I

National Library
of Canada

Canadian Theses Service

du Canada

Ottawa, Canada B '
K1A ON4 ‘ . .

CANADIAN THESES

NOTICE

The quality of this microfiche is hea‘vily\dependent upon the

quality of the original thesis submitted for microfilming. Every -

effort has been made to ensure the highest quality of reproduc-
tlon possible.

If pages are mls/mg contact the university which granted the
degree \

Some pages may have indistinct print especially if the originalf

pages were typed with a poor typewriter ribbon or if the univer-
sity sent us an mfenor photocopy.

',Previously'_copyrighted materials (journal articlés. published
" tests, etc.) are not filmed.

-

Reproduction in full or in part of this film is governed by the -

Canadian Copyright Act, R.S.C.1970, c. C-30.

" "THIS DISSERTATION
_HAS BEEN MICROFILMED -
" EXACTLY AS RECEIVED

L NL-SMheds]

O, - . . ? i N E -

Bibliothéque nationale

Services des théses canadiennes

THESES CANADIENNES

AVIS

La qualité de cette microfiche dépend grandement de la qualité
de la thése soumise au microfilmage. Nous avons tout fait pour

assurer une qualité supérieure de reproduction.

-

- S'il manque des pages, veuillez communiquer avec l'univer-

sité qui a conféré le grade.

La qualité d'impression de certaines pages peut laisser a
désirer, surtout si les pages originales ont été dactylographiées
a l'aide d'un ruban usé ou si 'université nous a fait parvenir.

‘une photocople de quamé inférieure.

Les documents qui font déja I'objet d'un droit @’ auteur (arﬂcles
de revue, examens publiés, etc.) ne sont pas microﬁlmes

La reproductnou méme partielle, de ce mrcromm est soumlsev'
alalLoi canadvenne sur Ie drout d'auteur, SRC 1970 c. C-30

. LA THESE A ETE |
MICROFILMEE TELLE QUE
NOUS L’AVONS RECUE




THE UNIVERSITY OF ALBERTA

¢ -

MODELLING AND ANALYSIS OF AN ™CTIVE AIR SOLAR HEATING
 SYSTEM: APPLICATION OF TRNSYS SIMULATION
by

\ Ewen Yui Wang Leung

. A THESIS o
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE

'Y

OF Master of Science

Departmehf of Mechanical Engineering

' EDMONTON, ALBERTA .

SPRING 1986 ‘\



s
\..
e

:;\” "

LA S

.
9
=3
& -
7

4
X2,
A

|

Permission has been granted
to the National Library of
Canada
thesis and to lend or sell
copies of the film.

The author (copyright owner)
h as reserved other
publication
neither the thesis -nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written -permission.

¢

to microfilm this

rights, and.

L'autorisation a &t& accord&e
a la Biblioth2que nationale
du Canada de microfilmer
cette th&se et- de préter ou
de vendre des exemplaires du
film. ‘ . '

L'auteur (titulaire du droit
d'auteur) se  r&serve - les
autres droits de publicationj
ni la th&se ni .de 1longs
extraits de <celle-ci ne
doivent @tre imprim&s ou
autrement reproduits sans son
autorisation. &crite.

ISBN ,8-315-308272-0
’ !

!



o

THE UNIVERSITY OF ALBERTA

RELEASE’ FORM ' S .\¢~’/>

NAME OF AUTHOR Ewen Yui Wang Leung
TfTLE OF THESIS MODELLINGJ AND ANALYSIS OF!AN ACTIVE AIR
M SOLAR HEATING vS??TEM:, APPLICATION ©OF
| TRNSYS SIMULATION |
DEGREE FOR WHICH THESIS WAS PRESENTEb Master of Science
YEAR THIS DEGREE GﬁANTED SPRING 1986
, Perﬁissjon.is hereby gfantgdfio THE UNIVERSITY
OF ALBERTA ﬁIBRARY to reproduce single éopies of
this thesis and to lend or sell such copies for

’

private, scholarly or scientific research purpoées
only. | |

The author reserves ofher pﬁblicationvrights,
and neither the thesis nor extensive extracts from

4

it may- be prlnted or otherwlse ~reproduced w1thout

the author's wrltten permission.,

(SIGNED)-... on---'o-oo‘oooovo-;

-~

ADDRESS: 4807 - 115 Avenﬁe
Edmonton, Alberta
. Canada
- TS5W 0OW3
- ; . . ‘ »\ I : . . & . - - L

DATED  March 26, 1986



THE UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND.RESEARCH

The undersigned certlfy that they have read, andv

‘a2

recommend to the Faculty of Graduate Studles and Research,
for acceptance, a théeis entitled MODELLING-ANd ANALYSIS OF
AN ACTIVE AIR SOLAR HEATL&G SYSfEM: APPLICATION‘OF TﬁNSYS
SIMULATION submitted by Ewen Yui Wang Leung in partial

fulfilment of the requirements for the degree of Master of

Sc1ence.

Aa,d/&/\

Superv1sor

0 %0 0000000

— ) : e s e 0 v e e 8 s 0 0000 00

A G z@uoh /98¢

Date...,00..0.;...nsooo-oo.tt.oo

L



To My Parents _.

a



~—

Abstract
The basic thrust of the present work is to simulate the
active air solér heating systém installed on module ;ix at
the Alberta Home Heating Research Facility sovthat the

thermal performancé of the system can be analyzed in detail

‘without tedious experimehtal work. This involved the

development of a simulation model using an exiéting Eomputer
program, TRNSYS. - The model was tested and verified by
available experimental measurements.

The simUTétionv.model predicts the necessary energy.

quantities and system temperatures required for analysis of

: éystem energy flows, component energy losses and calculation

.

of the solar contribution. Application to monthly
performance analyses for 81-82, 82-83 and 83-84 heating

seasons wéj/;one. For a héating season from September to.

5=

March, the solar heating syé%em was able to supply

approximatel§ 15% of the heating load, with: the monthiy

solar cbntribution ranging from a low of about 4% in

.December or January to a high of about 50% iﬁ ertember.

 Energy Saving‘can be achieved by reducing the lengths' of the

ducts éonnecting the collector to- the module and by

»isplafing the collector with dampers having‘lo_v‘i-le‘_aka’gef

Simulations are useful in studies of system dynamics

'and search for optimum design. Economic studies were not

"included in this thésis,“bu; results of simulations can be

. used for economic analysis to find the lowest cost system. -

308 N .
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1. INTRODUCTION

The rate of energy4consumptlon by the world: 1s‘ growing
~rapidly due  to increase in population, 1mprovement of
standard  of living andA industrial development.
Robertson(1981) indicated that the amount of energy used per
person in Canada today is twice what it was in the -early
1960s, and the combined effect of population growth and the
increase in energy conslmption per person resulted in an
average annual increase in demand of about 5% from 1960 to
1973. Rapp(1981) predicted that for a 3% energy growth per
year, energy consumption in the United States in 2000 will
be \triple the energy consumption in ~ 1960. Meanwhile,
production rate of all fossil fuels predicted by Elliott and
’fTurner(1972),‘on the cofitrary, appears to decrease in the
foreseeable future. To ensﬁre a_continousisupply of energy
to meet the future demeno, development of alternative energy
sonrces are- essential. Among all the alternative energy
resources (nuclear, solar,"wind, tide, eto.), Kreith and
‘ Kreider(1918) mentioned that,"only'nuclear'and solar energy
have the‘potential of 'supplying large amounts of power
within the available time frame." There apgeere that in
planning for future energy supply a choice betwegn solar and
nuelear eneroy should be nade, and some believeTSOIar
Vradlatlon' is the most s1gn1f1cant renewable energy'lsonree
: because it is free although the tak1ng is not (Halacy 1973).

‘ Renewed 1nterest in solar energy has deVeloped slnce 1970.
: 'Immedlately ava1lable energy d1rectly from the sun.v :ﬁ
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It 1is currently being used for a wide tange of appli;atiéns"

to buildings such as domestic water heating, space heating

and cooling.. Solar energy is also wused in industrial
process heat, thermal conversion to electric energy
generation, and evapogative processes. Although solar

energy is regarded as an inexhaustible source potentialiy
capable of supplying a significant portion of energy in the
future, large;scale utilization of solar energy is a'problem
today because of technological and'economﬁc limitations.
Thﬁs, much research 'is ﬁeeded to make solhr ) egﬁégy
competitive. | T
Residential energy consumétidn is a vegg éopical
'éubject in recént years since it consumes ébout 20% of
Canadafs tot&1 energy use. Usage of solar energy ﬁo reduce

fossil-fuel consumption in residential heating has also

8

gained an enérmous &urge of -interest 'since 1970. To

investigate energy Cpn%erva%ion and solar heating strategieé

for residential construction in Alberta, six T ninhabited

single story modules at the Alberta Home Heatlng Research

. . : ‘m
Facility were constructed. The modules are pos1t10ned ‘id a
ij‘ - .,t?‘ ;

east-west - row on the University of Albegtd ﬁa

P
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Eliéfslie, Alberta, and a small activeﬂ,air solar“ heatlng

system was 1nstalled /p/ one of the modules. . The Canada

Mortgage and Hou51ng Corporatlon constructlon spec1f1cat1ons
were used to make the solar heatlng module representat1ve of

:qéédentlal hqu51ng during the 1975-80 per1od. Although the

high_'¢ost of active solar heating systems is difficult to

a
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justify, except for special applications, even with’
increasing natural gas prices in Alberta, knowledge of the
;néfgy*availability and the characteristic behavior of solar
heating systems will. provide ﬁhe tools to utiiize
efficiently the sun's energy and remove the " economic

constraint, and this is the main purpose of’this study.

The performance of the active air solar heatipg system
on the university;farm has been studied experimentally by.
Fung(1983) and sadler aﬁd Leﬁng(1985). Experiménta;
determination of dynamic system Abehavior is usually time
‘copsuming and involves tedious ‘data preparation and
manipulation. Recently, simulatipn methods in the analysis
of solar processes have beéﬁ developed,.lThese metgods re
power ful géols in understanding of transient solar heating
systems and in their design. Close(1967) developed a method
to determine which watér'heater,system design factors afe
most important. Gupta(1971) used a responéé factor metgod
for simulation of short term process operation. The f-chart
method described by Beckmap‘ et al.(1977) is used for-
estimation of long term avé;ége performance and _desigﬁ of
ég?ive solar and heat pump 'heatidg systems. TBNSYS,‘a
quula:” solar process simulatiOn.‘;rogram, de?eloped',by
yKléinvbet 'al.(1983), ‘is- designed for'détailed'ana;ysis of
'syétems vhose behavior is dgpendeht on the passage of time.
TRNSY$ is well suited for simulating‘transient solar heating

systems with a minimum of programming effort,



In the ptesent study; a model is developed to simulate
the eXistiné active -Sir solar heating system by using the
TRNSYS computer program. The thermal performance of the
system expressed in terms ot solar contribution, component
energy losses and system energy flows usxng the simulation
model will be presented and compared with the available
experimental measurements. Chapter 2 introduces TRNSYS - and
provides the concepts and definitions for using the program.,
Chapter 3 desc;}bes the solar- 'heating system and its°
operation. The simu}gtion model of the’ system ié
estabiished in Chapter 4 in which\variation of the existi%g
system and appliCation of TRNSYS component models w111 be
discussed. Chapter 5 develops the methods fo; analysls of
‘system performance. In Chapter .6, the system model is
tested ' by selecting;'specific test days- and‘ months.
Application ;.to ’monthly ‘calculations for three ‘heating
seasons is presented. Simulation results for the effects of
changes of component pa:émeters/;ill also be shown. This is
followed by concfhsion orawn from the study. |

A number of thermal propertles of the system cpmponents
is' required by TRNSYS as the parameters’ of pthe -component
models. The calculations of ~ the vthermar‘ptopetties are

1

given in Appendix E.
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2. TRNSYS ,
TRNSYé is a moduiar‘solar process simulation program
deyeioped at the :University of Wisconsin = by Kléﬁn et
al.(19§3). Tho program contains a large number of c0mponen2
subroutines that répresen£9the phySioal pieces of equipment
commonly used[in solar energy systems. If component models
are not available from the library, the pfogram allows\the
‘addition of user-formulated component subroutines.  TRNSYS
" has the capability of interconnecting components in any
desired manner. It solves algebraic and differential
equations which  describe the components, and facilitates
information output.f The program is Qidely osed and well
suited for simulating trans;ent solar enérgy systems. 1In
order to see how to prepare a system for 'simulation by
'mRNS?S, a brief description'of.the concépts and definitions
is presenteddin this chaptor. ’
2.1“Concepts and Definitions
\ A system is formed by connecting a set of oomponents in
sooh a way that a specified task.can be acdomplished_by_
transmitting information'info and out of each of the ‘system
Components. ' Th{s can be échieved by first idenfifying all
of the components whose collect1ve performance descrlbes the
vperformance off the,‘system,_Jand formulatlng a :general
: mathematlcal'descripfion.of éaCh“o Once thls is. done it isf
A neoessarf  £0 construct an 1n£ormatlon flow dlagram to showf

)

the 1nterconnectlon of. all of the components 1n the system.



