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ABSTRACT

Although a Transient Simulation Program (TRNSYS)
has become a widely used model for simulating a solar
energy system, there has not been extensive work done
in validating this model with actual data. The approach
used to validate this model consisted of a modular build-
up of components with walidation for each module.

Extreme care was taken in choosing the necessary
parameters to model each component. Where parameters
were not given, they were either derived or reasonable
values were selected based upon general conditions pre-
vailing in Central Florida or conditions which are
generally true for certain solar hot water systems. The
intent of this approach was to avoid forcing the model
to fit experimental data. Such forcing can cause present
results to correlate favorably, but gives no assurances
for model performance in future simulations which may
be made for varying conditions or completely different

systems.



TRNSYS compared favorably with experimental
data. The average error for an entire 8 hour simu-
lation with 15 minute intervals was only 3.39 percent
for the entire tank and collector combination. The
model's major deviations were in the start-up collec-
tor outlet temperature and rapid changing in actual
hot water demand which the model could not match

primarily in amplitude and not phase.
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I
INTRODUCTION

Although a Transient Simulation Program (TRNSYS)
has become recognized and accepted as a good approach
for simulating various solar energy systems, this
program has not been validated using actual experi-
mental data [1]. To evaluate the model's accuracy,
actual data was used and compared to predicted
values obtained from TRNSYS [2]. The United States
National Bureau of Standards is currently conducting
a similar effort to validate TRNSYS. This effort
utilizes two approaches. One is to use TRNSYS to
predict performance of several solar hot water sys-
tems. This effort will entail gathering data for
approximately one year and then modeling performance.
No data is presently available for this approach.

The second approach involves a shorter term solution
where a laboratory model is used and compared to
TRNSYS. The results of this effort are available,

but do not represent an actual solar hot water system.



The solar energy system selected to be modeled
consisted of a forced circulation solar hot water
system (depicted in Figure 1). This type of system
with an auxiliary heater in the storage tank is
typical of solar energy systems used in many homes
today. The solar energy system investigated consis-
ted of a solar collector, pump, and hot water storage
tank with an auxiliary heater in the tank.

This investigation was performed in conjunction
with the work done by Pearce [2]. Duplication of
effort was avoided, but some additional system charac-
teristics were needed to describe the solar energy
system in a format compatible with TRNSYS. These
additional system characteristics were either derived,
or reasonable values were used which are typical for
Central Florida. All assumptions will be so noted
in the following text.

The text is organized such that the collector
characteristics and assumptions used are first presen-
ted and following this is a similar discussion on the
tank characteristics. Following these two sections

is a section on the results of the simulation runs



COLLECTOR

SUPPLY
—4—————®—ATER

LOAD
I ' SUPPLY
O AVAVAVAVS

STORAGE
TANK

PUMP E ) < '

Figure 1. Solar Hot Water System



A

and a comparison with actual data. The final section
analyzes these results with the actual data to make
an assessment of TRNSYS performance.

Many given data values required conversion
from English units to SI (modified metric) units.
The metric units which use seconds for time are
modified by using the hour as the time unit in the
SI system. Several constants within the TRNSYS model,
such as the solar constant, are given in SI units and
parameters which interact with these must of course
conform dimensionally. For ease of interpreting
results, the SI units were used throughout the

simulation.



II

THE COLLECTOR

The collector to be modeled is depicted in
Figures 2 and 3. Figure 2 depicts the collector with
the parameters provided by Pearce, while Figure 3 de-
picts a block diagram format of the collector with
the parameters necessary for the TRNSYS simulation [2].
As can be noted from these two figures, some of the
parameters needed by TRNSYS were not provided by
Pearce in his data.

