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INTRCDUCTION

Sfmu?ations provide a useful and efficient means of evaluating
and comparing the performance of solar heating systems. Models of
complex systems are built from separate mcdels for the various
comporents of the system. These component models are deveioped
from detailed studies of the components and many have been well
validated by comparison with experimentai data. The validity of
using componentlmcde1s to simulate an entirE“system Has not been as
extensively studied.. '_ -

- This paper compares the measured and simuTéted performance of the
l Ar?ingtoﬁ Solar House. The simulations were doﬁe usfng TRNSYS [11].
The parameters used in the component models have been determined from
a combination of experimental and ané]ytic§1 techniqUes° Weather
data taken at the house during'the test period were used to drive the
simulation.- The performanceof the system in terms of total energy
quantities and the dynamic response of some components are detsrmined
and compared to the data. |

The comparison of measured and simulated performahce establishes
the validity of this system simulation. This is a cdmp]ex system with
a ltarge number of components and a complex control strategy; it is

clear that such systems can be successfully simulated.



CHAPTER 1
ARLINGTON HOUSE SYSTEM DESCRIPTICN

The Arlington House is an air-based system as sﬁown schematically
in Figure 1. The collectors are evacuated tubular collectors with a
selective surface on the absorber tube. The rock bed is used as &
combined energy storage system for hoth collected solar energy and
auxiliary energy from an electric duct heater. The system is unique
in that the auxiliary heater supplies heat directly to the storage
and only during the off peak hours of the utility (10 PM to 8 AM).
This auxiliary supp]yldoeé not neat the house directly but is used to
ensure that the energy in the rock bed is sufficient to meet the
expectedldemand. Thus, the storage 1is charged each night with the
sufficient e?ergy to provide heat to the house during the next on-peak
16 hour period.

When direct solar is not available to meet the load, the house is
heatad by using tﬁe energy stored in the rock bed. Domestic hot water
heating is provided by a heat exchanger in the collector return duct
and a preheat-storage tank in combination with a conventional electric
water héater. A more detailed description of the system is given
by Erdmann [2] Persons [é] and Wallace [4].

The control strategy for the house is given in Table 1. During

winter, both house and hot water heating are provided, while hot
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Tahle 1

Control Strategy

Input oL sy Sy A W
Winter Yes Yes Yes Yes Yes No
Thouse<Tset? Yes No Yes X No X
Thouse<Tset2 No X | Mo Yes X X
Sotar Available* Yes Yes Mo X No Yas
Off Peak Pericd X X X X Yes X
Charge Store X X X X Yes X

*Solar available if

Tco11ector?Tsupp1y ¥ Tset] (v<5 min)
Tdeiivery >Tsupp1y * Tset2 (<5 min)
Modes:

CL

collector to load

CS - collector to storage

Sby - storage to load, first stage heating
SLy - storage to load, second stage heating
AS - auxiliary to storage

CW - collector to domestic hot water



water heating only is provided in summer. A two stage thermostat is
employed to initiate house heating. First stage heating is provided
when the house temperature drops below the first set temperature.
Ajr is circulated through the house directly from the coliector if
solar energy is available (CL mode), and from the storage if solar
energy is not avai?ab}e,(SL}). Second stage heating initiates if
the house temperature drops below the second set temperature. In
this case air circulates from storage through the house even if sglar
energy is available (SL2)° During off peak hours, the average rock
bed temperature is compared to a set temperature to determine if
charging from auxi?iaryA(AS) is required.

There are three cdifferential controllers in the house control
systém. Qne of them is used to determine when there is solar energy
available for collection during the winter. This controller compares
the collector supply temperature at the discharge of the rock bed with
the air temperature in the collectors. Air flow through the collectors
is initiated when this temperature difference reaches a preset value.
The Tow ﬁosslcoefficient for the collectors means that this temper-
ature may be high and not reflect the air temperature during solar
collection. Accordingly, the controller logic action switches this
differential controlier's high temperature sensor from the sensor in
the collectors to one in the return manifoid after the collectors

have been operating for five minutes. The seccnd differential



controller is used to determine when solar energy is available

for collecticon during the summer, when the system is used only to heat
hot water. It uses the preheat tank temperature instead of the rock
bed discharge temperature to determine when the collectors should be
turned on. Otherwise 1ts operation is the same as the first
differential controller. The final differential controller is

used to control the auxiliary furﬁace. It compares five sensors
placed in the rock bed to give an average temperature to the preset
value for the minimum storage temperature. If the rock bed temp-

- erature is below the set value and it is during the off peak

period the auxiliary furnace is turned on to heat the rock bed.

Data Collection System

Data on weather conditiong, Tlow rétes, temperatures, electrical
power consumption and the mode the house is operating in were
recarded at ten minute intervals. The weather data consists of
total radiation on the horizontal and 60° planes, ambient temperature,
wWwind speed, and barometric pressure. The water flow rates are
measured by turbine flow transducers. The hot water load and the
flow rate through the heat exchanger coil are measured.

The air flow rates are measured by multi-point self averaging
pitot tube stations with air straighteners. The collector supnly,
collector return and house supply flow rates are monitored. A1l

temperatures are measured by ccpper-constantan thermocouples.




The electrical power consumption is measured by wati transducers
using Hall Effect muitipliers. The furnace, hot water heater,
parasitic (including fan, water pump, damper'motors; and control
box), and domestic power consumption are recorded.

Ai! sixty channels of data and the time they were taken are
recorded on magnetic tape for storage; Appendix (A) is a listing of

211 the channels of data that were recorded.
Data Analysis - Removal of Spuricus Data Points

Figure 1-2 is a plot of ambient temperature versus time. The
large spikes obviously do not represent the_true ambient temperature.
Plots like Figure 1-2 were made for all of the data channels. These
plots were then used-to locate the spurious data'points on each
channel. Once these points were located they were replaced by the
average of the data values for that channel from the time period
before and after the spuricus points. The causes of the spurious
points are not knoﬂn. Possible explanations are electrical distur-
bances (lightning) and dust on the magnetic tape used to record the
data.