An information diagram is a schematic representation of the

information flow, and each component 1is represented as* a

box. - ‘Those pieces of information required by the component’

- . —~
(SN "

are represented as inward arrows to the box and those .
calculated by equations describing the component are

represented as outward arrows from the box.
[ \

“«

TRNSYS identifies a component by associating a TYPE

8
number w1th it. that indicates the types of component used in

,Qhe system ‘For example, the solar collector model provided

with TRNSYS is designated a TYPE 1 component and the fan

'vmodel provided s designated a TYPE 3 %omponent{ These

rnumhers,have been assigned in TRNSYS as the names of the
FORTRAN subroutines. | | |

Since ac<system maylcontain téo or more gomponents of

the same type, TRNSYS uses a UNITvnumbif to distinguishpeach

J

component. The ‘UNIT\}number' uniquely . identifies the

component and provides' a reference .number for each s§Stem
component. Unl1ke the TYPE number, no two system componehts
‘can have the same UNIT number, and thlS number is assxgned
by the;user. §
There are several types of 1nformatlon flow in TRNSYS
The lset ‘ofzvlnformatlon represented by outward arrows,;‘h
flowing' out 'of as component, 4isldefined to he.the OUTPUTZ
variable set for t»at component. - - The set of ’in£Ormétionhw4.
represented by 12ward arrows dlrected to a qomponent from,4

any. other component 1n fhe system 1s deflned to be the INPUTfi

>

varlable set.": general an 1nformatlon INPUT a*f:;j}
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)gcomgpnent must'"b~ wan ~OQTPUT - varlable from “one of-the

oompohéhns Qﬁ the system and”%oth warlables m;§ vary w1th

t;ne ‘Burlng \ t°he'51mulatlon\ “’I‘ﬁose pleces ‘of inflow

. [ - ’ r

informatlon which~1are alvays constant throughout" the‘

-simulation are: known as PARAMETéhS TIME is a spec1al klnd'

\.

of 1nflow informatidn \whlehff'_, nelther " an INPUT nor a

®

‘PKRAMETER . TRNSYS ' contains a special cbmpenent - (Data
1 .

‘Reader)‘"whlch4\reads the values of the time depéndent
% N N ‘
condition;l su¢h as ambient temperature and solar radiation

]

at %uceessiveAfinccements of 'time.ﬁ‘ It is . important to

diétfnguish namong tnese foq; ‘types of 1nformatxon flow
b d . ‘r L' '

(OUTPUT, INPUT PARAMETER and "TIME) begause they are treated

’

o

' :différently in TRNSYS. .

A component may requlre a number - of PARAMETERS and

. S -

INP?@S andﬁ produces a set of OUTPUYS. In order to conyey
the 1nformat10n flow diagram to TRNSY} each piece of the
dlfferent types of, 1nformat1qn flow for each conpenent is
numbered sequentially beginning with‘ number one. ° The
ordering. of PARAMETERS, INPUTS and OUTPUTS for each
A‘cenponent eupblied by TRNSYS has been dﬂ?;ned in the FORTRAN
subreutine programs. For example, ﬁ@he TYPE 2 controller
étéenssed in Chapter 4 has 3 PARAMETERS 3 INPUT§ and tA;
:OUTPUTC. ;The flrst and second INPUTS are def1ned to/Ze ther
upper andvlower 1nput temperatures. respectlvely,’ and the

-

. third INPUT is the.-input control function. These INPUTS

‘ musﬁ’be numbered in the same order as INPUT 1, iNRUT 2 and

INPUT 3 in the _1nformatron -flow diagram and so are the
ﬁ .

4 ‘ . . <
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PARAMETERS and ,OUTPUTS.

For transient simulation, the mathemati§a1 " description.
of a component usually involvés time-dependent differential
equé;iqns; The ﬁuﬁber of differential equations ‘and the
- initial vaiues of the dependent variables must be specified.
TRNSYS solvesothe differential edﬁatiéné by wusing Modiﬁied
Eller Method.. It "is a first-order predictér-corrector
.%Iéorithm using Euler's method for’ the predictor step and

the dérivative at the midpoint of the interval for the

.o - ..
corrector s:ep. Hewever, if the differential equations can
bé expressed in a form which éan be solved analytically, the
numerictal éalutions would be 'replaced with analytical
solutiqns'for improving computational efficiency. _’

AfterﬁLonstructing a system flow diagram with all the
components defineé, it"isv necessary to convey all of the
information*containeé in the information flow diagram #o
TRNSYS so that the_ system can Be simulated.  TRNSYS
'Bimulétion is defined and controlled by a“hset ¢f control
_statements and data records. A defafled*descripgion‘of the

control statements and their functions is given in Chapter 2

o

of Klein et al.(1983). ‘

S
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3. THE SOLAR HEATING SYSTEM

3.1 The System

Thé active air solar heating system is installed on
module six at the'Alberca Home Heating Research Facility.
The system consists of a house module, a south facing solar
collector, a rockbed storage unit, one air handling unit,
motorized dampers, a two stage electric heater and a system
controller. A schematic diagram of the system is sidQn in
Figure 3.1. . ' ’ ‘ . -

fhe module is a 6700 ‘mm x 730Q mm x 5000 mm single -
story ,house which has a concrete basement, frame wall
construction, and a .gable roof on elevated roof trusses.
Design details of the moduie are given in Table 3.1.

Tﬁe solar collector was assembled using six flat plate
air collectors? by connesting two in series and‘mountiné
threé of these units in parallel, formingka gross area of
1.1 m?, The collector has a double " glazed cover, an
enamelled steel absorbe:rand provides a -total air ﬁeatind
path length of about 3500 mm. This flat plate collector is
mounted on an adjustable'standqusitioned “adjacent jto the
south. wall of the module and faceé soutﬁ. The‘slope of the:
collector was initially set at 68° to the horizontal but was
adjusted to. 88° . in December ‘1983 to study the effect of
attaching the collector tb the south wall. The céllector“

. heat loss factor" F.U_and its transmittance- absorptance .

*Solaron Corporation series 2000 air type solar collector.

. -
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Table 3.1 Design Details of Module Six

Floor Area(exterior) : 6700mm x 7300mm
(interior) : 6500mm x 7100mm

Ma1n Floor Wall. He1ght : 2400mm
Basement Height : 2400mm, 1800mm below grade

Roof é CMHC approved trusses with 600mm-150mm' stub
: 210# asphalt shingles:
: 10mm plywood Ext, GD'sheathing

Ceiling : standard truss with 600mm bobtail rafters
600mm on center
: fxberglass insulation (RSI 5.46)
: 100 micrometre (4 mil) poly vapour barrier
13mm drywall pa1nted

Wall . : 10mm plywood
Construction : 89mm fiberglass insulation (RSI 1.76)
: 5Imm x 102mm studs, 406mm on center
100 micrometre (4 mil) poly vapour barrier
13mm drywall palnted

‘Wall Area / Floor Area : 1.39

Main Floor : 1émm fir plywood
: : 51mm x 203mm: studs, 406mm on center

Basement Wall : 13mm preservative treated plywdod
to 600mm below grade
: 5'mm rigid insulation (RSI 1.76)
‘ to 600mm below grade -
' : 203mm concrete wall

Basement Floor : 102mm concrete slab on 150 micrometre
(6 mil) poly vapour barrler

 Windows North 900mm x 1930mm double glazed sealed

South ; None .
East : 1020mm .x 1930mm double slider
West - 1020mm x 1930mm double slider -

W1ndow Area / Floor Area : 11.9%
Door ’ : ‘: 914mm x 2032mm insulated metal

( RSI = mec/w ) .
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pfoduct factor Fr(ra) are éiven in- Table 3.2,

The 1370 hm.x 1370 mm x 1730 mm sﬁbrage unit is located
in the baseméht‘and contains 2 m’“of'1§ mm washed gravel.
The ' unit is of 120 ~mm  wood framé constructxon with
flberglass 1nsulatzon and the 1nter10r surface is lined with
51 mm of rigid polystyrene 1nsulation.' Details are shown in
Appendix E-3. L ’ x ] @ |

The air handling unit has internal by-pass dampers to
permit a single fan to move the air'in all of the system

e

operation modes shown in Figure'3.3. The system operatef at

.

two different ;low rates due to different path resistance.
During collector operagion mode, an airflow rate of
0.122 m’/é is circulated through the ccllector'to-either the
module space or the storage bed. When the collector is nbt
operating, the air flows through ‘the _storage ped' in the
reverse direction/ to the space with an airflow rate of -
0.218 m’/ﬁh | |

Other comp@nents include a control system w1th sensors
and relays,‘motorlzed dampers for ﬂproperly dlrectlng the
flow, and a two stage electric heateig The electr1c heater
is s1zed to handle the de51gn heating load for th module

and the .first stage provides approximately half of the

maximum heating capacity of 7.5 kW. P
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Table 3.2 F,U_ and F,(ra) of The Solar Collector

Curve x Fy(ra) F .U,
(W/m?-°C)
Standard Test 0.50 | 2.90
Hourly : 0.54 1.58
Montﬁly 0.56 ™ 2.61 '

* Collector per{orTance is usually repreﬁented by a
streight‘iine plet of efficiernicy (7) veréus the
division of tbe‘difference between collector inlet
air (Tci) .and ambient kT@) tempeeatures by'the
incidence radiation (It), with intercept F,(ra)
and slope:-FrUL. That is:

n = Fr(ra) - F U_(T.. -Ta)/I4
with F (7ra) and F,U_ assumiﬁg constant; These
constant parameteié were found by Fung(1983) %sing
three different sets of data:\l - |

1.. Standard test curve wae calculated basedboh:

manufacturing data.V | |

‘2,~_Hourly curve 155 obtained ﬁrom the experlmental

data for the hours inpcluding solar noon.

3 eMonthly curve was obta1ned from the monthly

records of measurements.

(see Sectlons 4 3 and.6.1. g for more descrlptlon)

PR
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3.2 Control Critetria for Oéeration Médes

The cantrol systeﬁ is designed to operate the systém in
five modes‘and.for implementing temperature level gcontrol.
On the basis of three input temperatures (i.e., room
temﬁératufe, collector —outlet air temperature and the
temperature at the top of the storage bed),{the outputs of
thevcontroiler will feed to .the motorized dampers, heater

and air handling unit to direct through the correct

loop with desired amount of electyic energy provided for
each mode. The control critéria are given in Figure 3.2
which shows every operating point of the solar air system.

Figore 3.3 indicates the air-flow loop of each mode .
j

-

Based on>Figure 3.2, the modes of operation are definéd

»

as follows:

1. | Heat From Coliector(HFC)\ |

If the room tempe:atgré Ty is below 21°C and the

. @air .temperature at collector "outlet' T., is above
’29°C, then air is circulated.th;ough the collector,
by-passes " the storage unit and is sent‘directly to

the space as shqwn in Figure 3.3a. If the }cpllector

outlet air temperature is less;than 33°C, the first

stage eleét;ic ;eatef 'is  used to preveﬁg

uncomfortable: cold drafts.
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Heat Collection(COL)
If the room temperature is above 21°C and the
air temperature at collector outlet is 8°C above the

temperature at the top of the storage unit T.:, air

~is circulated from the collector to the storage unit

and returned to the collector as shown in
Figure 3.3b. If the air temperature difference
between the collectér outlet and the top storage unit
is less than 8°C, then the systém is off.

’

Heat From Storage(HFS) .

If.the room temperature is below 21°C and energy
is only available from the stdrage unitras’ indicated
by a/Zemperature abéve 24°C at the top of the storage
bed, air is circulated in the opposite direction
through the 'storaget'unit and sent directly to the
room as shown in Figure 3.3c. If the air temperature
at the top of the storage unit is less than,36°C; the

first stage electric heater is used.

Electric Heating(EH)
’ If the room"tqmperapure is below 21°C," but

little or no .energy is available from ‘either the

_collector or the storage unit, then both the first

and second stage heaters are in operation with air

'circulating through the storage wunit as shown in

Figute'3.36. - ' o : - o
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5. " System Purge
If the collector temperature 1is above the
maximum allowable. limit, outside air can bé
circulated through the ;ol;gcéor and ‘exhausted to the
outdoors in order to prevent the collector

»

oQérheating.
-~ | , ' :
In the following chapters, the abbreviations HFC, COL,
HFS and EH will be used to refer to the operation modes
defined above. The solar collector is in oberaﬁion during
HFC and COL and thereﬁore these modes are known as collector
operation modes. In HFS and EH, air is circulated through
the storage bed. The modes of HFS and EH are then ehtitied

as storage bed operation modes.



4. SIMULATION MODEL
As discussed in Chapter 2, subroufines are available K\
TRNSYS to represent the typical components in a solar energy
system, If special components oreppe}atlng sequences are
‘present in the system, the user /writes the appropriatea
subroutine - and adds it to the program. Also, dsing typica;
components,'the configuration of the simulation model may

»

differ from the actual system.

4:1 ?he Modelling System | 7

Firsﬁ of ail, the system shoyh in Figure,}.l should be
modified so that the air flow loop of each mode»governed by
the motorized dampers can be handled by TRNSYS. Since the
air in the duct connected to the top of the storage unit may
flow either into or out of the storage unit dependihg on the
mode of operation, the motorized damper at the top of the
storage bed cannot 51mp1y be represented by a TRNSYS damper.
The TRNSYS damper is agtually‘a f}ow dlverter or flow mixer
for one direcgional flow control. For this system it is
,pecessary to replace the motorlzed damper by two TRNSYS |
dampers- a flow d1verter and a flow mixer. This is shown ih_
Figure 4.1 whlch 1nd1cates the solar heatlng system modef:
The flow dlverter (Damper No.3) is used forfinleeiflow |
control to the_storage}bed and.also’directs':t~e flow from
the l¢olleétor;1 Therefore, it replaees the motorlzed damper

at the _outlet of the collector in Flgure 3 1 as’ well. The

‘flow\ mixer Y(Damper No 4) is used for outlet flow control

19.
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_ modelling system. .
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from the storage bed. Ih the air handling unit, another
flow mixer (Damper No.1) and flow diverter (Damper No.2) are
used to":epresent~-the three dampers in the actual system.
The two dampefs~in the model are érranged'in the way that -

they perform exactly the same fufictions of the three real
el

dampers.

Experiments indicated that the system never operated in
, ’ 'y
the System Purge mode, since the collector temperature never

reached 1its 'maximum allowable 1limit even during summer

t

period. »Thus, the _dampers for circulating outside air

. ¥ :
through the collector to the outdoors are omitted in the

_ ) : a -

As seéh in Figure 4”1, the positions of the dampers are
designated by 1 and 0 vhhchhare the oufput values 4 of the
céntfollet that dpérateé'the damperd in such a manner as to
let ﬁhe air flow.through-the same loopslas those indieated
in Figure 3i3. ‘Thus, the damper positions. under, eacH“system
operation mode will be: _

1. Dufing HFC, all four dampers are bpenf(§9i§$ion 1) so
- that air can- flqﬁ through the collectdr g}-passing.

the .storage unit to the house module spaée.