Mode 2 was selected for use in the TRNSYS
model for the collector. This mode was selected
because it provides a better solution than Mode 1

by calculating the loss coefficient Ur,. Modes 3

and 4 were not selected because in these modes, the

transmittance,’?, is determined by the equation:
L. 1

Y = uy/bplrgre™KL/c0801] 4 1 /m [rbooe KL/ 050,

where
4°x is the transmittance of an N-glass cover
surface at an angle x. %k can be found
in Figure 6.1.3 of Duffie and Beckman [3].
5
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0 arcsin [sin OT/ng i

i

8, = arcsin [sin 600/ng]

As can be readily seen from equation II.1l, 9 is highly
dependent upon the incidence angle of beam radiation
on the collector, which in turn is dependent upon
collector tilt angle. Collector tilt was not given

as a collector parameter and 7~ can be assumed to be
relatively constant over tilt angles from 0° to 40°.
Therefore, Modes 3 and 4 were not used to model the
solar collector.

The collector area used for the simulation
was 37 ft2 or 3.4373m2. This area represents the
net absorbing area of the collector panel. The gross
collector area is 40 ftz, which represents the ab-
sorbing area in addition to the framing structure
necessary to support the collector panel. The net
absorbing area was used in the TRNSYS program because
this area should present a more accurate measure of
collector performance.

Several parameters and calculations were
necessary to determine the collector efficiency
factor, F/. This factor is dependent upon the
characteristics of the working fluid, collector

materials, and collector construction. Basically,



though, this parameter can be expressed as a ratio
where the numerator represents the gain in useful
energy and the denominator represents the useful
energy gain if the collector absorber and working
fluid in the collector were at the same temperature.
This, of course would be the ideal case because

when both collector and fluid are at the same tem-
perature no convention losses occur as long as the
fluid flow rate is maintained. In determining F/,
the values of collector tube spacing (12 cm), plate
thermal conductivity (223 W/m 0C),and plate thickness
(.0013m) were given and F/was graphically determined
to be approximately equal to .95 [3].

The next parameter which needed to be cal-
culated was the bottom and edge loss coefficients
for the collector. These factors are dependent upon
materials selection for the edge and back of the
collector. The loss coefficient is the ratio of the
thermal conductivity of the material divided by the
thickness of the material. Expressed in equation

form:



1.2
o
U e ™ L
where
K = insulation thermal conductivity
O
hr£fe+—F
= e T 3 1.7307- =%
B2m °c _BTU
X 3600 £_x KJ
hr 1000J
- 1184 __52_3
hy m  C
and
L= ,094 8 X .3048j§%r = .0287m

From these terms and also from the fact that loss
coefficients are additive, the loss coefficient for

bottom and edge losses, Upe can be expressed as

I1.3
Upe = Uy + 10, = 20)

(2) (.1184)
.0287

KJ
= 8.2636
hr m2 °C

10
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Collector tilt was assumed to be equal to 40°.
This angle was not given in the original experimental
data, and several attempts to determine this proved
to be fruitless. Collector tilt angle is highly de-
pendent upon application of the collector and the time
of the year when maximum performance is desired. For
example, when good collector performance is desired in
the winter months, the sun is lower in the horizon
and collector tilt must, therefore, be increased to
capture incident solar radiation. Of course, with a
solar hot water heating system, demand is essentially
uniform throughout the year, so that tilt angle can
be chosen without regard to seasonal variations in
the sun angle. Also, collector performance for hot
water applications is relatively insensitive to tilt
variations in the range of latitude plus or minus
fifteen degrees. This was borne out by making a
simulation run with collector tilt at 25°, with no
appreciable difference in results with a 40° tilt
angle., Finally, tilt angle was not an important
parameter for this simulation because the data pro-
vided was for solar radiation incident on the collec-
tor, so that a solar radiation processor was not

needed. In other words, the pyranometer used to
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collect solar insolation data values was mounted on
the collector so that collector tilt angle was im-
plicitly accounted for in the data provided.

The final factor which needed to be determined
was the transmittance absorptance product (4«). This
factor combines some of the characteristics of the
collector cover with the back plate, This term
provides a measure of how well the collector cover
allows light to pass through it, how well the col-
lector back plate collects the energy and reflects
it back to the cover, and how well the cover can
reflect the energy back. This is illustrated in
Figure 4. Another explanation of (%) is the
collector's ability to capture solar energy and
retain that energy within the structural confines
of the collector box.

The product (%¥#) can be determined through
a mathematical expression.