The data were then repiotted to make sure fhat no spurious
points were left uncorrected and to check that none were accidentally
introduced during the cleaning up process. Figure 1-3 shows the

ambient temperature data in its final state. The spikes still present
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in this plot represent atmospheric turbulence.

Data for Comparison with Simulaticn

The uncertainties and problems encountered with the data
measurement and recording have been thoroughly discussed by Erdmann,
Persons and Wallace. This section enumerates the data that will be
used for comparison with s{mu]ation; |

" The values that will be used for comparison-are the totals
over the period of:

1. Radiaticn on 6Q° plane

2. Auxiliary power consumption

3. Parasitic power c&nsumption

47 Water heater power consumption

5. Useful collected energy

The radiation on the B0° plane is measured by a pyrpnometer
mounted on the collector manifald. The aukf?fary furnace has its
own watt-hour meter. This meter was read daily and these readings
were used to determine the furnace power consumption.

The parasitic and waterheater power consumption were measured
by watt transducers, whose output was then integrated. The house
power meter, which measureslthe total of domestic, parasitic, and
water heater power, was also read daily. By subtracting the
parasitic and watar heafer power from this reading the domestic

power consumption was determined.
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The useful collected energy is difficult to determine. There
is a significant amount of ambient air leakage into the collectors
when there is air flow that must be accounted for. The heat loss
from the ducts in the atic and the manifolds must also he included.
Figure 1-4 shows the collector and these energy flows.

There are three energy terms to be considered in looking at
the collectors. The first is the amount of solar energy collected
(QCOLL in Figure 3-3). The second is the measured solar energy
collected, and the third is the pet energy gain to the house from
the collectors. If the air Teakage and duct UA losses were not
included in the analysis, these three terms would be identical.

The amount of solar energy collected is the amount of energy
transferred to the air in the collectors while they are operating
(see Figure 1-4).

The measured solar energy collected s computed as:

Q

Q

M C. (T T

measured - "RETURN “p TReTumn T Tsuppry!- (1-1)

Queasureq 1S Tess than Qcollecteq fOr two reasons. The first
is the UA losses in the supply and return ducts. The second reason

is the air leaking into the collectors. When computing Qmeasured

RETURN ~ TsyppLy (equation 3-1)

due to air leakage into the §upp1y duct downstream from the Tocation

the temperature difference used is T

of the thermocouple measuring TSUPPLY-the actual collector inlet

temperature is lower than TSUPPLY' It was decided that the collectors
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should be charged for this air Teakage and not the house. It should
be stressed that Qmeasured is the pn]y*one of the three collector
energy terms that can be computed directly from the data.

The final term is the actual gain in energy of the house due to
the collector. This is computed as follows:

C

Nt = Uneasured ~ MLzax p'(THOUSE - TAMB) (1-2)

The air that leaked into the system at the collector inlet must
Teak out of the system somewhere (mass balance). From the position
of the air flow monitor stations it was determined that this air
leaked out of the ducts into the house and then from the house to
the atmosphere. The amount of energy associated with this air flow
Teaving the house is the ﬁLEAK_Cp (Tuguse - Tamg) term in equation
(]-2), QNEf then represents the actual enefgy gain to the house
from the solar system.

The actual solar collected and the net energy collected are

not measured by the data acquisition system. Thus, 0 must be

measured
used for comparison with the simulation. ATl three terms will be

cemputed by the simulation. Then Q from the simulation and

measured
the data will be compared. The simulation can then he used to

determine Q5| and Quer and thus enable one to analyze the system

performance in greater detail than the data alone can provide.




CHAPTER II
- COMPONENT MODELS

“Collector Model

Introduction

The collector model written for this simulation is based on
Eberline [5]. Eberline developed a comprehensive program to predict
the performance o% the evacuated tubular collectors using air as the
working fluid. He then used this program to develop several simplified
methods for predicting coliector performance. One of these, a graph

of collector efficiency versus TINS(TIN-TAMB)/S - Was used as the

afT
basis for this model.

If the instantaneous efficiency of a collector array is defined
as the ratio of useful energy output of the collector to the total
solar radiatidn intercepted hy the backing surface area, it will vary
as the sun's position in the sky changes during the day. This is
because as the sun's position changes the amount of energy reflected
off the backing surface to the tubes will vary.

EberTine, however, defines efficiency as the ratio of useful
energy output to the radiation incident on the tubes, not the radiation
incident on the backing surface. Using this definition, one can

separate the effects of the relative positions of the sun and the

14
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coliector array, which determines the amount of radiation that

strikes a tube, from the thermal performance of the tube array.

Computation of Seff

Eberiine defines Seff as the effective solar radiation incident
on a single coliector tube. It is a function of the solar radiation,
the collector array geometry, and the collector array orfentation.

To determine Seff one must first define a special incidence
angle 0. This angle includes the effects of latitude, slope of
collector array, hour angle, declination, and rotation of the collector
tubes from the north-south meridian.

Looking at Figure 2.1 one can see that G is the projection of
beam radiation measured from vertical in a plane normal to the
collector axis.

For an orientation of the tube axis along the north-south axis,

as we have at the Arlington House, @ becomes:

_ -1 cos & - sin W P
& = TAN (cosL¢—S) cos & cos W + sin {4-S} sin 6) (2-1)

This angle determines the location of the illuminated window on
the backing surface (Figure 2-2) which is needed to determipe Seff'

The heam and diffuse radiation reflected off the backing
surface onto the tubes can be a significant portion of the radiation
incident on the tubes. For this reason, it is necessary to consider

four components of the solar radiation striking the tudes:
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1. Beam radiation directly intercepted by tubes.

2. Beam.radiétion reflected off backing surface to the tubes.
3. Diffuse radiation directly interceptad By the tubes.

4. Diffuse radiation reflected off the backing surface to the

tubes.

Looking at Figure 2~2 it is apparent that the circular absorber
tube presents a constant intercept area for solar radiation until
shading of a tube by the adjacent tube occurs; The directly inter-
cepted beam radiation is then équaT to:

SpDNL - no shading (2-2a)
SgCNL cos @ - shading (2-2b)

Where SB is a solar flux in the same plane as angle Q that gives

the correct beam radiation intensity received by the collector array.

