank ambient, and collector ambient tem-
peratures are maintained at 22°C and water set temperature
is held at 55°C. Total daily hot water delivered is 49.8 MJ in
equal load-draws of 16.6 MJ at 8:00 a.m., 12:00 noon, and
5:00 p.m.

Daily energy quantities included in a rating and sketched in
Fig. | include: useful collected energy, Q,; daily hot-water
energy delivered by the solar storage tank, Q,; parasitic energy,
QOpar; energy delivered to the load, Qq«; and auxiliary energy,
Qaux. Energy losses are shown for completeness. Not shown
in the figure are net energy delivered from the solar storage
tank, Que, equal to Q; minus Qp,; energy capacity of the
system, Qcqps and reserve energy capacity, Q. A rating trial
is completed when the daily auxiliary energy input, Qaux, COT-
verges to within three percent, or four days have elapsed. In
the case of nonconvergence, a rating is specified by the average
daily energies of the last two days. The simulation does not
model the reserve capacity, Oy, the energy remaining in the
solar storage tank at the end of a test, nor energy capacity,
Qcap, the energy that the system can deliver without solar input.

Table 1 Levels for each design and operating factor

Factor Descniption High Level Low Level
Collector Flow Rate (/s) 0.114 0.057
Recirculation Flow Rate (I/s)  0.095 0.047
Collector Area (m?) 5.56 278
Storage Tank Volume (1) 310 250

Storage Tank Design Basic Drop Tube Stratification Manifold
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Fig. 1 Schematic of SRCC energy quantities

A schematic diagram of a generic drain-back system is shown
in Fig. 2. (A detailed description of the system is included in
Davidson et al., 1992.) Water is the working fluid throughout
the system. Although solar collectors are installed in the ex-
perimental facility, an electric boiler is used to transfer energy
into the system. The Hottel-Whillier equation (with F, ra =
0.602, F,U, = 5.56 W/m*°C)is used to govern energy delivered
by the boiler/collectors in both the experimental and simu-
lation trials. Incidence angle modifier is calculated based on
b, = 0.42. Likewise, both the experiments and simulations
emulate a dead-band controller with turn-on and turn-off tem-
perature differences of 11 and 3°C, respectively.

Standard models found in the TRNSYS library are used to
model the system, with two exceptions. The pump model is
modified, so that for both pumps, 85 percent of the pump
work acts to raise the fluid temperature. Power inputs to the
pumps are determined from the experiments and for both the
collector-side and tank-side loops are nearly constant, regard-
less of the flow rate. Parasitic energy is calculated as the meas-
ured pump power times the simulated pump on-time. The
second nonstandard TRNSYS subroutine is the load-flow on-
off controller. The controller subroutine turns the flow on at
the time step closest to the specified draw time and turns the

~flow off at the time step in which the simulated energy draw
is closest to 16,603 kJ. :

Simulated ratings are obtained using measured values of
solar storage tank volume and loss coef ficient, auxiliary DHW

-

Collector Array Collector Flow
/

/4

Recirculation Flow -

Cold Water Supply . . N,

e

Auxiliary Heater Solar Storage Tank Drain Back Module

Y

Fig. 2 Schematic of a drain-back solar water heater

loss coefficient, pipe diameter and length, pump power, and
heat exchanger effectiveness, but the degree of tank stratifi-
cation, drain-back and auxiliary tank volumes, and loss coef-
ficients of the piping and drain-back tank are assumed. Loss
coefficient of the drain-back tank is set equal to 0.67 W/°C.
Based on measured versus rated volumes of the solar storage
tanks, volumes of the auxiliary tank and drain-back tank are
assumed to be ten percent less than the rated values listed in
Table 1. The submerged coil heat exchanger is modeled as a
constant effectiveness exchanger located outside the drain=back
tank with an effectiveness equal to the average measured value
over the last day of each experimental trial. Only pipe losses
between the collector and drain-back tank are included in the
simulations. Total length of neglected piping is 4.5 m. Nominal
overall resistance of the pipe insulation is increased by ap-
proximately six percent to account for actual convection losses.