The equation for this product can be expressed as [3]

II.4

&
WD = I
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where
(f2) = transmittance absorptance product
o = transmittance
& = absorptance
Sy = diffuse reflectance

The term o< is given as 0.90. To determine the value
of the transmittance,Z, a cross plot was made re-
flecting Z’ as a function of AT (the product of the
extinction coefficient, and the optical path length
of the incident radiation, respectively) [3]. This
cross plot is represented in Figure 5. The optical
path length is approximately equal to the plate
thickness of .317 cm (.0104 ft). The value of the
extinction coefficient is equal to 9.6/ft or .315/cm.
For glass the value of the extinction coefficient, A,
varies between 0.04/cm for good "water white'" glass
to about 0.32/cm for poor glass (that with a greenish
edge color). As can be seen, the glass cover of this
collector falls into the lower quality end of glass.
From Figure 5, the value of the transmittance,”¥, is
equal to 0.84.

The remaining term of equation II.4 which needs

to be determined is the diffuse reflectance,th. The

sum of absorptance, reflectance, and transmittance
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must be equal to unity. These terms simply can be
expressed as the percentage of the radiation which
is absorbed by the surface, reflected by the surface,
and transmitted through the surface. Nothing more
can happen to the radiation striking the surface.

The quantity /Yy, refers to the relationship just

expressed. It represents the reflection of the cover
plate of incident and/or diffuse radiation that may
be partially polarized due to reflections which may
have occurred within the cover system. The diffuse

reflectance can be expressed as:

Y Ll R

where

4’q  the lumped absorptance and transmittance

of the cover plate.

The value of %y is 0.92 yielding a value of 0.08 for
£ [3].

As noted previously, the value of transmit-
tance,”, is equal to 0.84, absorptance, ¢, is equal

to 0.90, and diffuse reflectance, /g, is equal to

0.08. Substituting these values into equation II.4
the transmittance absorptance product (%=), is equal

to 0.762.
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A methodology for determining the collector
parameters has been given for those parameters that
were not provided as given data. Extreme care and
consideration must be made in choosing assumptions to
follow. These parameters can have a significant im-
pact on collector performance. The important point
to be made is that in the initial stage of simulation
verification, data choices must be carefully made
and documented for traceability and verification of
the simulation's effectiveness, Chapter IV further
expands on the results of the simulation run to model

the collector performance.



IIT
THE TANK

In any solar hot water system a storage device
is needed to store collected energy and deliver it on
an as-needed basis. This storage device or tank can
be configured into the solar hot water system in many
different ways. The configuration used in this model
is typical of many low cost solar hot water systems
used today. In this system, the working fluid, water,
is also the medium where solar energy is stored. This
system has no heat exchangers or preheat tanks for
energy storage. This type of system is one that could
be readily implemented with a slightly modified conven-
tional hot water heater.

The modeling of the tank requires the user to
specify the number of stratified layers of fluid with-
in the tank. Each stratified layer is assumed to be
completely mixed (i.e., constant temperature) and an
energy balance must be written at the boundary of each
layer to obtain thermal equilibrium. It has been re-
ported from several sources that dividing the storage

18
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tank into more than three sections does not signifi-
cantly alter results obtained from using a three
section storage tank [1][2]. Nevertheless, the tank
to be modeled was divided into four sections for com-
parability purposes to a previously developed model
2],

The TRNSYS model has fixed sections for supply
and return lines from the collector, to the load, and
replacement fluid. This arrangement is illustrated
in Figure 6, along with given and determined values
of tank parameters. The arrangement of the various
lines is illustrated in Figure 7 for the actual
storage along with given characteristics of the
storage tank. The only difference is that hot water
supplied from the collector is deposited in the second
section of the actual storage tank and into the top
section of the simulated storage tank. The effect
of this difference in position of this line cannot
be readily determined, but could account for some
deviation between predicted and actual results. It
was originally thought that this problem could be
overcome by dividing the actual tank into four
separate, fully mixed storage tanks. This would

allow for placement of supply and return lines in
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any section, but would not allow the layer mixing
which the model allows. Therefore, this approach
was discarded.