Ty

2. During HFS and ‘EH, Damper. No.l and  No.3 are open

(position 1); - Damper No.2 and No.4 are closed

g : (pcsitipntO)w As a result, air is moved from bottom

B
‘ 14

» R
2,

to the, tép of the 'séorage unit _by-passing the
collectoffto the ‘space. ~ : ,f
N . . - . - . . . "
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3, During ‘COL, ADamper No.1 and No.3. are closed
(position 0). While Damper No.2 and No.4 are open

(position 1) so that air is circulated from collector

to the storage unit and retyrned to the collector.

The components of the systeh have been described in
AChapter 3. Figure 4.1 indicates.that the collector and two
sections of duct are actually located outside the house.
The space of the house itself ié considered to be a
‘compoﬁent located within the module, i.e., the House Modple
descripgd in Chapter 3. Thi§ componeﬁt is represented by a
TYPE 12 eng;gy/(degree-hour) space heating load. In the |
system model; ducts connected to’the'collector outside the
house’ are inclLded for calculdtion of thermal logses.
Thermal losses“from dhcts inside the house actually
contribute to space heating and so are neglected. Further,
fsimulations generally require some devices which are not
ordinarily considered as—parts 6f the system, for example,
data reader, éoiar processor and algebpaic operator. - They
are all treateé as componeqts in TRNSYS. Thus, in Summary,

‘the components to be used to analyze the system are:

1. a TYPE 9 data reader

2. _two TYPE 16 solar rgdiation proceééers
3. .twd TYPE 31 ducts ; \ ﬁ
l4;; a TYPE 1 air collector

5. © a T’YPE 3 fan



10.

11.

12.
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four TYPE 11 dampers

three TYPE 2 controllers N

seven TYPE 15 algebraic operations

a TYPE 10 rockbed thermal storage

a TYPE 12 energy/(degree-hour) space héating load-
a TYPE 36 system analyser ‘

A component, which 1is not from the standard

. TRNSYS iibrary, hégf been written to identify .the

modes of operation,.to supply electric energy for
first and second stage heaters, and to analyze the
energy distributipn in the system. This component is
described in Section 4.7.
printers, plotters and gquantity integrators

TRNSYS has printers, plotters and quantiti

integrators built 1in to the program. They will be

used whenm needed.

¥

Although, TRNSYS components are standard models that

& -

have been used for manyhyears, their applications are worth

mentioning. In addition, an integral part of a specified

£aSk of the system can be achieved by joining together a

special group of components. - This component group, as a

whole, can be regarded'as‘another component such as the data

processor or system controller. _They are discussed in the

following sections.

.
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4.2 Data Processor

Dynamic thermal behavior of a solar heating system
depends on meteorological data such és ambient temperature
and solar radiation. These time dependent conditions are
considered to be the inputs of the . system. For preparing
the input data for simulations, 'a data proéesgor formed by
using three TRNSYS components (Figure 4.2) is used’ to read
the data at .each successive ‘hour interval and make them
available to other components as-time varying functions.

The TYPE § data reader reads the month, date, year,
hour and the hourly valués of ambient temperature T,, total
radiation on collector I; , total, beam and diffuse radiétion
on " horizontal surface (indicated as I, I, , and I4
respectfvely). The . TYPE 9 component alsd linearly
interpolates ambient temperature for each time step. Linear
interpolation of solar radiation data was found to have
several dr%wbacks’. Therefore, estimation, of’ thé actuél
radiation o§er a time step is done separately in two TYPEL16
solar radiétion procéssqrs which use the curve for
extraterrestfial radiation to interpolate radiafion data.
TYPE 16 is aIQQ designed to calculate several quantities
related to ‘tﬁg .position of* the sun, and estimate the
;adiation incié@pt‘ on 'varibus, fixed and/or traékiﬁg
sﬁrfaces;‘ Sincé; measurémeht' of radiation on collector is
.availablé, the TY%E 16 components,éainly serve. the purpose
- of interpolating h%urly solar radiation éété from TYPE 9 and

————————— e e e

3This is ekplained ﬁp Klein et al. (1983), P.4.1.4-1.
. \ _

\
\
\

A
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calculating the collector incidence angle 6 which is
‘required by the collector model to account fcr the effect of
non-normal solar incidence (see Section 4.3).

However, a problem is encountered when concerning the
interpolation of radiation incident on collector eurface
because TYPE 16 does not directly interpolate the radiation
on tilted surface which 1is only estimated from the
"interpolated" horizontal radiation data. To solve the
problem, Radiation Mode No.5* in Solar Processor No.1 is
used. The radiation data required as inputs 1in this mode
are the horizontal total and direct normal beam radiation
Ign - Simply inputting the quantity of total radiation cn,
collector I ‘to the ihpuc position of horizontal%total
radiation I, the output of I -will then becomei the
"interpolated"” total radiation on collector surface. The
rest of the inputs (except the time of last data reading t,,
and the ,timg of next date reading ty, ) to the unit is just
fq&)fulfilling the input requirement cf the compcnent.

Interpoiation of horizontal total and diffuse radiation
.and’calcuiation of ﬁhe'angleuof incidence 6 are performea in
Solat Radiation Processor No.2 in which Radiafion Mode No.4
Vis,utilized. This mode takes horizontal beam and diffuse
radiationiae inputs. | -

Finally, the necessary quantities' required by cther
~components - are collected" together-as“the outputs of the -

‘TYPE 16 provides the user with several options for. .
estimating radiation ‘on tilted surface based on different
sets of horlzontal radiation data and each optlon is
identified by a mode number. ‘
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3

component group. ~ They are identified by (J,K), the Kth

output Pf UNIT J. o
4.3 Solar Collector Model

Solar collectors are.modelled using the TYPE 1 TRNSYS
component iﬁ which ‘there are four possible collector
operation modes. These operation modes model the thermal
performanc? of a variety of collector types using‘either
performgnce data or theory. For modeliing the collector 1in
the system, the first collector operation mode is used which
is a linear efficiency model usiné the Hottel - ‘Whillier

equation:

n= Q /AL, = Fylra) - FrU (Tl -Ta)/Ir (4.1)
where
-n‘ © = overall collector efficiency
Q. = rate of energy'gain of collector-
A. = célléctor area
f} = total incident-radiation on collector -

"+ per pnif area ‘
"F,lra) =_;fansmittance;absdrptance)pfqaucﬁ factor
- of cﬁllec;or
FeOL = collector heat loss factor
“Tes o« inlet{tempéréture of fluid to collector

To . = ambient temperature R L
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v .

Equation (4.1) is derived from an energy balance on- a flat
plate <collector wunder steady state conditions. If F.(ra)
and F, U_ are constants, the performance data can be
presented as straight line plot of n versus (T.. -Ta)/I; with
intercept F,(ra) and siope -F,U_. Mode 1 assumes that
efficiéncy vs. (Td_-T&5/}T is a straight liﬁe.

Equation (4.1) is a general eguation in wh}cﬁ the
values of Ehe collector parameters depend on the test
conditions. Since'standa;d tests of collector performance
are done at solar noon on clear days, the parameter F (7a)
‘determined under standard test conditions is’ nearly the
normal. incidence wvalue F . (ra),. To account for ﬁon-normal
.incidence, Mode 1 corrects the intercépt efficiency F, (ra),

using an incidence angle modifier defined as

The incidgnt radiation is composed -of béam, diffuse,
and ground-réflected radiation. Thus the incidence angle‘
modifier for each of the three components .Es treated
separately. ‘For-~ beém radiation, the incidence angle
modifier outlined in. ASHRAE Standard 93-77, 1977 is _definea

" as

(ra)y, /(ra), = 1 - b5(1/cose'54) N (4.3)
where
bo = incidence angle modifier cdéfficient
8 = solar incidence aﬁéﬂe-
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For diffuse. and ground—reflectea‘ radiation, equivalent
incidence angles for wusing Equation (4.3) are defined in
Klein et al. (1983), P.4.2.1-11. These equivalent angles
for beam radiaton are agsumed to give the same transmittance
as for diffuse ana ground-reflected radiation.

‘Moreover, corrections applied to the slope and
iptercept parameters to account for 1) ,the‘ presence of a
heat exchanger, 2) identical céllectofs in series, "and 3)
flow rates other than those at test conditiohs are also
included 4in collector mode 1. ~Since the system is not
équipéed with a heat exchangér, ﬁhe first _correcgion is

ignored in the model. .

L’A
4.4 Rockbed Model

The rockbed model  currently in "TY?E’ 10 is a
modification of previous models. The first a%alytical study
was  by. Schuq;nn(1929)l'wh$ assumed one dimensional "plug”
flbw, no axial conduction,,constaﬁt propertdes;‘no‘héat loss
to the -environment and no temperature gradients within ;h§
Solid_partiéles'for his formulatibns. 'The fluidv (T¢ ) and
bedf‘(Tb) températures are related by éggqu Balances on the

" fluid and bed as

3'1‘(;, ¥ IflC,,. aT;.

p, C, § —& + ho(Ty-T¢) ~ (¢.4)
PR ae A ax o E
- ' . ) aTb 1

at 4
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where
§ = void fractiGn of packed bed
A = cross sectional area of packed bed
X = position along the bed in the flow direction

h, = volumetric heat transfer coefficient between the

bgd and ;he fluid

+

For an air based system, Hughes et al.(1976) assﬁﬁ%d the
fluid capacitance term in Equation (4.4) to be negligible so

that the equations can be written as
; o

oT
Nt (1y-Tg) ~ (4.6)
a(x/L) . :

3T, :
- = Ntu (TL‘Tb) (4.7)
06 v

where

Ntu

number of heat transfer units

(hyAL)/(mC, ) ’ .

)
It

dimensionless time

=t (ic; ) /Ip, €, (1-3)AL]

t(mC; ) /[p, C AL]
flow length of bed

L

apparent rock density (accounting for voids)

-

Pr
-

L4

Hughes et al. indicated that the long term ‘performance of a

solar air heéating system predicted by Equatiods (4.6). and

(4.7) with Ntu greater than 10 is virtually the same as that
- ‘ : : ,
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with Ntu equal to infimity. 1In this case for any rockbed

"with Ntu greater than 10, an infinite Ntu can se assumed.

Thus Equations (4.6) and (4.7) can be reduced to a single

equation since the bed and fluid temperaﬁures_are equal

throughout the bed for infinite Ntu. With the additional

terms of axiél conduction and heat losses to the environment
‘

from the sides of the bed included, the resulting equation

is

+

- T) +— (4.8)
26 ax mC

where
., /

T = bed and fluid temperatures
: «l “A&'{_;_;‘;,ﬁ o

P ;Q@ﬁﬁfmeter of rockbed wall

U = loss coefficient from the rockbed to the
/
environment

’

-
L}

thermal conductivity of rockbed in- the axial

direction

‘Té solve Equation (4.8) numerically, the rockbed is
divided into segments. Using finite différehcé,methods, an

ordinary differential equation can be written for”  each

segment in which ‘the bed temperature 1is assumed to be -

-

uniform. ' Once the .differential equation is solved, a

detailed temperature préfile can then be obtained.
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4.5 Space»ﬂeating Model
To estimate the heating load of the house modple;

TYPE 12 energy/(degree-hour) =~ space heating component is

~employed. In TRNSYS, the ASHRAE energy/(degree-day) concept

is extended to estimate the hour'by hour heating load (i.e.,

the sSo <called energy/(degree-hour) space heating load

model). There are four modes of operatioh in this component

and Mode 4 is selected to calculate the heating energy’

requirement. This mode formulates a simgle lumped
capacitance house compatible ‘with temperature level control

by the following equation

CAP-AT, /At = YeCmin(T,~T) + Qs‘,‘-ﬂ - UA(T, -T.)

* Quy - (1718 e - S (4.9)
where
04 ) = heat éxchanger contrbl funcﬁion
1if @ > 0 -
3 {Olotherwise o, o -

CAPS = lumped thermal capacitance’of hogse
"€Cmin = product of the effectivenesé a%d miniﬁum

capacitance rate of load heat exchanger
ngn[ = all time variant hga;'gains such'§s7losses-’

from storage tanks and fenestration
Qouen = the insténtanéous auxilia?y energy
Q;"z = rate of cooling by air conditioner

L, = ratio of latent load to total_cboling load



UA . = overall heat loss coefficient - area product

of a structure

T, ‘9 %%bpm temperature
T, \\ = blent temperature o , °
T, = temperature of fluid from heat source

m maﬁé‘flow rate of fluid from heat source
Equation (4.9) qu a general equation of an energy balance.
for a house. By solving the differential equaﬁion, the
final and averaée réom temperature for each time step can be-
obtained.’

The rate ‘of en;;gg‘ transferred across the load heat
exchanger'é; , instantanébps héétihg loaé Q; , rate of
sensible cooling Q ons ,‘aﬁq'raée of cooling used to reduce

room humidity Q&J are calculaﬁgd as T
A\

: \\ i\\\ . +

8 = veCan(mom )y a0
N |

‘ = UA(T, ~T,) - Qi ¢ 4.11

Qeny = (1 Lc)QcWa D “y (4.12)

Qiﬁ:‘l‘ = Qw - Qﬁm ;\L.“ : . v (4-13)

L : . . : )

Since only heating is of interest; Q.. is set to zero

in the simulation. Therefore Q and'“Qldﬂ are zero; For .
éstimating the UA factog%,of the hbuse, fﬁf method of

‘énergy/(degree day) is mod1f1ed in the model by deflnlng the
' ¥ .
‘house as an analysxs control volume.‘ The heat1ng load is:

.assumed to be the total energy requ1red by 'the system\ ;ov
\ ; ' Af‘ o

%)



, ' S
cover the balanced effect of all losses and internal heat
gains of the control volume. The UA factor is then

. evaluated by dividing the measdggditotal energy requiremen?®
. . : ; "ﬁgi; » .

by the summation of the averag@ hourly difference betwgen

the room and ambient temperatures. The losses through the

collector and ducts outside the module are beyond the

control volume®and therefore not taken into account. Since

'éﬁﬁ“ is covered by the estimated UA factOr’ ézah in

Equations (4. 9) and (4.11) 1is 1gnorea by sett1ng it to zero,

. Hence, Equatlon (4. 9) becomes
Cap-dTr/dt = Q.+ Q.. - UANT.-T.) (4.14)

.