H, R
- B B -
SB cos (2-3)
The beam radiation reflected off the backing surface is:
Sg cos Q WLN Sy Fy - (2-4)

where Fu-r s the view factor from the i1luminated strip, W, to
all of the tubes, and all reflections are treated as diffuse refiections.
The diffuse radiation directly intercepted by the tubes is

Sp Ag Fsot (2-5)
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Where SD 1s the intensity of diffuse radiation (assumed uniform across

the sky).
By reciprocity'ASFSmT = ATFT—S so the directly intercepted diffuse
radiation can be written as:
Sp ™ DNL Fr g (2-6)
Where: m DNL = tube area
The diffuse radiation reaching on incremental area on the backing
surface is:
Sp AS Fo_ga (2-7}
By reciprocity Ag Fg_yp = dA Fia-g- Because the incremental area
sees only the sky and the tubes 1 - Faa-s = Fqa-1- Thus the total
diffuse reflected to the tubes is then '

S5 1 Fyang (1=Fyu_g) dA (2-8)

Backing
Surface

We are now ready to determine Seff‘ It is convenient to define

the following two ratios:

RB' = Beam radiation incident on tube
Beam radiation incident on a flat plate having
the same orientation as colliector array.

RD’ = Diffuse radiation incident on tube

Diffuse radiation incident on a flat plate having

the same crientation as the collector array.
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Combining equations 2-2, 2-4, 2-6, and 2-8 we have:

. _ D'+ PB cos q WF{-T .
Rg' = 05 0 no shading {2-9a)

RB' =1 shading (2-9b)

mB Fo o« oy LS F o o{1-Fyy o) dx
RDL = T—S B 0 CdA-S dA"S (2_10)

Fberline shows that when either D6/D > 1.5 and C/D < 2.0 or
Db/D > .75 and C/D >2.0 these equations can be simplified to:

i D D
T L1- ¢ cos gt c cos ' (2-11)

Ry = Fpp [1 - 05 (1-Fp_q)] (2-12)

where FP—T = yiew factor from the whole backing surface to the tubes.
The total radiation received by all of the collector tubes is
theﬁ:
Sp = [HBRBRB' + HDRDRD'] CNL (2-13}
If it is assumed that the solar radiation incident con a single
tube is uniformly distributed around the tube perimeter the effective

solar radiation is then:

- T t i _9__ _
Seff - LHBRBRB * HDRDRD ] 7D (2-14)
Thermal Performance of Collectors

Eberline found in his model that if collector efficlency were

7

: . : L 3 -
plotted against the variable TIN (TIN-»TAMB)_/SQﬁc x 10 ° that a
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straight Tine was obtained (Figure 2-3). The slope of the line is

a function of FR’ the collector heat removal factor, and collector
‘propertfes. The slope was found to be fairly constant by Eberline for
various flow rafes.

The intercept is also a function of Fp and the collector proper-
ties. This graph,was used to determine the collector efficiency in
the model. Eberline determined that for these svacuated tubular
collectors the slope of the Tine on the efficiency nlot was relatively
insentive to variations in mass flow rate. The difficulty comes in
trying to determine the correct intercept valve for the pict to
accurately predict the performance of the collector at the Arlington
House. This will be discussed later.

Quantitatively the graph predicts:

1. as inlet temperature increases, the efficiency decreases

2. as ambient temperature decreases; the efficiency decreases

3. as incident sclar radiation decreases, the efficiency

decreases
Leakage Into Coliector

Erdman determined ekperimenta?ly'that the collector outlet mass
flow rate was approﬁimate]y'}S% greater than the inlet flow rate.
This air leaked into the collector array from the atmosphere. In the
model used in this simulat{on the leakage was treated in the following

way. 1he efficiency was computed using the temperature of the inlet
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2ir without mixing it with ambient air, this gives a conservative
value for the efficiency. Then the actual inlet temperature was
computed as the mass averages of the inlet and ambient air temp-

eratures. The outlet temperature was then computed as:

TOUT = TIN + QU/M CP {(2-15)

where U = (Seff)(n)(Backfng Area) (2-16)

-

Physically this means that all of the leakage was assumed to occur at

the coliector inlet.
Capacitance in Collector

Capacitance was not inctuded in the coliector model for reasons
of computational simplicity. Grunes [6] determined that the response
‘time for both heating and ccoling of the collectoer assembly was on
the order of thirty minutes. It was assumed that the delay in heating

and coaling wouid, on the average, cancel out.

Controiler Model

Introduction

The controller model is not a standard TRNSYS compenent. [t was
written specifically to model the Arlington House controlier. There

are some slight differences between the controller model and the
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actual house control strategy. These will he discussed after the

house control system has been explained.
House Control System

The control box at the Arlington House contains three differential
temperature controllers, a digital laegic section; and the necessary
olectronics to interface with the house thermostat and heating system.

Tﬁe first differential controller determines if there is solar
energy available for collection. I compares the temperaturé of the
bottom node of the rock bed to the collector plate temperature when
the collectors are off and determines when they should be turned on.
After the collectors have been on for approkimate]y five minutes it
switches sensors and compares the bottom node of the rock bed to the
air temperature in the return manifold to determine wﬁen the collectors
should be shut off. |

The second differential controller is used only during the summer
‘when the rock bed is by-passed and the system is used only to heat
hot water. Its operation 1is jdentical to the first controller except
its low temperature sensor is located at the bottom of the pre-
heat tank.

The third controlier is used to indicate when the rock bed 1is
below its set temperature. One input is from five sensors spaced

vertically in the bed to give the average temperature. The other
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input is from a potentiometer calibrated with a temperature scale.
The potentiometer {s used to adjust the rock bed set temperature.

There are three inputs to the controller from the room thermosiat.
A first stage heating command {s output when the room temperature
falis below the first stage set temperature. If the room temperature
continues to fall and reaches the second stage set temperature, a
second stage heating command is output.

This will happen when the systém responds tc the first stage
command with the collector to icad mode and there is not encugh
collected energy to meet the load. The third output is from a
manual winter/summer switch. This tells the system to supply space
and water heating (winter} or only water heating (summer) .