It could prove useful for future revisions
to TRNSYS to allow user selection of supply and return
line placement within existing tank sections. This
approach would allow more flexibility in modeling
various storage tank configurations and allow pos-
sible increase in model fidelity.

Storage tank volume was easily determined
from given characteristics as

Volume = :h; (Diameter)z(Height).
4

Storage tank volume is equal to 0.449 m3 or approxi-
mately 120 gallons.

The loss coefficient, U, given need only be
converted to SI units to make it compatible with TRNSYS.

This is accomplished as follows:

B0 KJ 36008~
0.1644%_&;_0?_}( 5.67826 W X 222
BTO-
hr ££4-Op

= KJ
= 3.352 E___TTF_

r m C
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The maximum rate of energy input by the auxiliary
heating element (QHE) was not given as data on the actual
storage‘tank. This rate was estimated using available
experimental raw data [2]. It was discovered that by
- scanning the raw data that the maximum auxiliary energy
input occurred at 10:45 A.M. on 9 September 1976. This
data value was then converted to proper units using the

following equation:

. 2. 53% Volt 8700 BTU 1.054 KJ
IIT.1 Qy = .—2351_»

= 23236 KJ = 92944 KJ
.25hr hr
This value used in the simulation model was 100,000 KJ,

hr
because this represents a more common energy input and
there is no indication that the maximum data value
found among the data is truly the maximum rate the
system is able to deliver.

The only other parameter which needed to be
determined was the set temperature of the heating
element thermostat, Tset’ Again, by examining raw
data, this value could be determined. By watching
where the auxiliary heater turned on and noting the

water temperature in the storage tank, Tger was de-

termined to be equal to 120°F (48.8900).
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Finally, no differential controller was
indicated as being a part of the solar hot water
system. The auxiliary heater control was assumed to
be water temperature sensitive with no hysterisis so
that a differential controller was not employed.
Differential controllers are almost always used to
activate the pump on typical solar hot water heaters.
This model did not use one though. Experimental data
provided indicated that the pump was always on during
data collection periods.

The constant running of the pump can have
negative effects on total system performance. Dif-
ferential controllers are normally used to sense the
temperature difference between the water temperature
in the collector and that in the storage tank. When
the temperature differences exceed certain user de-
fined thresholds the pump is either turned on or off.
These controllers normally have a hysterisis loop to
avoid rapid cycling of the pump motor. If a differen-
tial controller is not used (i.e., the pump runs
continuously), no problems result as long as the tank

temperature is lower than the fluid temperature in
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the collector. But when the collector fluid tempera-
ture drops below the storage tank temperature, energy
is released from the tank to the environmment through
the collector. Clearly, this is an unacceptable

. occurrence which should be avoided.



IV
PERFORMANCE OF SIMULATION

The simulated solar hot water system was
modeled using a build-up of the system components.
The collector was modeled alone using experimental
data, then the storage tank was added so that a
system simulation could be run to compare to the
actual system's performance.

There is a fundamental approach for simula-
tion validation which is discussed at this time.

This concerns the use of "tweeking'" the simulation
model to allow predicted output and actual output to
match within a given tolerance. This type of approach
is felt to be unacceptable to show the math model's
ability to duplicate the real-world. The reason

for this is that for a given set of data, any reason-
able model can be forced to correlate well with the
experimental data. But when conditions change or the

system to be modeled changes, the simulation must be

26
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such that an accurate result will follow. Therefore,
much effort was devoted to the front-end analysis
of component parameters to avoid any "tweeking' of
parameters.

The first simulation made was of the collector
alone. All data values used were experimental data
from September 8, 1976, except for the fluid mass
flow rate through the collector [2]. The mass flow
rate of 213.5 Kg/hr was chosen because this represents
the average flow rate from the pump through the collec-
tor when the pump is on. The error when using this
average flow rate is 1.5 percent.