, For computational purposes, the sum of Q. and Q,, is

replaced by QH ,'the rate of total energy supply  for sbace
heating  which is dis%ussed' in Section 4.7. During

simulation, this can be done by 1) assigning a zero value to

¢

Glen_ so that Q becomes. zero, and 2) feedlng Q 1nt5/the-
¢ | sy

sa’

; input pos§t1on of Q .

'

’Just1£1cat10n of the estlmated UA factobgis’done‘invq e
Chapter 6. ) , o . .

1
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4.6 Control System

For simulating the control strategy; it is netessagy to
understand how “the System responds to the input
temperatures. The input temperatures 51gnal the controller
to identify the modes of operation according to the <control

criteria of the system, and the oufbuts govern the fan,

1Y

dampers and the electrlc heater
The control criteria, "modes = of operation, the
corresponding mass flow rate, damper positions and

conditions for first and . second stage heating have been
) i . '

defined previously. It will be 'helpful to summarize all
these into a table (Table 4.1). .The first four columns of
Ta?le 4.1.give the control criteria based on Figure 3.2. It
cane be .seen fhat dead band temperaturevdifferences for

giving a‘hysteresié effect aré used to promote stability.

For .example, the room temperature in the first column

L

ihdicates a dead band temperature difference of 1.5°C. That

is, a heating system may be turned off if ‘the room

temperature is over 21.5°C, but not. turned on until the room
~ temperatﬁre is less than 20°C. If the difference between

the“set.temperature'(Zl 5°C) and th® room temperature lies
.Awithin the dead band dlfference (1#5°C), the cgntroller
irema'ns in its prev1ous state. Column S ass1gnss a mode
number to. each of the seven’ system operation modes whlch are
te- cla551f1ed in. column 6 to -distinguish” whether stage
©

_heatigg is required.  Finally, columns 7 to 11 give the -

-

control sttategy outputs.
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Since the mass flow rate during collector operation
mode (HFC and COL) 1is approximately 56% of the mass flow
rate during storage bed operétion.mode (HFS and EH), it 1is
computed using a variable control function having values of
0, 1 and 0.56. This control function indicates whether the

fan should<‘bé off, operated at maximum flow or 56% of the
maximum flow. Furthermoré, the experimental data showed
that! there is leakage tHrough the dampers to the collector
dgring‘storage bed operation mode. In the modelling system
(Figure 4.1), this leakage ean be manipulated by assuming
that Damper No.2 and No.4 cannot be <closed complegely.
However, the amount of leakage is very difficult to quantify
-experimengﬁliy. The model assumes that the percentage of
leakage i$ approximately 4% ..

. From Table 4.1, the‘positions of Damﬁer,No.l and No:3,
are‘ always the same, thus one control function v, is enough
to describe the positions of these two’dampers. For Dampef
No.2 and No.4, anpther control funtion 7, is used. Together
with the main fan control function Ye these .three functisns
are‘ the control strategy outputs. vIt;Qs now natural, to ask’
how to model the conérol system in ofdér to 1) iaentify thé'
modes of operation and 2) produce the threé control
functions. The latte; is achieved by using a fsystem
controller whose information flow diagram is‘repfesented as

: ~
follow:

- ey - — e - - -

‘Determination of leakage is described in Chapter 6.

i
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Teo Tst Tr

L

. | 'SYSTEM CONTROLLER

]

Te T 72

Note that Tdo ,'.Tst and T, are the three control-straﬁegy
inputs of the system and are used to generate those values.
of vy, , 7 and v; shown in Table 4.1. They can be grouped

into four combinations:

L AR £
1. 0.56 1 1 for HFC ‘V

2. 1 '1l' 0.04 ' for HFS and EH
3. 0.56 0 1.  for COL.

4, 0 .0 1 fog System Off

>

The control functions from the system controller together'

- ~
~

with the idput tempefa;ures were fed to a system analyzer to
"identify the modes of operation and supply electric energy
‘for stage, heating if néce§sary (This is discuésed in the

next section). ‘ \



C . 39

The system controller is modelled using nine TRNSYS
components. Figure .4.3 'shows the interconnection of th;
cémponents. The fhree TYPE 2 temperature controllers test
the room temperature, collector outlet air temp?rature and .
top storage bin temperature, and produce the output control
functions on the basis: of two dead‘ band. température
differences (AT, and AT_ );‘,with the input (v,) and
dutgut (yYo) control funétions connected giving a’hysteresis

effect. The mathematical description of the TYPE 2

controller is:

o

if vy, .= 1.and AT, S (Tu-T.J, vo = 1
if 7. = 1 and AT > (T,-T,), 70 = 0
if ¥, = 0 and AT, < (T,-T.), 7o = 1
if vy, =0

and AT, 2 (T,-T.), 70 = 0
where . | |

AT, = Qppqr'dead band temperature difference
ATL.= lower dead band temperature difference

T, - = upper input temperature

T. = lower ihput temperature

A more complete description of this cbmpohent i's giveh in
"4Klein,et al.(1983); Section 4.4. | -
' Table 4.1 indicates that whenever the room temperature
s less.than‘20°C, vy is 1, opﬁerﬁise it is 0. - Since the
room _temperéture is tested ﬂy» UNIT Té, the positions of

. Damper No}1’and Damper No.3 are di;ectly controlled byf

UNIT 16, In order to find v, and v., the outputs of the

[}
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Figure 4.3 System Controller
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three TYPE 2 controllers go through a series of logical

operations by using the following TYPE -15 algebraic

.

operators:

1. UNIT 17 and 19 are "NOT" gates which are formulated
by:
Y= 1-X
- 2. UNIT 18 contains two "OR"™ gates which are described

as follow:
Y, = max(X,,X;)

Y, = max(X,,X,)

3. UNIT 20 is a flow adjustment‘unit. It consiéfs of a
multiélicatién operator and an "AND" gafe. The
mathematical descriﬁtion of the coﬁponent is:

Y, = X,X; , X; = 0.56 |

¥,

min(X,,X,) 3 g

4, UNIT 22, the fan controller, is an "OR" gate which

contrcls the operation of the fan in the air handling

unit and so produces the control function‘7F —

o
~

5. Finally, v, is determined by UNIT 24. The positions

of Damper No.2 and No.4 are justified by the .
Zollowing equation:

Y = max(X,X; , X;) , X, = 0,04

~where X, is the ith INPUT value and ¥, is the ith OUTPUT of

the operators.
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a ' lvé
To see how the system controller ‘performs, a truth
table showing the outputs of each component of the system

under each category of operation modes are shown in

Table 4.2.

4.7 System Analyzer

The system analyzer is an author-written subroutine not
included in the standard TENSYS library. To Dbe compatible
with TRNSYS components, a UNIT numberlé‘and.TYPE number 35
are assigned to .the model. This component not gnly

identifies the modes of operation and electric energy far

it also determihes the

[

aaax f

first and second stage heating Q

rates of energy distribuited to the rockbed Q total

’
. Store

eﬁergy actually supplied from the therﬁal system to - space
peating- Q;‘ , total energy supplied‘to the thermal system .
Q,% ; the radiagion incident on the <collector duri;g
collector operatidn mode I.. , and‘energysldsses.

" The energy Q, is considered to be the total of the net
solar eh?réy diiéctly sent from the collector éo the module
° space, the energy Suppiied from the storage unit és and th&
electric energy -provided. Ttxeverre:'cgyé,,‘.:,5 is'regérded"as the
sum of tﬁé uSefgl solar energy _collectedvbyAthe collectar
Q. and the electric energy supplied.

In this component, two kinds of energy losses are taken
into account; One is the'energy loss thrdugh ducts outéidé,
the house during colleq&ir bgetétibn mbd;’QMWL. The other is

the _energy loss due to leakage of damperé“éobk; During

\
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storage bg? operation mode, there is little or no sotdr
radiation. If air leaks through the dampers to the
collector, the energy Qu_is’negative. In this case, Q _ ‘s

considered to be part of the losses and treated ‘separately

from the useful solar energy gained.’
\- .

4.7.1 Informatian Flow biagram

The information flow of the system analyzér kig
summarized in the following diagram. As shown, the model
requires nine inputs and six parameters to produce nine

outputs: .

m)b———-f
e
P

U ft——

O p—— 1

~Nipe——— O

£
mm——-vao

O pg————

UNIT 6 TYPE 36
SYSTEM ANALYSER

T

-—

-
LY

lO"—fU'l

10 <——-9:
-y
-
]

Q(_ Qﬁ’bfz QM% . Q“ 4us OMpL Qoug_ I"rc. mode
Parameters
1. T T, 2. g . 3. *ru,z

4. P, h 5. P - 6.  Pmin
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\ _
© The PARAMETERS, INPUTS and OUTPUTS are defingd in

sequential order as: °

Jo

PARAMETERS i
1. T - set temperature of top storage bed for HFS

St
with 1/2 electric coil on, 24°C

’ -

2. T,, ~ set temperature of top storage.bed for HFS
with electric coil off, 36°C t ,

3. Teo - air set temperature at collector outlet for

HFC with electric coil off, 33°C £

4. P, - electric power supply for first stage heating,
3.75 KW |

5. P - eléctric power suppiy'for gwo stage heating,
7.50 KW \ |

6. Pmnin - minimum power supply to keép the fan on,
0.63 KW )

INPUTS . |

1. . 7F" - main fan control,functfon

2.~ ¥y - control function of Damper No.1 and No.3 -

3. y2 - control function of Damper Nq.é and No.4

4. Teo. -~ coilector‘outlet air témperature 5

5. Tsy - top storage bed temberaturel

6.7 bu@," rate of energy losses from the ducts outside

| ofdthg house 
7. "'éu_ - ra£e of useful solar energy éollectéd from_ 

. collector



Lo ’.!'
&1113;‘2:7 2

8. .Q - rate of energy supplied from storage bed

s
9. . I, - incident solar radiation on collector
P |
OUTPUTS .
1. ' QC © =~ rate of solar energy gain of collector during

collector operation mode

2. . stﬁ - rate of.energy stored in rockbed

3. é;“, - rate of aukiliary‘energy supply

4. QH' - rate of total energy.suppiy to space heating
5. ng ‘- rate of_tetal energy supply to the system
6. éme.' rate of enenéy losses through ducts during

collector operation mode

7. QDU_ - rate of energy losses due to leakaée of dampers

8. I - incident solar radiation on collector during

collector operation mode

9. ‘mode - mode number of operation

4.7.2 Mathematical Description
~
The system analyzer ' uses control functions and
temperature set points to define its‘mede of opetation so

that energf flow'forvthe“heating‘system can be determined as

- follows:

1. For heating from collector operation mode,; HFC .

the control functions are:

e = Y= 1 o ‘ S

—

If Tca s_'Tw‘z :, v . . e" .
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mode = 1

st stage heater on

QG“'K = p1
- Qtherwise
\
mode = 1,1

min., power supply to keep the fan running

QM,‘ = Pmln

Then, the energy flow is defined as:

T frFT .
Queme = 0
0, = Qu. *O. -0,
Qs = Qon * Q.
| Qo,.m = Qous
Qo. = 0
0. =20,
2. For heating from stdrage!and'electric,heating

opération modes, HFS and EH
the control fUncﬁionévare:
74=1 and y2<1 |
If Tgy 2 Toe 2 Ty,
 MmoGee= 2
1st stége.heaﬁe;von
- é@w{”— P,

| If Tgp. > Ts2

 m§n;fpower shpply



. b . B
g Qm‘u‘g: pm:// . ,
Tf Ta < T/,/
mode /=3

both’étage heaters on

. —

QMX‘ = PZ

Then, the energy flow is defined as:

Ie =0

Qstorg, =0

0, =0Q., *Q,

Qs'm = Qaus .
) Qo = 0 =

. . P

QDLL = anoa - Q\L

Q, =0
3. For heat collection operation mode, COL ‘

the control function are:

.71=01 72=1r 7F¢0

‘Then
(ﬁodeﬂs 4 : .  ‘$-‘
T = Iy = ‘ o "
¢ .émq =,pmlnb o .

Qe =% "9

0w =9, -
Qs _.Qm;,+ Q.
Qoo = Q tau

b =0

| é’o “=. Q.



4. System Off if 4 =0
Then
mode = 5, and
all energy quantities are zero

The subroutine program is given in Appendix B.

- 4.8 Information Flow of System
" Now that the components of the system are known‘ it is
necessery to ojOln all of them together‘ to form am
information flow diagram- of the system. The-informaticm
-flow of the active a‘solar heating system is shown in two
fiqures. Flgure 4; 4' shews the 1nterconnect10n of rthéu
components outside the house module.\ Flgure 4 5 ~considers
Pnly thé  components. inside, the housef As described.
eviously, each component is repfesented as_ a box with
:infermation flowing 'idk the ‘directiens indreated by the
e};ou§.3 The ;NPUTS and OUTPUTS,O presenteg-fia_‘the order
defined by-‘TRﬁSYS, for each éQmponent} are shown. The
outputs identified by. a numbered ei{cle Are the results aff
inteéest. ..Tﬁese' oytputs'are connected to T?PE 25 p;intérs
' v(ndt shown). The pfintére basically print the;inStantamedms
-'Value; ‘at the end of_eaéhshOur. If integrated éuantities
ere required then TYPE 24~¢uantity»integretcfs are use&“ o
1ntegrate the 1nstantaneous quantltles over a period of time

before pr1nt1ng (also not shown) AT
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. For the components outside the module (Figure 4.4),
there jare_ actually two identical duct sections and an air
collector. UNIT 7 is the section of duct connected from the
module to the inlet of the collector. UNIT 3 is connected
from the collector outlet to the house. Each unit is
represented by a TYPE 31 component, a "plug-fléw" model,
which estimates the rate of energy Q; gained or lost for
each duct section. The eneré} Q;n‘from UNITS 3 and 7 is
summed by a TYPE 15 adder to give Q&M (the fifth iqput to
the house), the total energy lost from or gained by the t&o -
duct sections outside the residence. The déta processor
which'is‘described'in §ection 4.2 provides all the necessary
inputs to the components ana TYPE 1 calculates T ;;6 .Q* .
The air flow loop, is indicated by the paths connecting mo,
‘odglet mass flow fété from a cqmponént,.to the nex‘ unit;
Thus, as shown in Figure 4.4, afr is sent) from the house to
UﬁIT 7, and then through the collector to UNIT 3. The
‘outlet‘ air from UNIT 3 is retu%ned to the room and
circulated back to UNIT 7 to complete the loop. 3Thév sévén
inputs to the house are the information réquired by thé
,éomponents inside‘the‘house. The locations of the seven
inputs being ggnt are indicated'in Figure 4,5 by 1(J,K), the
Ith input to the hopée from the Kth 6utph§‘of UNITJ (i.e.;” .
inputs 1(3,1), 2(3,2), 3(2,1), 4(1,5), 5(8,1),.6(2,3) and
7(9,4)). Finally, the temperaturé and flow rate of the
returned air from Déﬁper No.2,'UNIT.13, are transmitted to
UNIT 7 to complete the'infbrmationufléw-§f tﬁe systeﬁ. The

~
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\ .
returned air temperature and flow rate are the third and

fourth outputs of UNIT 13 respectively.