A major simulation question concerns what type of tank
model to use. Kleinbach (1990; Kleinbach, et al., 1991) inves-
tigated experimental data for the eight (out of 16) trials without
a stratification manifold and concluded that a multimode
model, which models the tank as N fully mixed volume seg-
ments, predicts tank temperatures and energy delivery better

Nomenclature
A = area, m* U, = collector heat loss
b, = constant used in in- coefficient, W/m?°C
cidence angle modi- V = volume, 1 loss = energy loss
fier calculation n = normal
S = design or operating net = net energy delivered
factor (see Fig. 7) Greek Letters -from preheat tank
F, = collector heat re- € = heat exchanger ef- par = parasitic energy con-
moval factor fectiveness sumption
K.« = empirical incident o = standard error rc = refers to recircula-
angle modifier T = transmittance ab- tion flow rate
M = mass flow rate, kg/s sorptance product res = reserve energy in
N = number of nodes in for collector preheat tank at end
simulation tank . of test sequence
model Subscripts s = solar, refers to hot
Pump percent = percentage of pump aux = auxiliary water energy deliv-
work used to raise ¢ = collector ered from preheat
fluid temperature cap = refers to energy ca- tank
Q = daily energy, kJ pacity of system tank = refers to solar stor-
SF = solar fraction without solar input age tank
U = conductance, W/ d-b = drain-back tank u = useful, refers to use-
m*°C . del = refers to hot water ful energy gain of
UA = overall hear transfer energy delivered by fluid through collec-

coefficient, W/°C
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Table 2 Summary of numerical resuits
Cgr_lllector Recircula Swa‘:i%c s
ow -don  Collector T torage
Rate Flow Area  Volume  Tank SF Qu Qs Oner  Qax Qo Qu
Tria () Rae(Us)  (md) D Design (%) () ) () () (D (KD
T 057 037 278 750 Basc  20.8 49780 15000 10365 39140 3535 13130
2 114 .047 2.78 250  Manifold 23.9 49780 17350 11910 37690 5440 18980
3 .057 .095 278 750  Manifold 222 49780 16470 11070 38570 5440 18490
4 114 .095 278 250 Basic  23.0 49780 16850 11450 38180 . 5400 18870
5057 047 5.6 320 Manifod ~ 4U0.1 40780 25370 19070 29670 3400 30620
6  .114° 047 5.56 250 Basic  40.1 49780 25380 19980 29660 5400 30970
7 .057 .095 5.56 250 Basic  38.6 49780 24600 19200 30440 5400 30370
8 114 .095 5.56 350  Manifold 43.1 49780 26830 21430 28210 5400 32110
9057 047 .78 10 Manfold ~ 21.0 49780 16690 10919 38350 5771 18680
10 114 .047 278 310 Basic  21.9 49780 16410 10872 38630 5538 18650
11087 095 2.78 310 Basic  20.7 49780 15840 10308 39200 5532 18290
12 114 .095 2.78 3]0 Manifold 23.8 49780 17250 11850 37790 5400 19200
13 057 047 336 310 Basic  37.7 49780 24150 18750 30890 5400 30140
14 114 047 5.56 310 Manifold 43.2 49780 26890 21490 28150 5400 32280
15 .07 .095 5.56 310  Manifold 401 49780 25360 19960 29680 5400 31160
16 114 .095 5.56 310 Basic  40.8 49780 25690 20290 29350 5400 31650
Table3 Differences in measured and simulated resuits as a percentage
of measured values (measured-simulated) measures x 100
Collector Recircula Col S’(I?:zll%c Stors
Flow -gon ector Orage  ASF A A
R A R e T w @ W @ @ @
Trial Ws) Rate (Us)  (m® [0)) Design
T 057 047 2.78 750 Basic 76 01 45 80 03 T8 33
2 114 047 2.78 250  Manifold 8.1 -0.0 112 89 .62 171  -43
3 087 .095 2.78 250 Manifold 7.5 0.1 84 80 -39 104 .13
4 114 .095 2.78 250 Basic 0 -0l 09 01 00 24 -25
5 057 047 3556 350 Mamiold 1.7 01 3.8 1.8 -1.2 108 43
6 .14 047 5.56 250 Basc -1.2 01 04 14 04 L1 .09
7 .057 095 5.56 250 Basic 43 0.1 -l4 -6 32 00 -19
8§ .114 .095 5.56 250  Manifold 1.9 -0.1 1.6 20 06 129 -69
g 057 047 Z.78 310 Mamfold  12.0 0.1 9.6 135 29 49 -5
10 114 .047 2.78 310 Basic 91 01 74 103 -23 33 32
11 . .057 .093 2.78 310 Basic 0 -01 66 97 -L4 22 -Ll
12 114 .095 278 310 Manifold 33 01 67 34 .30 133 -0l
13 057 047 536 310 Basic 58 01 38 50 08 00 12
14 114 047 5.56 310 Manifold -0.0 0. 29 00 -L8 131 31
15 .057 .095 5.56 310  Manifold 43 01 59 46 35 112 34
16 114 .095 5.56 310 Basic 42 0.1 38 46 -12 198 03
than either plug flow or plume entrainment models. Three 35
nodes are used to simulate the system without a stratification {
manifold. The eight simulations for the system with a strati- 30 ] i f { { § E
fication manifold are modeled with a ten-node tank model. g ® Expermental
Increasing the number of nodes beyond ten results in negligible = ® Numerical
differences in daily energy quantities. § 5
5
Results 20 7 i ) ; § i f {
Direct Comparison. Table 2 lists the system configurations 5 §