To avoid overheating the water in the pre-heat tank a sensor
is Iocated-near the top of the tank to indicate if the tank is over
the hot water set temperature. If it is the pump to the heat-
exchanger is shut off.

The controller also contains a clock to determine when the
electric auxillary will be ailowed to turn on. The off-peak

window is manually set on the controller.

Control Strategy

The following section describes how the controiler mode]

determines which mode the house will operate in.



Keeping the house warm is understandably assigned the top
oriority. When the house temperature falls below the first stage
set temperature the controller first checks to see if there is solar
energy directly available to meet the load. If there is; the system
goes into collector to load mode. If there is not any solar available
or if the house temperature drops below the second stage set point the
system goes into storage to load mode. -

[f the house does not need heat, the éontroller checks to see if
there is any solar available for collection. If there is, it goes
into collector to storage mode. In either coilector mode the pump to
pump water from the pre—heat tank through the heat exchanger in the
return duct is always on until the pre-heat tank reaches the hot
water set temperature. |

If there is no solar to collect, the controiler then checks to
sea if the rock bed is below its minimum set temperatura. If the
bed is below its minimum set temperature and the time is during the
off-peak window the auxiliary furnace is turnad on to heat the rock
bed. If it is not off-peak hours or 1f the rock bed is above its
set temperature the house goes into the idie mode. The auxiliary
furnace cannot directly heat the house, it can only charge the

rock hed.
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Differences Between Simulation Controlier and House Controller

A few additional comments need to be made about the controlier
used in the simulation. First,since the collector model does not
have capacitance huilt into it, there is no collector plate temp-
erature. For cqntro] purposes if the collector is off; the collector
mode] computes what its outlet temperature would be if it were on.
This temperature is used as the collector plate temperature in the
simulation.

The fastest the simulation can respond to a change of inputs is
one timestep {10 minutes). So control fis switched from the collector
plate temperature tc the return air temperature after one fimestep.
(This is to be compared with five minutes in the actual cbntro11er)..

Fina11y, once the house temperature drops below the stage one
set temperature the house is heated until it reaches a temperature
higher than the stage one set temperature before the heat is turned
off. This is done to prevent the Systém from osc€1ating‘around the
stage one set température and corresponds to the dead band present

in the actual house and control system.

Data Reader-Interporator

The standard simulation data reader {s set up to read data only
if it is given at equal time increments. The data from the Arlingten

House are taken at ten minute intervals and at all mode changes. Of



course, these mode changes can happen at any time so the Ariington
data is not at egual time fncrements.‘

This component simply uses linear interpclation to-supply the
needed data to the simulation at the proper ten minute simulation
timestep. The data used to drive the simulation are the total

horizontal radiation and the ambient temperature.

28



CHAPTER III

SIMULATION

Introduction

The house was simulated using TRNSYS, a transient simuiation
program developed by the Solar Energy Laboratory at the University of
Wisconsin. Using the components described in the previous chapter
and the standard components available in TRNSYS a systém to simuiate
the house was developed. The valves of all of the parameters in

tne simulation are contained in the 1isting of the TRNSYS deck in

Appendix (C).

Modeling Decisions

Air Leakage

A major source at uncertainty in zhe modeling concerned the
location of air leakage into and out of the solar-house system. In
experiments, Srdmann [2] determined that the mass flgwrate out of the
collector was 15% larger than that into the collector. Ambient air
was found to be leaking into the collectors and manffo]ds, In the
simulaztions leakage was all assumed to occur at the collector inlet

as indicated in Figure 3-1. The collector inlet temperature was then

29
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determined by a mass weighted average of the supply air at its
temperature and the leakage air at ambient temperature. It was more
difficult to determine the path the Jeakage air took_whenlit'1eft

the system. Various alternatives are shown in Figure 3-1? Path (a)
was the route assumed in the simulation. The leakage flowrate at the
return temperature transferred energy into the heated space. Then
the leakage f1owrate at the house temperature was transferred to
ambient as an energy loss from the heated space. The three other

possible paths for the leakage (b, c, and d) were investigated and

these will be discussed later.
Passive Contribution To the Load

There is no direct way to determine from the data the passive
contribution to meeting the load. Looking at Figure 3-2, é plot
of room temperature versus time, there are periods of several hours
duriﬁg the day the system never went into collector to load or
storage to load modes. The house temperature did not oscilate as
i+ does when the load is being met by the system cycling on and off.
The energy to meet the load during these periods is not being provided
by the house heating system. The passive gain through the south
facing windows and the uncontrolled gain due to the air leakage when
the house is running in storage to load mode. To determine the
amount of the passive gain, the south facing windows were modeled

using standard TRNSYS components.
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Simulation Model

The Arlington House heating system was modeled and simuiated
using TRNSYS [1]. Special component models were written to simulate
the collectors and control system. The rest of the system, including
the nouse load, rock bed, pre-heat tank, electric duct heater,
electric water heater, windows for passive gain, pump, fan, heat
exchanger, dampers, and ducts were modeled using standard TRNSYS
components. Table 2 presentis the components used. In order to
accurately model this system many more components are required than
for typical simulation studies. The source of inputs and parameters
for the simulations are listed in Table 3. Where available, values
were taken directly from_manufacfurers specifications.