For thé components withiq the structure (Fiqure 4.5),
there are_:he system controller, main fan, four dampers, two
-stage electric heater and the rockbed storage unit. The
heater is modelled in TYPE 36 system anaIYSér which has been
described in Section 4.7. Tﬁe TYPE 12 cbmponent'is included
to determine the space heating load énd the room temperature
(described in Section 4.5), As mentioned previously;‘ the
system controller produces three control'functiohs (7F, 7,
and'7z)u They‘are sent to tﬁe_fan, the four dampers and the

system. analyzer. The fan controls the flow rate by the

folléwing equation

T Mo = oy M, . : - (4.15)

‘m_ = maximum flow rate

ahd the flow is directed by two types of dampers:
1. A mixer is modelled by i \

Mo = My (1=74) + Mayy ‘ (4.16)

v

., where -

T R EOf Damper No. 1
‘= vy, for Damper NO.4

inlet flow rates to the mixer

3

9

~
ft

s
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2. A diverter is described by
my = m (1=7,) (4.17)
ri'\z = m»l7k (4.18)
where
T = v, for Damper No.3
= v, for Damper NO.2
m,,m; = outlet flow rates from the diverter
) . .
As a result if ¥y, = 1, Damper No.1 directs the flow from

the space heatlng model. to the.fan; if vy, =0, air 1is sent
‘from the rockbed If v, =1, Damper No.2 leads the air'to
the collector; if v, = 0;04, 96% flow is diﬁgrted,,to the
rockbed and 4% to the collector. Damper No.3 takes the air
from the collector to either Damper No.4 when 7. = 1 or' the
rockbed ’when v, = 0. Slmllarly, Damper No. 4 takes the air

fronm Damper No. 3 to the space heating model when v, = 1; if
vy2 =. 0. 04 then a m1xldg of air from both Damper No.3 and
\\the rockbed w1ll be sent to the space heating model. |
It is _found that m1x1ng of air due to leakage from
dampers will create unexpected loss of returned flow from

~ Damper No.4. Forv example,a if a fiow rate'of 100 Kg/s is
,orlglnally supplied by the fan dur1ng storage bed operatjion
mode Wlth 4% leakage of both Damper No,2 and No 4, td%ﬂ the
air after belng spllt by Damper No.2 .w1ll flnally reach'

1 Dggéer No.4 at a rate of 96 Kg/s from the rockbed and ¢ Kg/s

from Damper No.3. Mixing of air at Damper No.4 uslng-

R
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Equation (4.16) gives a flow rate of 92.3 Kg/s in return.
Althougﬁ, the reﬁurned flow rate is about 7.7% lower, it
.will not affect the simulation results because the first .two
inputs tb fYPE 12 space heating model are dummy ihputs lf,a
heat exchanger is not present. Furthér, ho, wﬂich is equal
to m,, of TYPE .1é will be re-adjusted by Equation (4.15)
after passing throug@ Damper No.1 to the fan.

‘The rbckbedu.storage unit is the TYPE 10 componeng, an
"infihite" Ntu model, described in Section 4.4. This model
is applied difectly‘to determine the\dynamic behavior of the
storage bin. As shown in Figure 4.5, the component requires

five inputs to generate eight outputs. They are:

INPUTS ‘
‘J, Tt ~ temperature of air entering the_r&;kbed from
the top “
2. m, - flow rate of air entering the rockbéd_froﬁ
~ the tép | | u
3. - Tw -~ temperature of air entering the rockbed from
“the bottom o -
4. m, - flow rate of air én.aring the rockbedmfrom'the
bottom |
5. T ;fbasement ;;om temperat;fe o o 7
T~ ’ o |
OUTPUTS
1, fw - boﬁtom 5egment.air and rockbed température
2. m - floy rate of air ehterinéufhé rockbed from- -

“the top

[ 0 A
)
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3. T - top segment air and rockbed temperature

St

4. m - flow rate of air entering the rockbed from

the bottom

5. fate) - change in internal energy of the rockbed

between any time and time = 0.0
6. QS‘;f¥\rate af-which energy is removed from the
fbg}bed to meet the load ' | ’
7. QE - ratg\gf‘energy losses from bed '

8. T - average

As a whole, the

solar heating system

rockbed and air temperature

LY

-

overall configuration of the 'active air

can be simply regarded as a single box

shown in Figure 4.6. The input data redui;ed by the yhoié

system are those read by the TYPE 9 data reader and .the

outputé are those

‘identified by a numbered circle.” They

are: PRV

INPbTS

1. Month

2. B Date .

3. Year -

4, Hour O

5. i Ta ~ ambient;éempefature

6. Iy -'tot§l radiationvon collector ' \
7. 1 - £otai radiation.on horizontal 5urfaceﬂ ;
8. . -'beaﬁ‘rbaiatign_on ho;iionta; sprfacg

-9, ' .1 - diffuse radiation on horizontal surface

'
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QUTPRUTS
1. Mode number
2. 1, - radiatioi'oh collector
3. T, - ambient temperature
4 fr - room temperature | '
5. Teo = collector outlet air tehperature
6. T - collector inlet air temperature
7 Tse - .top storege bin temperature
8. Te, bottoﬁ bin temperature
'VS. mc '-"mass flow rate through collector .
10, m,, - mass flow rate through the rockbed entering
| frdm‘thg bottoﬁ
11, Qw "~ rate of energy_gaip of collector
12. Q&M - rate of energy lossesrfrom ducts outside
the residence
13, Qun - rate of energy stored in rockbed
14, AU - change in internal energy of the rockbed
between any'gizeﬁ'time and time =0.0
15. ,Qs ;-rate at‘which ehergy is|removed f;om the
reckbed-tq'space heetipg '
16, Qg | — rate of energy losses from.bed .
17. . Qa»x - electrlc pover supply .
{8.'7’Q; - rate of total energy supply from system to
' space heating "
19, 'Qw,'b - rate of tot nergv supply to. the system |

o e
20., Q. - - heatlng load of thegE;sxdence~

21. :Qc - rate gf,energy gain of'cydi\\ggg dﬂ¥1ng

58
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collector operation mode

22. Q,. - rate of energy losses through ducts during r
collector operation mode -

23. QOH - rate of enecgy losses due to feakage of
damgers 7

24. I;L - total radiation on collector during collector
operation mode |

25, Year

26. Month
27. Date

28. Hour
‘ -

The order of the ‘outputs is not necessarily that shown
above. It depend’s on‘the order of the outputs connected .to
the pfinters. 'The outpmt numbers are used only for
idehtification. ‘They are ass1gned arbitrarily.

| | Once the above outputs are known, 1nvestxgatlon of the
characterlst1cs of the system using the methods deVeloped in
| Chapter 5 can then be accomplished. 'The constant PARAMETERS

requ1red by the system for each of the components are diven

_in Appendix A.



5. METHODS OF SYSTEM PERFORMANCE ANALYSIS
In this thesis, the analysis will focus./on the
evaluatZon of the solar contriootion and on determination of
component energy losses. Since the simulations of the
syStem performance are basog;on the given pe;fornancé data
of ‘the collector _(see Section 4.3), shown in Table 3.2,
determination of the collector performance will not voe
included, but evaluation of its losses and comparison of the
perforﬁance data found under different conditions 'wilf\ be
discussed.  The perfotmance of the storage -Gnit will be
studied by evaluating the heéat lossé; from the unit and its
energy flowo. Energy flows of the solar heoting‘system‘wiilv

also Dbe: anélyzed.f This chapter{ simply highlighté the
methods wused in tﬂe analysis, to assess the performance of

-~ ! . 1]

the solar heating system in terms of solar contribution and’

‘component energy losses. -

.

5.1 Solar Contribution - » . . ’,

The energy sources"contrlbutlng to g%tal heating

load are the solar and electr1c »energy .Therefore, the

solar contribution expressed 1n.percentage is evaluated as:
. N

» [

%4§21a:'= éoiar/(solaf + electric) x 100%

= solar/total heating load x 100% . o A8.1)
Several methods‘ may ‘be -used to assess . the solar
contr1but10n. " The methods are e1ther dlrectly based on Wthe.

solar energy supplled to the module ox\~1nd1rectly, based on

&0
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- losses are\those tra
2, N
/- shouse and by - the

4

'_k1nds_of losses.;'

';'number'of*theasxstem.

v - ‘. . I. 61

1

an estimate of the module energy loss. by assuming a constant

UA factor for the house. The method selected here considers

the maximum- solar contribution by assuming that all solar
energy collected by the collector will be contrlbuted to the
load Thus, the solar energy supplled to the . ‘'module is

Qc[21]’, and the total heating load becomes Q,g, [19]. The

solar contribution over a time period can then be estimated

using Egquation (5.1). That is:

¥

% % solar = /Q dt/fQ,,, dt x 100% (5.2)

5.2 Component Energj Losses

Energy losses from components piay a prominent role in
the investigation of the characteristic‘fof the system.
Component heat losses to the ontside‘ of  the ‘modUIe are

wasteful heat losses. However, losses from the components

' to the space within the module -are part of the useful energy

transfers hich help to satisfy the bulldlng heatlng load or

m1ght ov rheat the module in summe r detr1mental heat

;ﬂﬁh\ Wasteful heat losses ma1n1y are those lost through

the ‘collert € and ducts located outside of the heated space,

ferred by the ductwork inside the

'sxmulatxons mlg t not ‘be "able to»'predict completely all

- - - 2 o s - -

"The number inside the s rEates the ouput:

leakage. .Useful or detr1menta1 heatv

Yockbed storage unit. ‘Unfortunately,n

g3
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In the model, predictions of losses through the
collector and ducts outside the house, from the storage bin
and due to leakage of dampers are available. Energy lost

from ducts inside the room Jccurs mainly in the heating

modes in which the energy lost from the ductwork is actually;

-

part of the energy delivered to space heatingu_ During COL

ana SYSTEM 'OFF, the model assumes the duct loss within the.

room is zero.

5.2.1_Col;ector»Loss . | @%1

Due to ' the temperature set points .of the control

system, the c¢ollector may not be in operation whenever Ehere"

is incident solar radiation. Wng‘ the collector |is off;
solar energy cénnot be delivé%éd to the roo& agd éo‘if"is
i‘wasted. When éhé collector 'is on, paft  of - the inciﬁehﬁ
radiation will be réfiécted-ba?k'to'the surroundings dué ‘o
vthe.optical_prppe:tiegéfxthe‘éégléctdr'éndipart 6fji§ will
" be 'lost :59 conduction; convectiananq iﬁfrafed'radiétionﬂ

B

The sum of the ;l,oss‘es Q% can be déﬁ‘%’tmined_’by _Sub__ﬁ:tfadtincj

the collec%gi’ Solaf\ené;gy éc[21] from the to@al incidence

radiation I..[2] qve;ﬁthe‘pé:iod of simulation. = Therefdre,

¢

the ‘total collector 1loss.(CL) is:

or

I
o .
b ) . AN

]

=0, /1A dt x 100%

o - ~
]

collector area

CL ='Q., é‘IITA;dt'-‘!écdt s

st
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5.2.2 Bin Loss ‘ . ' ' .

o~

‘The rockbed storage unit is one of the principal

components in the solar air heating system. Determination
B @ - R v L
of its perfomance 1is ‘essential. One way to study the

rockbed performance is by evaluating ~the heat 'lossesx‘and
. %

-

-t -

energy flows of the unit;
;fhe charging of the hed’occurs in'COL ;hand energy’mis
’Astored at a rate of stm[13] by air flowing downward.- Theﬁﬁg
dlsgharg1ng occurs in HFS and EH in whlch energy 1s removed
~at a. rate of AQ51[15] with alg- flowing in the upwara
direction -The ditference between " the ’input and output

rd

eqprgy over a’ perlod of, operat1on reflects both losses IQ at

\

J . :
and }nﬁt. energy accumulated in the ° bed AU. Due to -
1nstrqmentat10n l1m1tat;ons,s experlmental determination of

‘Q,, and AU is dlfflCUlt ,However S1mulated' te ults df

KQE [1GJ and AU[14] are avallable. ‘The percentageJof energyt

AN . .
~lost from the energy stored in the bin 1s therefor ’
¢ - . Lt - W
Cr . S EH ,
| G /%'% bin loss !Qﬁdt/!Qx“ dt x 100% f tS.S)
R A g ;
v, (‘ . . s ' ‘ e
5 2. 3 Damper Leakage Loss v
§'A Damper Leakage Loss is geflned as the Zenergy Qou (23] .

' s

- lost ov the env1d5nment from 1he air in the colledmor and:
ducts located out51de of the module after leaklng through
.'the dampers fromV tge moduie durlng stOrage bed operatlon‘

’ 7

moder;,sSrpce; this 1loss -1ncreases ‘the = module heatlng

‘réquirement Q"'[jsﬂ, Dampgr.Leakage Loss (DLL) is expressedk

VAN
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as the percentage of the amount of total heating requirement
contributed by the loss. That is:

% DLL = /Q, dt//Q.,dt x 100% . . (5.6)

P~

5.2.4 Outside Module Duct Loss

Outside Module Duct Loss refers only to the “energy
iosses QOMDL [22] from the two sections of duct conneéting
the collector and QﬁHe module during collector operation
méde. ‘ Since the module is defined as a control volumé, the
net solar energy.deliQered to the module is ‘the difference
vbetwéen the useful-solaF energy collectéd.by the collector
and :ﬁe losses.v In.ordef to sée the fraction of energy lost .
from  the energy collected by the collector, Outsiae Module

Duct Loss (OMDL) is evaluated by:
.