Solar radiation which was originally given in
the data at fifteen minute intervals needed conversion.
Data values needed to be multiplied by a factor of
four to be put in a per-hour format. Also, original
solar insolation was taken using a pyranometer on a
cumulative basis. Differences were taken between
data points to get rate values which are necessary
for TRNSYS. Solar insolation was initially set equal

to zero.
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Finally, inlet fluid temperature to the col-
lector, ambient temperature, and wind speed were
initially set at 27.11°C, 27.22°C, and 0.0 Km/hr,
respectively. Actual experimental data was then used
- to drive these parameters.

The simulation was run with the values noted
above. Table 1 is a listing of the data values used
in this simulation. Table 2 presents the results of
the simulation run. Figure 8 is a similar, but
graphical presentation of the data in Table 2.
Appendix A is the complete TRNSYS listing with the
accompanying output. TOUT corresponds to the collec-
tor outlet temperature in degrees centigrade. USED
is the total energy incident on the collector. DEL
is the amount of this total energy which is delivered
to the working fluid. The ratio of energy used to
the total insolation is the average efficiency of the
collector (n). For this simulation, 7 is equal to
0.50. An attempt was made to make a plot of collector
efficiency versus the difference between the collector
inlet temperature minus ambient temperature divided by
solar insolation. The efficiency curve was constructed
for the collector only. It was felt that this type of

method would be better than a curve constructed for
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the entire system because when the tank is used, inlet
water temperature to the collector is constant (120°F)
and a good apread in data values might not be reflected.
The values used to construct this curve can be seen in
- Table 3. The only value which required calculation
was the column labeled E (collector energy gain).

This value of E was determined using the equation
V.1 E=mC, AT/S
where

fluid mass flow rate (213.5 Kg/hr)

s KJ/
specific heat (4.19
b = SP o

AT = temperature rise across the collector (°C)

g .
il

Q
]

S = collector absorbing area (3.4373m2)

The data values in Table 3 are plotted in Figure 9.
The simulated collector used 16520 KJ/m2

of the energy delivered compared to 17096 KJ/m2
from the experimental data. This is equivalent to
a 3.37 percent error. Many factors can influence
this difference, even though it is small in magni-
tude. Such factors as collector tilt and the
assumptions used in Mode 3 of the TRNSYS model of the
collector can cause these slight deviations to occur.
Also, initial condition variations can have a signi-

ficant impact on TRNSYS stability [4].
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TABLE 1

DATA VALUES - COLLECTOR ONLY

INLET AMBIENT SOLAR
TEMPERATURE TEMPERATURE RADIAT ION WIND SPEED
TIME (°c) (°C) (RKJ/hr m?) (m/s)
0830 27.11 10 903.1 0.0
0845 29.22 27.22 1102.8 0.0
0900 29.50 2707 130255 0.0
0915 29.61 LT T 1502.1 0.0
0930 29.89 28.33 1701.8 0.0
0945 30.22 28.33 1901.5 0.0
1000 Sh PRl 28.89 2101.2 (01975
1015 2 31 (8 17 29.44 2300.9 0.0
1030 F1.28 30.00 2500.6 0,72
1045 31528 30.56 2700.2 0.0
1100 31.28 F1 L) 2900.0 217
1105 31.39 S 3100.0 0.0
1130 36.00 = [ 3308.4 0.0
1145 36.78 31.67 3508.0 0.0
1200 38.06 32.22 1987.7 0.0
1215 38.67 32.78 2455,2 Q.72
1230 39.50 3333 3104.1 362
1245 41572 33,33 3185.8 0.0
1300 42.89 33.33 1751.8 0.0
1315 43,17 32.78 1683.7 0.0
1330 43.39 33533 1:3740,.5 3.62
1345 44,67 33.89 984.8 0.0
1400 45.61 34.44 916.7 0.0
1415 39.39 33.89 <00 W o) 0.72
1430 38.00 34,44 3600.3 2.53
1445 36.72 35.00 3204.0 3.87
1500 38.39 34,44 2069.4 0.0
1515 43. 67 34,44 767.0 0.0
1530 44,61 32,22 13255 6.88
1545 44.50 30.56 1565.7 4.35
1600 43.39 30.00 698.7 2.50
1615 44,67 28.33 1148.2 2.17
1630 44,67 2777 635.3 6.52
1645 44, 67 AT i S 462.9 0.0