Values for four of the system parameters were not directly
available. These parameters are the house loss coefficient UA, the
intercept of the collector efficiency nlot, the rock bed set temp-
erature, and the temperature differential required to turn the
collector on. Since the exact value of these four parameters could
not be directly determined, it was necessary to use the simulation
to determine their values. This was done by using two separate data
periods. First, estimates were made for esach of the four parameters.
The simulation was then run cn the first data periocd and the values

of the four parameters were adjusted until the simulation results



Table 2
TRNSYS Components Used in the Simuiation

Standard Components

Name i, ‘Type Quantity Used
Radiation Processor 16 3
Rock "Bed 10 ' 1
One-Node House 12 ]
Window _ 35 1
Qverhang 34 1
Heat Exchanger 5 1
Preheat Tank 4 1
Water Heater 4 1
On/0ff Auxiliary Heater 6 1
Fan 3 1
Damper _ | L 3
Tee Plece 11 3
Duct 31 2
Pump 3 1
Forcing Functions 14 1
Nonstandard Componentis
Collector - 1

Controlier - i



Table 3
Source of TRNSYS Inputs

Forcing Functions:
Weather
Domestic Power Consumption
Hot Water Loads
Previous Steady State Experiments:
Rock Bed UA and Parameters (Persons [2])
Water Heater Parameters (Manufacturer Specs)
Heat Exchanger Effectiveness (Manufacturer Specs)
Fiow Rates {Measured)
Duct Heater Power Consumption {(Manufacturer Specs)
Building Plans:
Gverhang Dimensions
Window Dimensions
Engineering Caiculations:
InTet and Outlet Duct UA
Pre-heat Tank UA
Dynamic Calibration Experimentis:
House UA
Collector Efficiency Plot Intercept Value
Rock Bed Set Temperature '

Temperature Differential Required to Turn Collector on

35
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agreed with the data. The values determined in this way were close
to the estimates made earlier. Then the simulation program, using
the same values for all parameters, Was run for the second data
period.

In the case of house loss coefficient, a design value was
available and this was used as a base. It was modified to take 1into
account the differences between design and construction. Adeguate
modeling information was not available on the collector performance
to allow the data to give the daily performance. These data provided
initial estimates for use with the model developed by Eberiein [5].

In the initial simulations, the minimum rock bed temperature
for control was assumed to be 35C as set-on the controller. It
became apparent that the actual set temperaturé was higher than this,
The actual temperature was based on the average of five temperatures
located in the rock bed. However, as shown by Persons [3], these
sensors were located in a region of low air flow and did not
accurately represent the rock bed energy. 1t was found that a value
of 52C more accurately represented the actual controlled temperature.

The coliector model used in the simuiations did not include
thermal capacitance. The actual collectors and the sensors have
appreciable capacifance which creates a significant delay on the
time at which the collectors are turned on. This effect is modeled

by increasing the collector turn on temperature so that the turn on
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times for the actual operation and simulations agree.

Simulation Results

The data and simulation results for the two periods are
compared in Table 4. As stated earlier, four parameters were
adjusted to achieve the agreement shown for pericd 1. The test is,
then, the agreement between the two results for period 2. The
agreement between simulation and measured for collected energy,
auxiliary supplied, and water heating auxiliary is within 6% of the
input energy. This agreement establishes confidence in the system
mpde] and the choice of parameters.

As another evaiuation of the simulation predictions, some
dynamic outputs from the simulation were examined and compared to
data. Figure 3-3 is a plot of house temperature as a function of
time. The relatively smooth periods with peaks and without the
oscillations represent day time during which the load is being met
by the passive solar contribution. The regular oscillations
represent night time when energy is supplied from storage. The
frequency of the oscillations in the simuiations ;s lTower than
that of the data, indicating that the actual lumped house capacitance
is smaller than the value used in the simulation. The femperature
from the simulation represents the average temperature of the entire
house. The temperature plotted as data represents the south haif

of the house where essentially all of the passive contribution enters
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Tablie 4

Pericd 1
13 Noon-Nocn Days
February 25 - March 10, 1978

Difference Based

Data - Simulation 'On'Qcollector
Qco11ector 4.04 GS 3.99 GJ 1.3
Qaux 2.97 GJ N 2.93 GJ 0.5
Qwater aux 0.19 GJ 0.19 GJ --
Period 2

12 Noon=Ncon Days
March 11 - March 23, 1978

Difference Based

Data Simulation on Q.oijector
Qco]]ector 2.55 GJ 2.61 &Jd 2.4
Q 1.59 GJ 1.43 GJ 6.2
aux
Q 0.19 GJ 0.20 GJ 0.4
water aux

(see appendizx E for dally totals)
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twrough the south facing windows. Thus the temperature
increases in the data are larger than those 1in the simulation.
Nevertheless, the model is able fto accurately represent

the history of the room femperature.

Figure 3-4 shows the measured and simulated collector
outlet temperature as a function of time. The temperatures
from the simulation are larger than these from the data.
For several réasons these temperatures are not directly
comparable., This plot is presented to show that the
dyvnamic response of the simulaticon is comparable Tto The
actual dynamic response of the collector system, Reasons
that the temperature values differ are:

L

1, The difficulty of measuring an average duct
temperature with one thermocouple.

2. Leakage from ducts and dampers that could
not be modeled,

%, Pnysically the temperature plotted as data was
located further downstream than the value plotted
from the simulation, meaning more duct losses,

4. The difficulty of measuring the flowrate of the
system in different modes, which would affect

the temperature in the simulation.

The ascillations in the data at night are due to the

5

ating system cycling on and off during the night. The

o
[0]

leaky dampers allow warm air to anter the collectors in

some of the modes of ¢peration.
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Simuiations were performed to determine the effects of air Teaks
out of the house by paths b, ¢, and d as shown in Figure 3-1. Table 5
presents the effect the path has on system performance. By dumping
all of the leakage air directly to the outside ambjent before the
rock bed as in path b, the net gain from the collectors is consider-
ably reduced. To meet the load, the auxiliary power then increases
as shown. If air Teaks occur after the entire fléwrate has passed
through the bed as in paths ¢ and d, much less energy is lost from
the systems. Since the air leaving the bottom of the rock bed is at
a temperature near room temperature, there 1is virtually no chaﬁge in

performance between leakage via paths c and d. These results demon-

strate the need to accurately determine leakage routes in actual

systems.
Table 5
Effect of Leakage Path on Energy Flows
Percent Difference

Leakage from Path (a)
Path Qcollector Qaux 9col1ector Qaux
(a) 2.26 GJ 2.94 GJ - -
(b) 1.76 GJ 3.37 Gd -22 +15
(c) 2.51 GJ 2.87 Gd +11 -2
{d} 2.