% OMDL = JQ

w

oro 3/ 1QcdE x 100% - (5.7)

77



6. RESULTS AND DISCUSSION
This chapter consists of three sections. 1In the first
section, the model 1is tested against data from some clear

days, cloudy- days, cold months and 'warm months. This

includes:

1. Ajustificatfon "of percent damper leakage, comparison
of the~hour1y3, monthly and standard test of the

collectorf thermal efficiency curves, evaluatlon of

‘% the effect of 1nc1dence angle modification (IAM) ~and
study of the response of system temperatures to the
operation ‘modes on a hourly delS over a two-day

" period for the sunny and :Ioudy days |
2.. . justification of the module UA f;ctor and monthly

\ .
collector efficiency curve by comparing the simulated
.and measured consumptions of solar and electric

enebgy on a ‘daily basis over a month for the cold-and
) ‘ ) . ' ¢
warm months

a
.

'The second sectlon presents the analysisf of _the monthlyy
jperformance of the system for three. heat1ng seasons (81- 82,

'82 =83 and 83 84) by using the. methods developed in Chapter 5
and compares -the “results with' the avallable experlmental
measgrements. Finally, a parametr1c study which includes_
the'“investigatlon of the . effects of changes of collector
area,_storage volume and ‘collector t11t angle is done in the;

last sect1on.

. 65 v ', )
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6.1 Model Testing

6.1.1 Clear.gay Test
The model. uas first tested by using the  hourly
collector efficiency" curve with  incidence angle
modification“ includedk for- two consecutive sunny days,‘
February 20th and élst, 1982, Experiments’ indicated that
the solar collector approaches steady state conditions about‘
or shortly after solar noon. Therefore, 'the hourly
efficiency _curve. obtainmed from the data for the hours
including solar npon_closely approaches the steady state
performance of the collector. I'gnoring damper~leakage,'the
-collector outlet and inlet air temperatures predicted by the
curve are compared with the measured temperatures for the
®two sunny days in Figure 6.1. The predicted temperdture,
'profile‘ of the.air at collector outlet‘is found to shift to
the left of the measured temperature profile. The shift of
the profile appeafs;to“be due to tne storage and release‘of
energy by> the mass oﬁ/ the collector. Under dynamic"

conditions, "the“>therma1 mass -of the collector affects the

N -

performance of the~collector in - a way that solar energy'
absorbed during the forenoon-'is° partly used to heat the

components 5t the collector, so the useful energy collected

. is smaller. and ,tH%, outlet a1r temperature 1s lower. _The

opp051te effect occurs 1n 1tHe afternoon with ’the stored
* Test of 1nc1dence angle- modifier coefficient (be)  is not
available for our collec¢tor, but a value of 0.17 for two:
cover plates-obtained from Duffie and Beckman (1980),

Figure 7.4.2, is used : :

? 2 . il



67

abeyea1 %0 10j mwu‘:umumasmﬁ uOuum:ouﬁ pPaielnurs pue ku.:mmmz L‘9 aanbrg

8% ¥¥ 0% o9¢
] | 1 |

AVA J0 HNIL
et 82 ¥z 02

9T 2T '8

| P .

%000

L
)
t

.

28 122

"

'



68

b .
3
AN .

-

abeyea] ¥z 103} mwu:um.uwmsv& uOuum:ouanw.um.q:&mm. c.:n..muouzm.mwr Z°9 .w.u:mw.

]

. .%wmﬁ _mo JNLL .
gy +%¥ 0¥ 9€ 2& 82 %2 02 97
| I ] e L

3T

. _,,‘“~

Ea

| | | 1 |

-

oWb§0#¢rf§o§§o

%60000%%0
s ’

9oa, . L
“oa, esize .

Q

=
®
1 4

('0,) FIALVYRINAL

-00L e



69

~

o

wmmcmmq %% 103 sainjeaadws 103597700 @mumﬁsewm ctmm@muammmz £°9 wu:mwhv

N

><Q .mO HWL.

8% ¥¥ 0¥ 9¢ 2& 82 %2 02 9F e

I

(=]

_ L T i 1 L
%0, - mmﬁmm.. A

~40 .

+ooooooooooooooooooooooo

-QQ- N'F zm m:<..lwl,
mw,ﬁm £ w SN
AOVIVIT
B GEED

| ncc -
o ,..o.,,o.ﬁ.

Jo..om.,

com

L0

-0'0¢

:ocw

- _.rw.go.oba

= boor—

r

:_)0) HHH.LVHH&NEL‘L |

¢ "

L

Yl



70

)

¢ AVd J0 ANIL
8% ¥¥ Oy 9€ ¢2€ 82 %2 02 97

I 1 L I | L D R

hoi

a7

00

%6 | 28 12 2
o ‘

dooooooooboooooooodoooo

-

- (0,) TEALVEAINAL



{0

71

3
LS

energy-released so that more energy is collected and higher

-

outlet air temperature is obtained. With the absence of Yhe

effect of energy storage apd release, the collector responds

immediately to the incjdent solar radiation. .Consequentiy,
the rise and fall of the predicted . ouytlet air temperature
profile occurs earlier. Y

Theoretically; the collector temperature should drop‘to
the am%ient temperature at. night when there is no flow

through the collector as shown byy the simulated collector

.7 inlet and ouytlet air temperatures in F1gure 6.1. This

phenomenon cannot . ‘be observed . experimentally.  This
indicates that warm air ‘inside the module probably, leaks

through ‘the dampers to the cold collector., If }he system

leaked constantly, the collector temperature aurlng storage

bed operatzon mode should change more-or: leés proportlonally»

to the -ambzent temperature. The variation of the measured

n1ght.. It is very dlfflcult to ’simulate a. ‘system with

chang1ng leakage. Thg'model s1mply assumes<that the system
leaks constantly Experlmeftal determlnatlon of ‘the amount

of Ieakage is not easy due to 1nadequate 1nstrumentat10n. A

«;‘tr1al and error method was therefore used to est1matea the

rleakage’ by graduately changlngethe percent leakage of the»

dampers _in_'the

e

. : - o Y L . .
temgerature -is. close to the 4,measured mp,era’ture_. The

3 difference;‘between-;the‘,simu}aied collector. temperature

’.
e - Rt ; ,

RS R

- until  the’ .51mulated _-collectOr_

inlet temperature suggests that the amount of air leaking -

'~ithrough the damper' to the collector varled throﬁshout the

O



. L4 .
, temperature, but not the outlet temperature due to the tact

pnoblems. .. The energy quant1t1es appear t t pe affected-

"éovefed by the ta factor Qof the module. However, the.

‘o

,dyfferenqe probably due to 51mulatlon _contr

[y

72

profiles " for 2, 4 and 6% leakage and the measured
temperature profiles are shown in Figure 6.2 through

Figure 6.4 re pectively. As expected, - the collector

temperatures/increase with the leakage during the night time

period,—Wjith increasing leakfge, the differernce between the

simulated’/ temperature pro

profile increa§es. At

temperature 1is found be close to the measured inlet

[y

temperature,

* The leakage-was justified based on the collector inlet

that éhe collector ﬁeat losé faptor was averaged froh a wide
range4ef data dispribugaon'by the method of least squares
(Fing” 1983). Instantaneous or hourly collector heat losses
calculated by the average fappor may, be s1gn1f1cantlg in

error. However, over a period of time, the curve may

. . . { .
‘provide reasonable estimate of ovWerall heat losses.

' !The energy quant1tIes for edch percent leakage over the

two day perlod are shown 1h
v

and Q .for .each ~case are fouhd to fluctuate within 3%

Qawi

le 6.1. whe Energy Q

n

by the-changéﬂoﬁ leakage s1ncev leakage Ides iy

percentagelof the amount of energy attr1buted to 'the‘ Loss

e

i v T P
(% DLL) 1ncreases from 0 vto 3.2 w1th1n the st range.gﬁ%*;f
S

f

- b

(’\
?\7 Slnce exper1me¢tal results.of qu_ are not avaflable, the

< \)

- -

les and the amb&ent'temperatufe

_leakage; the simuiated' inlet'

i

ler stab111ty7:
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-

and . Simulated lEnergy

Table 6.1 Comparison of Measured
Quantities for 0, 2, 4 and 6% Leakage “
Experimént Simulatioa
g % Leakage.
0 2 4 6
Q. (M3)  238.4 237.0  243.6  237.4  243.6
Qa., (MJ) - 323.6 364.0 370.3 362.0 368.9
Q, (MI)  579.0 588.2  600.8  586.5  599.3
' N ) .
Q. (MI) / 0.0 8.0 14.5 19%2
R — T - : T ~
- Ly . . / . P
% Solar * %2.4 39.4 39.7 39.6 39.8
% DLL =~/ 0.0 1.3 2.5 ' 3.2
\ : .

Q. = solar energy collected dur1ng collector operatlon

" mode
QW
H
Qo ™ damper leakage loss

-

Y

Q. /=% tal: energy supplled td, space heatng

= aulelary energy supplled by electric heater



&

%

~;_o£' the collector array. AS a result ‘more. aux{llary enqu)'"

experimental results are. shown in Table 6,.2.

-\ » : -' ‘ . : ‘ 74

% DLL cannot be& tompared. The hourly collector efflczency
{ 5

curvé with IAM coupled w1th the control system prov1des a

good estimate of the collected solar energy Qc with an error

- between -0.6% and 2%_gorrthese days. The energy required

for space heating“QH is about 2 to 4% over-predicted.. As a

i
>

- consequence, the model requires more' auxiliaty energy to
k) :

meet the <oad and therefore predicts approxmmately 3% less

«of solar contrlbutlon

' 2 (I o o
' ‘ > . Thé preceding test con‘side‘re,d only the. hourly collector

efficiency curve including incidence angle modification. It

is 'ofd interest -to see 'what happens if incidence angle

~

modification is omitted or other efficiency curves are used

such as monthly or standard test curve.d The simulation and

r

~ ’ :
The standard test curve was obtalhedfby ASHRAE Standard :

Test Method and represents the steady state performance of a“'

‘51ngle Solaion 2000 solar collector at a test £low rate per

[

unf% collector area of 0. 0102 m’/s ‘m?, . 051ng thlS curve ~tb ;

:predlct ‘the collector performance, correctzons for 1dent1cal .

+ /

collectors in- ser1es and flow rates othex than those at test‘"ii'

,condltlons have to be applled For. the same two sUﬁny daysrk

»

'the standard test curVe appears to collect approxlmately 10%

to 15% less solar energy Because the standard test curveﬁf

' obtalned befone the add1t1on of more 1nsulatlon to the: backlﬂ“fﬁ

y £

'51s$&equired and less solar contr1butzon( is- vobtalned The -

hourly eff1c1ency curve: represents the IN SITU steady st&te_f



1

<

75

‘Table 6.2 Comparison of The Hourly, Monthly and Standard

Test of The Collector Thermal Efficiency Curves -

JExperiment

'Simulation

Standard Test’

__  Houfly

- Monthly
With IAM No IAM|With IAM No ;AM
) . '. . - B p“ ‘ . . )
Qc .(MJ)]  238.4 201.7 213.1) -237.4-  256.2( 247.9
4 N ‘ % ) . . " v’ N
N %
. - ry
Q,., (M) 323.6 | 403.8  394.3| 362.0  347.2| 360.4
. X ‘ s # . . ~t
» - N } -
% Solar | 42.4 33.3 35.1] . 39.¢ 42.5 40.8
r 2 AW
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perfotmance of the <collector anray‘fand givee reasonab}e‘
estimates of ouerall energy ,quadtities and the',sola:
contribubiqp;' _“ ’ . ~

The transmlttance absorptance product of the collector

(ra) is 1nc1denCEv\angle deﬁendenﬁ. . Thegretlcally, ‘the

collector cover transmits maximum sol#t radiation-at nogmals.

incidence. As the angle betweed the rays of the sun and the,

normal to the collector increases,. the amount of solar

~

energy transmitted and collected decreases .anqe both the'
]
standard test curv and thg hodrly curve were determlned

.

based on the data oh{talned at: sgIar noon, correctlon shoul@

'be- applied ‘to account for off-normal 1nc1dence;. Table 6.2

indicates that without off-normal ., incidence . effect, ayhe -

model ' predicts that the collector  would ccllect

’approxlmately 6% moqg solar energy over the two days by
~F

§tandard ‘test ' curve and  '8% by the* hourly "curve. 'The
difference betueen rhe a1r temperatures at. collector outlet
‘predlcted by the hourly curve w1th and-w1thout,1nc1dence

angle mod1f1cat10n‘1s .shown in E1gure 6.5. . e

In order ‘to' ellmlnate the. effects due ~'ff ‘;UQfmai,ii

&

"1nc1dence, 1nstantaneous changes i{n clbud cove

. .. |
%radlat1on,- and tran51ent response of collector gass, the--'

’

St

”

”acollector'performance was evaluated on a;’monthly baszs to;f,f

,obta;n the monthly collector eff1c1ency cur e. ance lessj R

data“MSﬁatter> appears ;in the monthly efflcxency pIOt’

\

_mqnthlgi'eefficlency-5~fs'“belieyedr nore steady and moregek

K

3
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representative of the overall collector performance. The
collected sglér  eflergy and e outlet air température
predicted by the monthly c‘rve for the two sunny da}s“aré
also shown. in Table 6.2 and Figure‘s.s respectively. It is
found that  the monthly curve 1is able to simulate the
collector performancef over the two day period with ;an
accuracy of 4%, ‘and the outlét temperaturefesfimatéd in this

\

manner is close to the.measu;ed temperaturel .
Except for the‘standé}a test curvé’whi;h predicts low
collected"solar» energy, bothq the hourly — and monthly
-efficiency .curves provide reasonable estimates of “the
collector performance. The. hourly curve requires
consideration of incidence angle modificafion to improve-
ad&uracy. However incidence angle modification 1is not
requifed by the monthly qpfve since it, théoreticaily,'
covers the effect .6f non-normal solg;-'ihcidence;’ As a
result, calcu1ation of the angle of incidence fqr’collecto;
surface by Solar Radiatijn Processor No.2 is not necessary
if ‘monthly 'cﬁrQe is. used. Thus, the two solar radiation
processors in the model can be omitted for reducigg
_cqmetétionai effort. |
o Once 'a percent leakage has been assumed (4%) and a
collecfét “efficiency curve has béen chosen (monthly curve),
‘.it<i5'nec§55ary to see how the simulation-modellpredi;ts the:
'beh3yior of the rockbed for the two clear days.by comparing

the measured and» simulated system}‘ temperatures. .The

measured system temperatures with the mode of dpetation

.
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indicated on top are . shown in Figure 6.6 in which the
&

temperature at the top of the bin is the air temperature in

the upper g&enum .above the rockpile. During COL, the

témperaturet5%ﬁ%_‘the air entering the bin continuously
g ‘

1msm the morning due to increase in incident solar

RS g/ ‘

increased
radiation on thé cgllector. As solJr radiation décfeased in’
the afternoon, the air d;iivered to the bin cooled the top
of the rockbed and,Carried the energy towards the bottom of
the bin. Eventually, the bottom temperatu{e waslraised when’
the fhermal wave reached thefe. When space - heating was
required 'in tge late afternoon . and little or no solar.
iadiatiqn was available from the collector, the system
swifched to the mode of HFS with air flowing in an upward
direction to remove the stored energy from the .rocks tﬁfbugh
the top of the bin to the room. Tbe feverse é:ocess
résulted in an increase in temperature of the aif' at - the
upper plenum .at thefbeginning of the'dischafgihg’proceéé,
and a decrease‘occurredbafterwérd as the stored energy in
'the rocks was graduately used up.