TIME

0830
0900
0930
1000
1030
1100
1130
1200
1230
1300
1330
1400
1430
1500
1530
1600
1630

NOTE:

TABLE 2

COLLECTOR ONLY SIMULATION -
COLLECTOR OUTLET TEMPERATURES

TRNSYS ACTUAL
F Op
81 87
91 88
93 91
97 96
99 98

101 100
114 110
109 115
116 112
116 115
115 114
117 115
116 119
110 116
116 112
112 111
113 116

A
Op

1
(o)}

)

1

HAEOODWLNERERERBPPOOHEFEFRFENW

1
w

32

%

DIFFERENCE

.

.

.

WoaanvmHFOOUVLWOOOHFH OO O UL
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TRNSYS, ACTUAL, and A columns have been rounded to
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Collector outlet temperature is tracked in
Table 2, as previously noted. This data reveals
several interesting facts about the TRNSYS model.
Primarily, the largest deviations from experimental
data occur during the simulation starting time. The
first two data points in Table 2 show a -7.4 percent
and -3.5 percent deviation at 0830 and 0900, respec-
tively. Perhaps if steady state conditions had been
tracked during the previous evening and had been
incorporated into the model, a better correlation
would have resulted. Unfortunately, this type of
experimental data was not available. The TRNSYS
evidently requires a fixed period of time for the
model to stabilize before high fidelity results
occur. This fact has been substantiated by indepen-
dent studies of the time necessary for TRNSYS to
stabilize [4]. These studies showed TRNSYS required
up to three simulated days of operation for the model
to stabilize.

Another interesting point to note in Table 2
is other data points where larger than normal devia-
tions occur between experimental data and simulated
results. In general, rapid changes in temperatures

or conditions (such as a sudden cloud cover) cause
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fidelity problems in the model. These rapid changes
cause the model to start fluctuations in an attempt
to keep up with the driving force of this change (in
this case, the solar insolation is the driving force
influencing the collector outlet temperature). The
model will stabilize once the rapid change subsides.
This problem is not necessarily the cause of the
TRNSYS program. If the update rate of the data values
is increased, the model should produce more acceptable
results. Unfortunately, experimental data was only
provided four times per hour and this was the only
data used in the simulation model. Another possible,
but less likely cause of the model's inability to
follow rapid data changes could be attributed to the
integration routines within the TRNSYS program. This
is less likely to cause problems when an adequate
update rate is used. But it must be noted that
TRNSYS uses a modified Euler integration routine, 'and
although this is a good integration routine, there
are other routines which are more accurate (e.g.,
Runge Kutta), but are not as computationally effi-
cient. An Euler integration has reasonable accuracy

if a small step size is used. This model, with a
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step size of 0.25 hours, could have produced more
accurate results if the step size was shortened.

A word of caution is necessary on computational

step sizes. Although accuracy is improved, step

sizes that become too small become computationally in-
efficient and can cause round-off errors to become
more noticeable.

The method which is used to measure the
accuracy of the simulated results when collectively
compared to the experimental data is an absolute
average value. Taking the absolute value of each
individual percent deviation at each data point and
averaging these values, one gets a measure of the
absolute percent deviation of the simulation. This

value can be expressed as

N | percent deviation|

IV, 2 | Average | = = = 2.7 percent

where n = the number of data points
A measure of the standard deviation can be found

using the expression

2
IV.3 o i [~ (Percent Deviation-Net Average) ]Lﬁ = .78
; MOD n percent
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The net average is found using the expression

Y Percent Deviation
1]

V.3 Net Average = = ~-.6 percent

It can be concluded that the TRNSYS modeling
of the collector is quite accurate for the given
experimental data. The next area to be investigated
is the collector and tank simulated performance as
an entire system.