52 GJ 3.07 GJ +12 +4
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The passive gain through the scuth facing windows
was modeled by the simulation. In the first data pericd
the passive gain‘waS_O.YOGJ. The total solar contribution
for this period was 4.69 GJ. The passive gain was 15
percent of the total gain. Tn the second period the
passive galn was 0.59 GJ, which was 18 percent of the
total gain for that period. This gain was entirely from
the windows and demonstrates the need to model the passive
contribution in simulations.

The time step size used in the simulations was ten
minutes, Two additional siﬁulations were Tun with time
steps of one-hall and cne hour to determine the effect

of time step siz

©

on'simulation results, Table 6 presents
fhe results of théée simulations, The larger timesteps
save on computor time but give less accurate results,

The one nour time step simulation only required one-

half of the computor time that the ten minute time step

gimulation did.



Table &
'Timg step Qcoll Qaux Qwat aux
size
10 min 3,99 GJ 2.9% Gd 0,19 GJ
320 min 3.76 GJ 3,18 GJ 0.1% GJ
- 60 min 3.74 GJ 3.37 GJ 0,19 GJ
percent difference from 10 minute
30 min -6 +9 —

0 min -6 +15 —

44
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CONCLUSIONS

The Arlington House system has been modeled using standard and
non-standard components. The system is quite complex and requires
a large number of components and parameter values. Previous steady
state experiments are used to provide values for most of the para-
meters. Air leakage is found to have a significant effect on the
rasults, and the location of leaks must be determined accurately.
Dynamic experiments are used to determine values of four critical
parameters. Simulations using weather data that does not include
the parameter evaluation periods are found to yield performance
results in good agreement with that measured. This produces
confidence in the system model, and in the use of simuiations to

evatuate systems.
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APPENDIX A

Arlington House Instrumentation

(November 4, 1977 - December 31,

Function

Integrated Total Radiation on
60° Plane '

Integrated Diffuse Radiation
on Horizontal Plane
Integrated Total Radiation on
Horizontal Plane

Integrated DHW Coil Flowrate
Integrated DHW Load Flowrate
Integrated Furnace Power
Integrated Water Heater Power
Integrated Domestic Power

Integrated Parasitic Power

Collector Outlet Plenum Temp
Collector Inlet Plenum Temp
Pressure Transducer #1
pressure Transducer #2
Pressure Transducer #3
outside Dry Bulb Tempe;ature
Wind velocity

Wind Direction

Comments

1578)

Eppley Precision
Pyronometer

Eppley B&W Pyronometer
in use after reb. 15

Spectrolab Pyronometer

Measured
Measured
air Flow
Air Flow

Air Flow

in Attic

in Attic

to Cellectors
from Collectors

to/from Hcouse

47
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Channel
No. Function Comments

18 Barometar

19 House Supply Temp before
Humidification

20- Ground Water Supply Temp

21 Preheat Tank Node 1 Temp Top

22 Preheat Tank Node 4 Temp

23 Preheat Tank Node & Temp Bottom

24 . DHW Supply Temperature Good only after

January 5, 1878

25 Living Room Temp

26 Air Temperature above DHW Coil

27. Alir Temperature below DHW Coil

28 Alr Temperature at Top of Storage

30 Rock Bed Node I Temperature | Top Rock Node

31 Rock Bed Node 2 Temperature

32 Rock Bed MNode 3 Temperature

33 Rock Bed Node 4 Temperature

34 Rock Bed Node 5 Temperature Bottom Rock Node

35 Collector Plate Temperature

36 Temperature in Thermostat

37 Instantanecus Total Radiation Eppley Precision
onn 60° Plane pyranometer

38 Instantaneous Diffuse Eppley B&W Pyranometer
Radiation on Horizontal Plane

39 Instantaneous Total Radiation

Spectrolab Pyranometer
on Heorizeontal Plane '
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O

Channel
No. Function Comments
40 Mode 0=¢8, 1 =¢CL, 2 =A5,
' 31 =(CW, 4 = 5, 5= IDLE
41 House Supply Air Temperature
42 7 DHW Coil Water Inlet Temperature
43 DHW Coil.-Water Outlet Temperature‘
44 ‘ Preheat Tank Temperature aﬁ Inlet
from DHW Coil
45 Preheat Tank Teméerature at Exit
to DHW Coil
46. Manifold & Inlet Air Temp %est-End
47 Maniféld 6 Outlet Air Temp |
48 “VMahifoid 7 Outleﬁ Air Témp East End
49 Manifald 7 Inlet Air Temp
. 50 Maﬁifold 1 InletrAi‘r- Temp West lE—nd '
51 Manifold 1 Outlet Air Temp
52. Manifold 2 Inlet air Temp
53 Manifold 2 Outlst Air Temp
54 Manifold 3 Inlet Air Temp
55 Manifold 3 Cutlet Air Temp
56 Manifold 4 Inlet Air Temp
57 Manifold 4 Cutlet Alr Temp
58 Manifold 5 Inlet Air Temp East Eﬁa
59 Manifoid 5 Outlet Air Temp
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Specifications-Arlington solar system

HOUSE
Floor Area
Walls

wWindows

scuth wall
west wall
north wall
east wall

vasement

Doors

| 106 m°
.027 m gypsum board
.038 by 089 m studs
406 m center to center
2.4 m high
.089 m fiberglass insulation
.1 mm polyethelene vaper barrier
.025 m thick insulation sheathing
.019 m thick bevel siding

glass area
6.509 m?