used for all 16 trials and.simulation results. Measured minus
simiulation energy quantities as a percentage of the measured
values are shown in Table 3. (Detailed experimental results,
including experimental error, are included in Carlson (1990)
and Davidson et al. (1992).) Of particular interest are the
differences in energy quantities Q,, Qs Quner, and Quyx. Both
the experimental and simulated trials deliver the correct total
energy to the load. Parasitic energy, Qpar is merely an indi-
cation of pump-on time since the power required by both
pumps during operation is nearly constant. Solar fraction, SF,
equals (Q; ~ Qpar)/Qdel-

Scatter plots comparing experimental and simulation values
of Qu, Os, Onet» Caux are shown in Figs. 3 through 6, respec-
tively. Error bands on the experimental data are two standard
deviations of the calculated measurement error. Error bands
on Oy, Onewr and O,y include the measurement error for the
particular quantity plus the measurement error associated with
Q.. This addition of the measurement err-s is necessary since

_anyerror in energy input directly affectst: » ther energy terms,
except for resultant changes in heat loss. Although these scatter
plots provide a visual interpretation of the differences between
simulated and laboratory ratings of drain-back systems, ac-
curacy of a simulation should not be based on simply whether
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Fig. 3 Comparison of experimental and simulated values of Q,
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or not the simulation data fall within measurement error bands
since, theoretically, measurements can be made to any degree
of accuracy. It is important to consider both the percentage
differences as well as the absolute differences.

Both Table 3 and Fig. 3 show good agreement between
experimental and numerical values of useful energy collected, '
Q.. The agreement is expected since Q, is calculated in both
experiment and numerical simulation using the same collector
performance model. The only potential discrepancy between
the experimental and numerical data is due to differences in
collector inlet temperature. Simulated values of Q, fall within
the approximately 6 percent error bands except in trial #8.
As shown in Table 2, the maximum difference in .Q, is less
than seven percent of the measured value.

Figure 4 shows that the numerical results are within the
experimental error bands of Q; for the eight trials with high
collector area. However, there appears to be a bias between
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the experimental and the numerical data in systems with lower
ratios of collector area to storage tank volume. The numerical
preductions of Qs are below experimental values in 14 of the
16 simulations, including the eight trials with the smaller col-
lector area (2.78 m®) and the trials with the larger collector
area (5.56 m?) in which the larger storage tank (310 liter) is
used. The average percent difference between laboratory and
simulated values of Qs is under five percent and the greatest
difference is 11 percent.