For the system model using TRNSYS, collector
initial conditions and data values remained the same
as they were for the collector alone (refer to Table
1). For the tank, fluid temperature from the heat
source (i.e., the collector) and mass flow rate
from the heat source (collector) were taken from the
collector outputs. The initial conditions for these
items were the same as the corresponding initial con-
ditions from the collector. The third tank input,

the temperature of the replacement fluid (TL), was

not given as experimental data. This value was
assumed to be constant at 21.11°C (70°F). This is a
reasonable value for cold water supply temperature
in Central Florida, and was measured at several

residential sites to confirm the temperature value to
be generally acceptable. This value does vary some-

what seasonally.
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In addition to the collector data presented
in Table 1, Table 4 exhibits the time varying data
values pertinent to the tank. Table 5 exhibits system
performance, with Figure 10 as a graphical represen-

- tation of system performance, Appendix B is an entire
listing and results of the TRNSYS model for the entire
solar hot water system simulation.

The total system simulation exhibited much of
the same general characteristics as the collector
alone. The largest errors occurred in system start-
up similar to when the collector alone was run.

Errors generally were higher with the tank added
than when it was not attached. Also, as with the
collector alone, rapid fluctuations in the forcing
function caused larger model deviations to occur.
The model was attempting to track sudden changes,
but began oscillating with what appeared to be
little damping when these changes occurred.

The same measures of total system fidelity
were used for the total system as were used for the
collector alone. The absolute average percent devia-
tion in data values was 3.39 percent (2.7 percent for

the collector alone). Finally, the modified standard



TABLE 4
TIME VARYING TANK VALUES

AMBIENT TEMPERATURE

TIME AT TANK (°C)
0830 29.47
0845 25.01
0900 23.54
0915 22.69
0930 20.36
0945 23 .00
1000 26.00
1015 28.16
1030 27 .01
1045 27 .01
1100 27.22
i 5 B 27 .32
1130 26.59
1145 26.48
1200 26.90
1215 28.16
1230 28.89
1245 28.05
1300 27.74
1315 28.18
1330 28.37
1345 29.27
1400 28.05
1415 28.16
1430 28.68
1445 28.78
1500 32.11
1515 32..32
1530 30. 24
1545 30.97
1600 30. 56
1615 30.56
1630 30.56

1645 30.56



TIME

0830
0900
0930
1000
1030
1100
1130
1200
1230
1300
1330
1400
1430
1500
1530
1600
1630

NOTE:
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TABLE 5

SYSTEM SIMULATION -
COLLECTOR OUTLET TEMPERATURES

TRNSYS
(°F)

81
91
93
97
99
101
iy Y
109
116
116
ILS
117
116
110
116
|
113

TRNSYS, ACTUAL,

ACTUAL A % DIFFERENCE
(°F) (°F) (%)

88

88

91

96

98
100
109
115
111
115
114
115
119
116
112
111
115

1
fa
N
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and A columns have been rounded

to integer values for tabular purposes only.
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deviation, Oygp, for the entire system was 1.16

percent (.78 percent for the collector alone) which
shows a higher amount of data scatter for the system
when compared to the collector alone.

The increase in the average starting error
which comes about when the storage tank is added to
the system is probably due to assumptions used for
stratification by TRNSYS [4]. The TRNSYS model
assumes that water returning from the collector
will go to the stratified layer with the closest
temperature to the incoming flow. The model
further assumes that the fluid flow coming from
the collector will go through any other strati-
fied layers without distrubing them. The initial
conditions for the storage tank for this model
assumed all stratified layers were at 48.89°C (120°F).
Therefore, the first stratified layer must become
warmer than the other layers beforé the next layer
can be warmed. This cascading effect can cause
delays and an inability for the system to respond
in sufficient time when rapid changes occur. Even
smaller changes in collector outlet temperatures can
cause longer than normal lags in storage tank

response. For example, even though collector
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outlet fluid flows into the first stratified layer of
the tank in the simulation model, the impact could be
first felt in another layer whose temperature more
closely matches the inlet temperature. Therefore,
the effect on the top layer might not appear at the
proper sequence in time. This problem primarily
occurs when the inlet water temperature is below
that of the first stratified layer. Unfortunately,
TRNSYS does not allow the display of storage tank
temperature for each stratified layer.