1.486 m
1.4348 m
1.399 m
1.534 m

main entrance{north facing) L8313 by 2.032 by 0HES

s0lid wood deor with half

wood nhalf glass storm door

front door (south facing) azme as maln entrance

cutside entrance to basement two 1.016m by 2,032 m

by L0445 m thick flush
doors
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Basement walls

HEATING SYSTEM

Collectors

Rock Bed

51

.0127 gypsum board

.1 mm polyethelene vapor barrier
.038 m by .235 m studs

610 m center to center

.235 m fiberglass insulation
.019 m plywood

.229 m thick poured concretle
2.37 m tall
i9.9 m2 is exposed to ambient

air on the outside

gsolar absorptance ”0.86

infrared emmitance C.C7

,0254 m outside diameter on

glass delivery tube

manifolds - .1?8 by .102 m

supply and return ducts

manifold insulation

,076 m polyurethane

number of tubes 380

exposed length of tubes 1.054 m
cover tube outer diameter 53 mm
absorber tube outer diameter 43 mm
tube spacing .102m centers

flow area 12.2 m°
flow length 1.57 m
volume 19.2 m”



Furnace

Air Handler

Heat Exchanger

Pre Heat Tank

Electric Water Heater

52

void fraction 0.428

solid volume 11.0 m3

specific gravity of solid 2.73
effective density 1560 Kg/m>
rock mean diameter 2.9 ch
area to volume ratio 117 w2 /;m
top plenum height 043 m
bettom plenum height 0.28 m

45 kw 240 volt duct heater
5 heating stages,% on at any
one time

maximum temperature 118 C
1 hp motor cusfom made

type: @ir to water fin and tube
effectiveness 265

volume .454 e
diameter .610 m
height 1.829 m

insulation .10 m fiberglass

note: a 1/20 np pump circulates
water between pre-heal tank and
heat exchanger

conventional .303 m’ (80 gallon)
electric water heater
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HE = AMIML(HDNZCISIED
HII = HHOR - MR
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EERT LS PLTYRER?
TERADLATIHRM L 10
L N
2 SUBROUTINE TYRPEZS(TIME s I »DQUT T UTOT» PRy THNFD)
3 LIMENSTION FARCLS) » XTHOLOY »QUTILE ) o TNECGLT) ’
4 DIFMEMNSION SLOPECLO Y AZHTHILO ) v HRULC) s HERT (L0 HOT L0y THETAC L2
3 CORMMOMN GImM/ TIMEO» TEIMAL « DELT
& [N TS ROUTINE FPROCESSES SOLAR RADTATION DaTa AEASURED OH A
z C. HORIZONTAL SURFACE TO ESTIMATE THE RADIATION INCILRENT OM
a . A TTLTELD SURFACE asS & FUNCTION OF2
? [
10 c. HT - THE TOTAL RADIATION IMCIDENT UPOM & HORITZOMTAL SURFACE
i [age ALAT - THE LATITULE (DESREES)
L2 [ SLOFE -  THE SLOFE QF THE COLLECTOR SURFACE WITH RESFECT TUO
L3 [ THE HORIZONTaL (DEGREES?Y
14 [N AIATH — THE AZIMUTH GR ORIENTATION AMNGLE
15 C. TaYl -  THE DAY AT WHICH SIMULATION IS S§7 TO
1a C. CALCULATE THE S0LAR NECLINATION?
17 C. 3C - THE S0i_aR COMNSTANT
18 [N "HD —  THE SROUND REFLECTIVITY
12 c. IOFT - AN INTEGER OF VaALUE 152y0R 3 WHICH DETERMIMES
a0 [N THE HadNER IM WHICH DIFFUSE RADIATION IS T4 RE TREATED
5 :
23 C. I0FT=1 THE SINGLE INPUT (XIN(L)r IS THE TOTAL RADIATICN ON A
g c. HORIZONTAL SURFALCE. THE REAM AnND DIFFUSE RADIATION
=5 C. COMMPOMENTS WILL BE CALCULATED FROM RELATIONSHIFS GIWERN
244 C. IM LIU AMD JORDAN (SDLAR ENERGY IV-3 19500
27 C. THE DIFFUSE COMPONENT IS TAREN TO HE UNIFGRAILY DISTRIBUTED
28 c. ACROSS THE SKY. A FROVISION FOR GROUND REFLECTANCE
g c. OM THE TILTED SURFaACE I5 INCLUDRED.
3¢ C.
31 c. IOFT=2 SIHILAR TO IOFRT=1 EXCERT THAT THE [FIFFUSE aND EEAHM
32 c. 7 ARE DETERMIMNED RY THE RELATIONSHIFS DREVELGFED 28Y BOES.
13 C. BOESs E.C., 'DISTRIBUTION OF DIRECT AND TOTaL SOLAR
J4 C. RADIATION AVAILABILITIES FOR THE USA*, SanNDIA REFORT
33 C. SAND7&-041 1y AUGUST . 19748
34 cC.
37 C. IOFT=3 THE RBEAM AND DIFFUSE COMPONENTS OF RALIATISON ON A
38 C. HORIZONTAL SURFACE SRE ASSUMED TQ BE THE TWO IMNFUTS
3% C. (XINGLY AND XIN(Z2Y. THE REari, LDIFFUSE, AND GROUND
4 C. REFLECTED COMFONENTS OF THE RALIATION ON THE TILTED
41 T SURFACE ARE TREATED IN THE SAME HMaANMER A3 FOR IOFPT=1.
32 .
43 . ngTA TUNIT/0/ s ROCONV/Q, 0174533/ alaY -9, O/yFI, .1415?27f
44 EQT(EX)==(0, 123348 TN(XX)~0.004289% 008 (XX +0, LS3FKSINI2  KAR +
45 i 0,08073XCOS(2HEHE)
24 C. EQUATION OF TIME IS FROM DL.L.BIERERS
47 2. TEZH. REFORT. NO. FME-HTL-75-2
a8 [S3N FURTUE UNIVERSITYs LAFAYETTE, INDIANMNA
49 IF CINFOCL . EQ.IUNITY GO 7O 2
0 TORPT=Far{l)
s TuFU(?J = 1
a2 IF (IOPT.GE.L1.4ND,IOQPT.LE.J3 GO 73 101
I3 CalLl TYPECK (s ITMNFS»Or 000
e RETURN
] Lol CONTINUE
=8 IUNIT=INFO(L)
7 uarTi=FrarR{2)
o8 aLaT=FaR{3?
57 SLLOFE (L =RAROT)
Sl ABZMTHCL y=FaR(3)
&1 SC=Paf(ay
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uT,,) CAaLl TrREL
GIFFOeI Y oME, L ASy IpF DGOy
INFDL”Jv;).JL.OJ Call. 77 IFESPEVEAVE