The prediqted .system témperatures .. are shown in
figure 6.7 4in which the ';udden\ dEop of the top bin"
;émperature due té the ;hange,bf,bperatign mode from COL ‘;o,
HFS does not ‘appear. This is because ﬁhe_rotkbedvmodel
défines the top bin 'éqmperatUre as the 'top f ségment
temperature of the.rockpile'°.insteaa o£ the air temperature

o n  ———— . — - o - ——

'?*'Fpr solving the differential equation describing both air
and rock temperatures, the rockpile was divided into
segments and the temperature within each segment was assumed

to be uniform, - -
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: “n : . .
“in the»upperiplenum; Furthef, the'bin is about 60% filled.

The :location of the thermocouple for measurlng the top bin

temperature shown in Figure 6.6 is above the rocks. 1In th;s'

case, the simulated top bin temperature does not behave the

same way as the measured temperature ‘at the beginning of the
discharging process but drops gently until the bin is empty.

" Like the measured temperature at the bottom of the bin, -the
S |

simulated bottom bin temperature remains nearlytconstant'at_

21°C unless the thermal wave has penetrated to, the bottom.
Due to'sho:tage of data'channels, detailed study of thermal
wave propaoatioﬁ 'through rockbed during“"charglng and

~discharging operatlons could not be accomplished.

6.1.2" Cloudy Day Test

‘The “simulation model was, tested further by selecting

two cloudy.days: January 1'st and 2nd, 1982. 'Figure‘ 6.8

.shows the measured system temperatures for the two days..

The predicted system temperatures'(assuming'4% leakqge) is

given in 'Figpre 6.9. .As shown from both experiment and

~ simulation that the solar radiation incident  on thef

tollector on the first day was not 1ntenSe enough to raise

'fthe a1r temperature at the collector outlet over the set

,temperature for the system to operate in collector. operat1on

- mode, When more sunllght appeared on the next - day, the_.

%ystem sw1gched to HFC to dellver the collected energy fromb

'f;the collector dlrectly to the room. S;nce “there was no

energy _storage' over the two days, the temperature gradient.

i 2

- ' o 82

-



83

s

>

8y ¥y

L

() 4

4

9¢

R

. 27861 ‘pug ccm.um_ Aienuer. ‘skeq &pnoto

._V:,m, w>mu:ummaou Z 103 mwu:uMquEWB waisés @ou:mmmz ‘8°9 mu:mﬁm‘u i

AVd 40 JNILL o
2c 82 ¥2 02 91 2T 8 ¥ 0O

T——

n.,. .t .,..A.n vo
O«OQOO‘O..O_ OOO.O.

H3

2820 1
8Eo T

L]

{ 1 { ] , ] | { } O.O.V'

Fooe-

- }Fooz-

- . : o - 00T—
N _
- o ~ -~
B O B o - o W g .
) ¥ ¥ N WA g W W S .
A g : - 00
\ g ’
.. - © .
oo _ . o .
. \ ’
v \of N 4 . .
R s - oo
E . " .
B . w, -, -, - - - -, - . .
_— A Yt X ,I\ d )

- .
v 3 >R, o,

AT s W I NN SN s e M X6 e ek ok - ()° 02

‘dWAL LNFIENRV o

co o NIE A0 NOLLOE X . _

o ‘NI 40 401"+ : : RN

JTINT GOLOTTIQ) v S - FOO0¥
LATEN0 HOLOATIO) O - : Q

}ooe

Ha - lo..om.

—L 009

N

(2,) TALVEIINAL

3

*



84

mmmam»vsoﬁu.m ayy, .

N\

103 abeyes7 4§ 103 sainjeaadws], wajlsis @mpuﬁnmummm.m sanbtyg

| - AVA JO ANWLL
- 8y ¥ 0¥ 9C 2¢ 82 37 02 91 21 8 ¥ 0
T ] | [ 1 ] |

1T00v—
Fooe-
modNW?
boor-

;..-odq

rQoM
: ¢AuAyn

foor

() E[HﬂzLVHHdWHL

Foos

—1 009



n P _ | | ‘ .
. 8 ! ) . R . )
- \\uou abeyea] %5y 3103 sinjeaadws) waisds pajdipaid QL9 Iinbrg
, . - . : . 3 ) .

sdeqg Apno1) ¢ ayy

N

y

AVd 40 dALL N

8 %% OF 9¢ 2 82 %2 02 91 21 8 % -0 o
1 | l | | ] A | | | : ] | | 00v—
20T .o 28107 o
o 000 eny ~Jooe-
000009% &, 00 < oo,ooooo ooooooooo. .
w %009 : Fo002-
- 007
~-0'0
- 0°07
k § x***xk»x**x*»*x*»*ﬂxxx**x*kx*k«x,;ﬁom
dRAL ezm_mz.« o . u __
cue NIE 40 NOLLOE X , com
NG90 404+ o
IATNI 401031100V _ 0'0%
1A11LN0 mo.rbm..—q—oo O .
mc<u<m4xnﬁ | . ‘
H3 , OdH ., HE -0'06
- 009
{ )

¥

(9,) FENIVEIANAL



86

~

across the bin was zero as indicated in both Figure 6.8 and

Figure 6.9. As a result, the syster operated mainly in EH

mode . '

So fari the way the system operates and the way the
. :

temperatures respond to the'modes_of operation shown by both
experiment and simulation are consistent. However, the
accuraé; Ef the'predicted collector temperatures depends on
the aqeuracy of the assumed perceht leakage. It is
VSUrprisingl to see from Figure 6.8 that the temperature of
the air.at'the collector inlet did not drop at all towards
the: ambient temperature when the. collector was‘ not in
operation. This rmplies'.that “the system leaked guite
seriously on these -two days. ASsuhing a 4% leakage, the
predicted collector temperatures shown ln Figure 6.9 ‘are
found to be far below‘the measured temperatures during the
colleetor‘off period _indicating that the system leaked more
thah ‘the prev1ous assumed percent leakage. The leakage was
‘therefore re~ad3usted ‘In- Figure 6-40 the predlcted
‘temperatures  Using a leakage of 15% are in better agreement
with the measured temperatures ~in Flgure 6.8. The

r -

: fluctuat1ons of the inlet and outlet a1r tempkratures of the °

collector in Blgure 6. 8 are due to the on and off cyclxng of,“"

the heatzng system by the thermostat
Obv1ously, the sys\em leaked badly on these two cloudy'

days. - Therefore assumzng a. constant 4% leakage tails to 3
| descrlbe the temperatures of the a1r 1n51de 'the collectori

'tpdur1ng uthe off perlod of the collector fgr these speczflc"

g

R S
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days. However the predicted - energy consumptibns,‘both
solar and electrlc energy, for 4% and 15% leakage are lfound'
to be almost | 1dent1cal as %hown in Table 6.3, 'except that
the amount of energy contrlbuted to the loss 1ncreases from

5.3% to 12.6%.

6.1.3 Cold Md Warm Month Test
Justication of the module UA factor and the montnly»
collector efficiency curve, was done by‘comparing the daily
varjiations of tne\simulated and. measured energy.oonsumptions
of Qg and Q. for some oold and warm montha} . This is shown
in Figure-.6.11"to» Flgure '15 in which the ambient
temperature is 1ncluded and the dlfference between Qs and
Q.. represents the electrlc energy Q aux supplled to the load.
In - the 51mulatlons the . total energy consumptlon is
. predicted“accord;ng to ‘tnel estimated heatlhg load Q by
,us1ng an average module UA factor based on three heatlng
seasons asg/ shown in Appendlx E‘1 " As  mentioned in

Sectzon 4, 5, this average UA factor represents the average

rate of overall heat losses of the control volume,‘lnclud1ng%ﬁ

the losses such as’ conduct1on heat loss through bu1ld1ng*
'struct#re, basement loss,’ xnflltratlon, leakage ﬁoss, etc.
'4 and the ga1ns such as passive solar ga1n,v bin loss,‘ duct‘
,loss 1ns1de house, etc., for each degree d1fference between_i
tyé room and ‘the -amblent temperatures under “ average

// -
/environmental condltzons of the three heatlng seasons. ~The

-

» a

' model assumes that the average ua factor of 140 .w/lc'\is
e o , - DRI e



Table Comparison of Measured- _and Slmulated Energy

,Quant1t1es fér 4% and 15% Leakage for The 2° Cloudy Days

Experiment - ' ) . Simulation
& % Leakage

) ] ¢ s
0, (M3) | T o 44.4 ‘44.3
Q. (MI), 1028.1 . 1041.0  1044.0
o, " 10691 . 1083.0 1085.0
Qi (MI) o . 57.8 137.3
. L » o T
% Solar 37 8.1 4.
% DLL - o/ 5.3 o ;'1“2.5‘
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applicgble for all days and ﬂpnphs; Therefore, the
predicted energy consumption by the system becomes mainly -a
function of ambient temperature and increases as ambient
' teﬁpera;ure decreases and vice versa. As a result, the
‘profile of the predicted Qé% has almost a reverse. shape of
the ambient teﬁperaturé.profile for each month as shown from
Figure 6.11 to Figure 6.15.

Theoretically, the resistance , to cénduction energy
transfer should be relatively constéﬁt uqless there is a
méjor change in moisture content for the materials. Usiﬁg
heat flux heters,\ the basement- loss during the héating
season hgs also been found to be relatively constant
(Zaheeruddin 1983). But the wind-speed, wind directiop and
the ambient temperature alter the infiltration energy.
component. The passive solar gain also véries due to
different radiation ievels in summer and'winter‘even ‘though
there is no south facing window in the module énd the small
windows 'in the east and west walls are almost completel;
shaded. Thus, the constant UA factor, while represenfative
of the average overal}hheat \losses, may differ’ from the
actual UA factor for parﬁicular days if there was a major
change in the balance of fhe time va:ianﬁ heat losses and

'gains. Néverthgléss, thé ’method appears to provide
N ~feésonable eétimate of Q.ys for most of the days. |
gﬁxfgy‘ Thei amount of_solér energy collected bydthé collecdtor

5
) o

»%i;@gpends mainly on the radiation level. The daily variations

of"bbth‘ measured - and predicted Q. are found to be in .good
| o h g ‘ ,
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agreement. This inaicatés that the monthly efficiency curve
is not only able to simulate the .monthly collected ‘energy
but also the daily collection withvreaSQnable accuracy.

For the cold months like Januéry -Mj9§2 and
Decemper 1983, the system obviously needed mucﬁ energy to
»hainéaih the room temperaﬁure within a comfort zone. Since‘
?ittle solar energy was available for-thése months,. a large
portion of energy was supplied by electricity'.a§ ﬂshown in

L)

‘Figufes 6.11 and " 6.15. The ¢ontfary is observed in

ol

Odtqber 1983 (Figure 6.14) in which the weather was warm and

the average radiation level was comparatively high, so that
less Qsy, WwWas required but more Q%ﬂf was  obtained.

))

Figures 6.12 ‘zand 6,13 1indicate that’ March® 1982 and.

December 1982 ﬂad almost the same range of ambient
temperature such that the energy supplied to theyéygﬁgm for,
these two months were nearly'in the - same level, N However,

there were less hours of sunshine in December 1982, the

major energy contribution in this month was électricity,‘

’
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6.2 Monthly Performance Analysis

The problem of damper 1eakage exzsts in most analyses
'of solar heat1ng systems. In the 11terature, the problem is
'usually ignored by simply assuming that the‘leakage is zero
or extremely low. Ip this - system, the 9bserved damper
leakage ranged from a low of about 2% to a high of about
15%. Since it is impracticablé‘ to ’éhange the percent
leakagé for the defective dampérs,‘ the simulation model
. assumes the system operates under a‘constant norm?l ‘leaking
- condition of 4% for storage bed operation mode and no
leakagé for the other’ operation modes for the following
analysis.