There is some valid reason why the collector
outlet temperature was the one parameter scrutinized
so closely. One reason is that by investigating
this parameter for the collector only and for the
entire system, relative differences would be easily
distinguished. Another reason is that this value
gives a valuable insight into the total system
operation. If demand from the load increases which
causes an initial drop in tank outlet temperature,
this is always reflected in the value of the collec-
tor outlet temperature. Also, other parameters are
often not a singularly good measure of system perfor-
mance. For example, fluid temperature delivered to

the load is not a good measure of system performance
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in this simulation, because the auxiliary heater will
tend to maintain this temperature, and therefore, the
heater input must be considered. Outlet fluid tempera-
ture from the collector was both a convenient and
accurate measure of system performance.

The system performance as modeled by TRNSYS
was quite accurate on a macro level. There were
individual areas or certain times when performance
was degraded, but these were the exception rather

than the rule.
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CONCLUSIONS

The simulated results from the TRNSYS model
generally agree and track very well with experimental
results. Deviations occurred, but on an overall
basis, the model accurately reflects the actual system
it models. System characteristics, when not given,
were chosen with great care to accurately reflect a
component's actual characteristics. In some cases,
representative values for parameters were chosen to
represent general characteristics of a solar hot water
system operating in Central Florida.

Both the collector alone and the total system
performance when measured against actual collector
outlet temperature showed very close agreement. Both
simulations showed larger than average deviations
during initial start-up in the morning and when rapid
changes in the forcing function (solar insolation
and/or hot water load demand) occurred. If ample

stable system data for the previous evening had been

46
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available, start-up errors could have been reduced,
As the data was presented, slight imbalances in data
values at the start of the simulation run can cause
the TRNSYS model to also be imbalanced and present
erroneous results. As time progressed, the TRNSYS
model began to react to the forcing functions and
responded in a similar manner as the actual system
responded. This trend held true until a rapid change
in either solar insolation or hot water demand occurred.
In the case of a sudden cloud cover, solar insolation
was reduced in a short period of time causing the
TRNSYS model again to begin oscillating in an attempt
to keep up with the forcing functions. When the
forcing function ceased oscillating, simulated per-
formance again matched the actual system performance.
As noted, this problem could have been minimized if a
smaller integration step size was used (data points
were unavailable) or if another integration routine
was used in place of the modified Euler technique in
TRNSYS.

This study also discovered several parts of the

TRNSYS model where flexibility could be enhanced. As
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noted above, a choice of integration routines available
to the user for various time steps could enhance
simulation fidelity. Another area for increased
flexibility and fidelity would be to have the user
specify line locations in the hot water storage tank.
Finally, increased guidance is necessary for the user
to implement multiple data readers.

The above discussion has indicated areas where
TRNSYS might be improved, but emphasis should also be
placed on the TRNSYS model's accuracy. Given good
data and system characteristics, this model can provide
a good overall assessment of an actual system's per-
formance. Individual data points might have diverged,
but it has been shown that overall performance of
TRNSYS matched actual data quite well.

Finally, this investigation was limited in
scope in that a simple system with few components and
relatively few data points were used. As system
complexity increases, either with new components being
added or a different solar application causing changes

in system layout, a reassessment is necessary to verify
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and validate results, The results presented must be
qualified by the above statements to provide a limit
to the work which has been done and a starting point

for future work.



APPENDIX A
TRNSYS Run - Collector Only
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FOOTNOTES

lsolar Energy Laboratory, University of
Wisconsin, A Transient Simulation Program TRINSYS
(Madison: University of Wisconsin, 19/8).

2Jeffrey B. Pearce, 'Analytical and Experi-
mental Investigation of Pumped Solar Hot Water
Systems'" (Master's thesis, Florida Technological
University, 1975).

3John A. Duffie and William A. Beckman,
Solar Energy Thermal Processes (New York: John
Wiley and Sons, 1974).

4U.S.,Department of Energy, Proceedings of
the DoE Symposium on Systems Simulation and Economic
Analysis for Solar Heating and Cooling (San Diego,
June 197/8).
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