IETLEG 3. ANDL INFE (3 LRELDY DALL TYFECK:I«INFOyGrded2

A TNFQr O Qe

SLOFE(Sr=FARCLF:
IF=TF+1
AZMTHO Dy =Fak(IF
CONTINUE
OSLAT=CUORCALATHRRICOMY 2
INLAT=SIN(QLQT%RDCLHU?
TANLAT=STHLAT/COSLAT
CONTINUE
ng 72 d=lsNS
HR{JI=0,
HRT{=G.
HOTCJI=0.
THETA(LI=%0.
CONTIMUE
HE=0.0
HIO=0.90
30 TO CLlOovlGsil2s IORT
10 HT=XxXIM(13
IF (HT.LE.G.0y GO TQ 17
30 TY 4
13 HE=XINL?
HO=XITN(Z)
HT=HE+HD
IF (HT.LE.O.QY B0 TR 17
4 CONTINUE :
ORAY=IAYL+FAINT((TIMHE-TIMED) /24,02
IF (DAY.LE.ADAY! GO T3 3
AlmY=0aY
OECL=03 . A5XSIN( {284, FIAY I /B85 RAFTIRE
COSLEC=COS(LECLARICONY
STINOEC=SIN(IECLXRUCONY
TaMOEC=SINDEC/COSIED
WS=ACOS(-TANDECKTANLAT?
WEHAZ=WS =7 . SHROCONY
WSHMAY IS THE HOUR aNGLE (RADIANS: 12 HOUR FRris SUNSET
TECE1.040.033400S 2. 0RF TEDAY /38T 0
USTaR=2. 4R/ 345, 2428 (0ar-1.)
ET=E0Ti0STAR
ECC IS THE ECOEMTRICITY CORRECTTIONM FACTOR FAOR THE 3S0oLAR CONSTaNT
3 CONTINUE
TO=ARJL(TIMNE 24,01
TC=TL+ETHEOSHA 13,
HRANG=(12 ., —TC)R1T. CRRUCINY
TE O (ABSIHEANG) GT.WSHMAXD MRANGES TONCUSHa  HRAMG )
COSHR=CJS (HRANDG?
SINFHR=3IMHRANE)
COSTI=C0SLAT=COSRECRCOS
IF (COSTZ.LE.O.2) GO Tb
COSTZ IS THE COSIME OF
O A HORIZOMTAL SURFACE
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HT
HOR

R={1.0~CO85L~) /2, 0RO
ASTT=5INDECKRSINLATREDE
+COENECKRIDS
+COSDECRSINLATRIINSLIRD
TT I8 THE COSIME 2F THE
TILTED SURFACE
F (COSTT.LE.O.O) GO TO 18
THETA(J)=aC0S(COSTT Y/ ROCONY

ARMGLE QF

RE=COSTT/COETI

UT(20 = RE [ERNE - ¥ 543 P kmx

CONTINUE
50 TG {(S1»552,53), IOFT

ONTINUE

T=1 REAM AND LIFFUSE RADIATION ARE DETERMINER B
HOD OF LIU AND JORTAN.

IF (XRT.GT.0.79) ART=0.73

NaHTX (1L, 0045+ { (2. 6T 13XANT =3 5227 RAKT 0. 04349 1 XRK

FO(HOLLE.Q.Q) HU=0.0
B=HT-HL
IS THE DIFFUSE RAUTATION ON & RORIZONTAL SURFACE
15 THE TOTAL RADIATION ON & HORIZONTAL SURFACE.
CORRELATION BETWEEM HO ARNI HT 1S GUE TO LIU ANE
I5 THE RaTIO OF TQTAL RADIATION ON A HDM*ZDNi
THE EXTRATERRESTRIAL RALIATIUM.
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CONTINUE ™

ET(.J)=HBXRE

OT(Jy=HUXRI+RR®HT

ROII=HET () +HUT LS

GO 7O &9
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UN=34500. 0k (1,84 Yﬂn\—ﬂ¢q2)

IF (OMLLE.Q,Dr IN=0.0
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HE=INZCUSTZE

IF (HR.LE.Q.Q) HE=2.0
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I (HDLLELQ.03 HO=
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SUTLy=HR (1
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T STICKREY CONTROLER
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FaREa=,.0
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HAWAT=0.0
HABTR=0,0
IFCIWEQ. 208X
IFCTLEQ. 00
THEW=THNEWFIS,
I=T+1
REATICLZ2:P) TIME
REARCLIZ210G) SO0 C2, 03,03 CETH 070830 0C7
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OT=TN~-TO
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FYLI=CLERICO./393.3
Pt =01 4%2020, /245 .58
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490 130 J=1eLe
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FORMAT(FE, )

STOR
o

1y 2412 SHNONE
iL-mDuT#u,ﬁh

e
L2 TRSCT s TE

74

,)p“4(ujvoufu)aq&\u4ﬂaniJS?

v OFSRA W T CACHL

fET T =
FIUFEL33 73,0




75

(D Ut senjus (i{w)
¢lL0o* 000°* 000" c00~° Lby: 9Ly’ ¢l
¥Lo° 000~ chas 000 ° GG - 9fv: ¢t
8i0° Leo” AT 910" §4¢” 94¢ " Ll
PLO® £1Lo° oelL” 960" 8LL" 3 4% Ol
FLoT 000" A4 68Y° e’ 8¢z’ b
vL0° AR gct” 90" ole) 9/.¢° 3]
6LO" 900" 294G° L9¢” £8e” abe” L
vio® €L0” TACI 29¢° oL Q4e” 9
¢10° 00o° Vo L2o’ 1299 A1 G
121¢N 200" AN G4e* A T4 % %
viLO” Leco* vap”© Ai % 260" 5L0° ¢
¢i0o” B8¢O” 9L0°" LLe” 08¢” q6e° ¢
S Nok 000° 6Ge”’ Geb - Q0¢* 96¢° ¢
UOTIBTNUTS vred UoTEEIOWLS k=l UOTLBTRWTS eled Keq
e Pﬁ?@ xﬁme Howowﬁﬁood

gL6L ‘Ol uoxep

- mm.h%ﬁzhﬂmﬁ gAep UooU~UOOU (|

sTezol ATTed

& X1puaddy