Comparison of determinations of Qu, shown in Fig. 5,
indicates that even though the simulation sometimes under
predicts Q,, all the simulated calculations of Qy, are within
the error bands of the experimental values except in trial #9
where the simulated value is low. One trial outside of the error
bands is acceptable for a population of 16 when using a 2o
error. As is the case with Qs, simulated values of Qg are
consistently low in the trials in which the ratio of collector
area to storage tank volume is low. In assessing the effective-
ness of the simulation, O, is a better tool than Qy, since dif-
ferences in Qg are due to differences in both Q, and pump
on-time. This is particularly true when using hourly insolation
profiles, Pump-on times are either exactly the same or differ
by one hour.

wl =
as

Test #11
Test #6

AQs
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Fig. 7 Sensitivity analysis for trials #6 and #11
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Although solar energy output is sometimes under predicted
by the simulation, the data plotted in Fig. 6 indicate that except
for trial #2, simulated values of Q,,, lie within the error bands
and are within four percent of the experimental values. The
fact that the experimental and simulation values of O, are
close despite larger differences in Q; is an indication that losses
from the auxiliary heater differ.

The biases between experimental and simulated values of Q,'

limit the simulation’s ability to predict energy output to a
higher degree of accuracy than = 10 percent. The bias may be
due to several factors other than instrumentation. Even well-
controlled experiments do not achieve steady-periodic condi-
tions in a four-day test period. Hence, a bias exists when test
results are compared to simulations that are necessarily steady-
periodic. In addition, it is unknown how much of the pump
energy ends up in the fluid and how much is lost to ambient.

" The differences or biases between experimental and numerical

data for the responses Q, and Oy, are well within the magnitude
of the pumping energy. Another source of bias could be mod-
eling errors of the heat-loss coefficients for the drain-back
module and the piping.

Simulation Sensitivity Analysis. A sensitivity analysis to
determine the importance of accurately knowing the valiies of
the system parameters used in the simulations is performed
with the 12 system parameters listed here being reduced one
at a time by ten percent of their nominal value.

1 solar tank’s heat-loss coefficient per unit area (Uank)
solar tank’s volume (Viank)

3 heat exchanger effectiveness (¢)

4 collector gain coefficient at normal irradiance (F.(ra),)

5 collector loss coefficient per unit area (F.U;)

6 collector area (A4.)

7 collector loop mass flow rate (M)

8 recirculation loop mass flow rate (M,.)

9 percentage of pump work which acts to raise the fluid’s
temperature (Pump percent)

10 drain-back tank heat-loss coefficient per unit area (Ugp)

11 auxiliary tank heat-loss coefficient per unit area (Ua)

12 auxiliary tank volume (Vaux) o

Sensitivity analysis results are reported if Fig. 7 in terms of
the fractional change of Q; with respect to a fractional change
of a design or operating variable for the conditions of trials
#6 and #11. The results emphasize the importance of accurately
knowing collector area and the collector parameters F{(rc)a
and F,U;. Uncertainty in the other variables investigated ap-
pears to be of minor importance, even for heat exchanger
effectiveness. For reasonably effective heat exchangers, vari-
ations in measured heat exchanger effectiveness have only a
small effect on simulation results.

Conclusions

Most appliances sold today, including gas and electric water
heaters, include a sticker providing the customer with infor-
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mation concerning the typical annual cost of operating the
appliance. Similar information shouid be provided to potential
customers of solar water-heating systems. However, the var-
iability in climate makes the preparation and interpretation of
such sticker information more difficult. The cost of experi-
mentally determining solar water-heating system performance
in each climate necessitates the use of computer simulations
to obtain site-specific performance data. The results of this
paper demonstrate that carefully formulated computer simu-
lations can provide results which agree well with experimental
data. Once validated, a simulation can be used to provide
performance rating information needed by potential solar
water-heating system customers.
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