During-the three heating seasons, some experimental
data were missing owing to sfstem‘ ﬁalfunétion‘«and
‘ingtrumentatioq problems. The 'quantity of hourly. data .
available for analysis for.each month ﬁver the three heating
seasons are shown ih Table 6.4; To estimate the monthly
value of each energy quaﬁtity'from‘the»incomplete'ménthly
records of hourly data, each measured energy quantity -
VadJusted to 1ts monthly sum by multlplyxng a factor equal to
the rat1o of the number of hours in a month to the number of
‘ava11ab1e hourly data for that month
| gthe.‘application ‘of the simulation model in ' the
. following anayls1s is mainly based on the methods described

in Chapter 5. The adjusted monthly measurements will -also

be presented if available.
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Table 6.4 Number of Hourly Records Available per Month.
e
Morith 81 - 82 82 - 83 83 - 84
. Heating Heating Heating
Season *Season Season
Sep 577 317 /
Oct / 513 496
Nov 686 681 - 591
Dec 717 740 666
Jan 663 665 534
Feb 655 529" /
Mar 729 . -/

97
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6.2.1 Solar Contribution

Tables 6.5, '5.6 and 6.7 present the solar energy
delivered by the collector, the\electrxc energy supplied by
the heater, the sum of the solar and electric energy and the

calculated solar contribution for each month of the three

,,heating -seasons. It is apparent that the solar energy

collected during the cold: months llke December and January
was usually less than that collected during the warm monthsl
such as September and" March, with the amount varying between
a maximum of 2.62 GJ(2.43 GJ from experimeny) in March 1982
and .a minimum of 0.40 GJ(0.42 GJ) in December 1582 The
auxiliary energy, however, varled 1n an opp051te way wlth a

maximum of 14,63 GJ(14 22 GJ) in January 1982 and a minumum

of 1.89 GJ(2.03 GJ) in September 1981. As a result, ‘the

solar contribution obtained from both experiments and
simulations for each heatino season ranged from about 4 to
5% in December or January to about 50% in September and the
maximum poesible'.;olar contribution ;for a whole heat1ng

season was approxlmately 15 to 16% (except for 83-84 heating

season in which some of the months were absent) .

A}

_6.2.2 Solar Distribution

From 'theghtotal 1nc1dence radiation on. the collector,
only part of the energy will be collected The rest_will be

lost by reflectlon, conductlon, convection and infrared

radlatlon plus a sn?ll portlon that cannot  be collected
, e s=REE

,dut1ng {the Acollector off period. While delivering to the-
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Table 6.5 Monthly Solar Contribution for 81-82 Heating

-

Season
Experiment Simuy?tion
Month Q. Q4. Q,, %Solar Q¢ Qauwx Q4,, %Solar
(GJg) (GJ) (GJ) (GJ) (GJ) (GJ)
Sep 81+ 1.84 2.03 3.87 47.5 1.88 1.89 3.77 49.9
Nov 81 1,03 5.97 7.00 1&.7 1.05 6.63 7.68 13.7
Dec 81 0.90 9.89 10.79 8.3 0.97 10.52 11.49 8.4
Jan 82 . 0.72 14.22 14.94 4.8 0.75 14.63 15.38 4.9
Feb 82  1.51 9.76 11.27 13.4  i.61 10.04 11.65 13.8
Mar 82 2.43 7.32 9.75 - 24.9 2.62 7.54 10.16  25.8
Total  8.43 49.19 57.62. 14.6  8.88 51.25 60.13  14.8

e,



- Table 6.6‘§?onthly. Solar Contribution for 82-83 Heating '
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Season
N E.
Experiment Simulation
Month - Q. Qawx Qsy, %Solar Q. Qaux Qs %Solar
(6J) (GJ) (GJ) (GJ)  (GJ) (GJ) |
, .
Sep 82 2.30 2.14 4.44 51.8 2.19 2.34 4.53  48.3
Oct 82 2,37 3.56 5.93  40.0 2.34 3.91 6.25 37.4
Nov 82 0.96 8.68 9.64 9.9 0.93 9.66 10.59 8.8
Dec 82 0.42 10.11 10.53 4.0 0.40 10.60 11.00 3.6
Jan 83 1.05 .9.98 11.03 9.5 1.07 10.53 11.60 9.2
Feb 83 1.35 7.83 9.18 °%14.7 1.35 8.44 9.79  13.8 .
Mar 83 1.49 7.08 8.57 17.4 1.67 7.56 9.23  18.1
Total 9.94 49,38 59.32 16.7 9.95 53,04 62.99 15.8

¢
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Table 6.7 Monthly Solar Contfibution for 83-84 Heating

Season
Experiment Simulation
. Month Q. Q oy qus ¥Solar .QC 0 . Q’Hs %¥Solar

(GJ) (GJ) (GJ) (GJ) ~ (GJ) (GJ) .

EN
. e

Oct 83 1.97 4.14 6.17 32.2  1.80 4.46 6.26 28.8
Nov 83 0.68 8.69 9.37 7.3 o 0.64 7.95.8.59 7.5
Dec 83  0.77 13.75 14.52 . S.3 . 0.78 13.95 14.73 . 5.3

' Jan 84 0.84 9.89 10.73 7.8 1.02 9.71 10.73 9.5

Total  4.26 36.47 40.73  10.5  4.24 36.07 40.31  10.5




module, part of the collected energy willwbe lost alongtiiﬁr
insulated  ductwork. The net energy sent to the house wlll
‘be dlstrlbuted either to the. storage unit or dlrectly to the
room. Tables 6.8 to 6.10 give the monthly amount of each of
the energy duantities and their percent distributions. They
are lndicated by'the symbols; I A, total monthly 1nc1dence
lrad1atlon° Qch collector energy loss; Qc + collected solar
energy; ' "Qomp. + eRergy loss fromrducts outside the module;
Qotore energy delivered -to storage un1t° %CL,l percent .
‘collector loss; %OMDL, percent outside module duct loss; and
X*STORE, percent storage. ' »
Ddring each of the heating seasons, the percentage of
energy losses from both the collector and the duct."sections
‘increased Jtowards the cold months. In general the
collector loss ranged from about 55 to 70% of the 1nc1dence
radiation and was an average of about 60% for each season.
The.outside module duct loss ranged from about 6. to 13% of
the collected solar | energy and - was ‘an average . of
approximately 8%; ‘Due to instrumentation limitations, it -
was impossible to obtain the experimental heat loss from-the/
‘ductwork; Therefore, the out51de module duct loss can onl§
‘be estimated. by s1mulat1ons. - |
! Sznce less heating is required 1n the warm‘months, more
fdthan‘ talf :of__the cbllected energy was sent to storage. in
"September and‘March. Wh1levln the cold months, a large
,“pOrtiOn of ;the.vsolar energy dellvered from the collector

would be used 1mmed1ately for space heat1ng and therefore

! S . 3, -., E S ' . ]
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little energy was stored in the rockbed in December or
January. Aithough, the predictions of the collecteé‘ solar

>
energy “are shown to follow very closely to those measured,
the energy sent to storage is fouhd to be around 10% less
over‘a heating season. 1In otﬁ;r‘bords, the simulati&n model

distributed 10% more of energy directly to the room 1in the
: ~ ’\

opération mode of HFC. The deviatiion of energy storage from
\

’
H

experiments 1s probably because‘ a different control
criterion was used in the simulations.
During simulation, .the co groller's tendency to

\

osdillaté between its on and off §tatesvcaused a problem.
The‘contro;lér model uses operat{onaf hysteresis and 8Head
band temperature differehce to promote stability. The use
of<hysteresis‘in‘general does not gudrantee 'conxg;ggnce on
an output state in a finite nuﬁbp}\qg iterq{goﬁs because
control decisions caﬁ only be made at ntervals of the
simulation timestep. Thus, unlike real systems, a TRNSYS
simulatton involves dead bands in time and in temperature.
To prevent the simulation from terminating in error due to
excessive number of oscillations, the output - control
function no of the controller model ceases tqlchange“after a
permitted number of osciilatioﬁs, thereby hastening
‘numerical COhvergence of the system but -this may:decrease
the accuracy of the simulatiom. In the real system, the
control of ehe;gy’storgge is based on the diffefgnce betﬁeen
-the air tempefature atlgollector outlet and the temperature
at thé top qf the storage unit. Vhen the‘difference is over

i
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8°C and space heating 1is not required, the solér energy
available from the collector will be stored in the rockbed.
Otherwise, the mode - of energy stérage wili be off.
Simulations based on this. criterion were found to ‘be
unstéble. and frequently tefminéted in error. To alleviate
the problem, the dead band temperature difference was
increased until instability was removed. ’Increasing the
dead band difference represents a change in the system being
simulated. Thus, the simulated percentage of energy stored
was obta1ned on* the basis of a new criterion. Energy
storage occurred when the collector outlet éir temperature
was 10°C above the top'bin ﬁemperatpre, ‘and was terminéted’

when the difference was 1less than -1°C as shown in
[

Table 4.1. ' : ’ , ’

6.2.3 Rockbed Storage

It was difficult to determine the energy flows of the
“storége unit experimentally. Sihce only the average hoﬁrly
tehperature in the rockbed aﬁjacent to the top and bottom of
the rockbed was measured, an energy analysis was not
'pratiéai although . the qualitativé 'behavidr - could be
egaminedQ' The -air flow through the bed va;ied between
0.&22'm’/s and ‘0.218  m’/s depending on system mode as
mentioned 1in Section 3.1. The calcﬁlations of energy flows
showed that the discharge energy Q, was usually greater than
the sto;age energy Qg ore for most months and even for a

whole heating seaéqn. In this case, a negative monthly heat

4



108

[}

loss would be obtained. This 1s theoretically im;;ssible
unleSS energy was gained from somewhere to the bin._ It is
suégested energy probably leaked to the rockbed during HFC.
With the available inetrumentation, it was impossible to
: determine the leakage, the conduction heat loss Q. or the
internal energy change AU. Therefore the causes of energy
imbalance could not be identified.

Although experiments failed to describe the rockbed
storage performance, simulations can be used as ‘a substitute
to study 'the energy balance. The model used here for
simulation is the fnfinite Ntu rockbed model which is
. currently used in the TRNSYS simulation‘program. The model
is able to pr521de adequate temperature profile 1nformat10n
so that " the conduction heat loss ane the internal energy

change can be estimatedw However, simulation of leakage to

and from the rockbed reqguires-additional and complicated

modelling as well as sufficient experimental information.

Due- to lack of knowledge regarding 1leakage, the model

assumes leakage is negl;gibie.

The*'infinite' Ntu rockbed model has been proven by

Persons et al.(1979) to be capable of 51mulat1ng the storage

and dlschargeu energy flows w1th an accuracy of 5% for the

rockbed with the value of Ntu, the number of heat transfer

units, greater than 10 which- jincludes. most rockbeds in

current use.- The value of Ntu for the 'rockbed* is 22

_(calculated in Apéendix E—3) It is believed the model is

capable of g1v1ng reasonable est1mates of the' energy 'flows
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but its use is restricted to negligible leakage.

The simulated energy flon for the three 'héating
' seasons are given 1in Tables 6.11 to 6.13. The‘ energy
balance for the simulated energy gquantities cioses within
6.5% of the stored energy. The monthly negative change of
intgrnal energy 1is due to the initial set temperature of
22°C for the rockbed for each monthly simulation. The
average bin loss for a heating season from September to
March is about 5 to 6% of the storage .energy with Qsdally
more energy 1lost in the warm mqptﬁS‘and leg; in the cold
months (ekcept ‘for those months with almost " no energy
storage). |

.

6.2.4 Damper Leakage Loss

Preceding sections 1indicated that air leaks from the

module to the collector even though the «collector is. off.

" In this case part of the energy supplied from the rockbed’

and electric heater during the collector off period will be

lost from the module through the collector ‘and the ducts>to-

the outside: of the module. The monthly,energy‘loss-and the

total energy suppliéd for space heéting QH'for the three

-
/
’

: : v ¢
heating seasons are shown in Tables _6.14; 6.15 and 6,16,

'.Fbr' a 4% constant leakage, the predicted-éne:gy loss ;anges'

from about 1% in September to approximately 5% ' in. Decemberv“

or January. The "average loss over a heating season is

approximately‘3:t0'4%.-
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Table 6.1} Simulated Energy Flows of The Storage Unit for

81-82 Heating Season

vonth Qstore Q. Qe AU Imbalance %BinLoss
(MJ) (MJ) (MJ) (MJ) (MJ)
Sep 81  1480.0  1321.3  157.6  -0.2 1.3 10.6
Nov 81 442,.8¢ 435.4 9.9 -3.1 - 0.6 2.2
Dec 81¥1 119.0 124.3 2.6 -7.8 -0.1 2.2
| N :
Jan 82 . 1.4 3.5 1.0 -3.3 0.2 71.4
Feb 82  250.9  247.8 6.4 - -3.5 0.2 2.6
Mar 82 876.2 857.7  20.7 -=2.7 . 0.5 2.4
: _ 7
Total 3170.3  2990.0 198.2- -20.6 . - 2.7 6.3

h

‘e

Table 6.12 -Simulated Energy Flows of The Storage Unit for

82-83 Hééting éeason,

Mdnth Qﬁtmﬁ . Q4 Qe AU '11mbalance %BinLoss
: (Mi)_ (M3) XMJ) (M3) (MJ) |

Sep 82  1706.3  1516.2  113.1  76.1 0.9 6.6

Oct 82  1433.0 1374.7  60.9 -3.8 1.2 4.2

Nov 82  127.6  127.9 © 2.9 -3.4 0.2 2.3
. Dec 82  54.5  .56.4 2 3.2 0.1 2.2

'Jan"a3 41.3 §3.9 1?41 -3.9  -0.1 3.4

Feb 83 321.2  315.4 7.0 -1.3 0.1 2.2

Mar 83  414.9  406.5 ° 9.9 -1.5 . 0:0 2.4

© Total - 4098.8 3841.0 196.4  58.0




‘Table 6.13 Simulated Energy Flows of The

83-84 Heating Season

¢

111

Storage Unit for

Month Qo Qe AU Imbalance %BinLoss
(MJ) (MJ) (MJ) (MJ) (MJ)
Oct 83  1054.0  1024.0 31.8 . 1.4 3.0
Nov 83 176.1 175.5 -3.8 0.2 2.4
Dec 83 18.2 20. 1 .2 0.0 7.1
. 4 \
Jan 84 161.1 161.8 3.3 -4.3 0.3 2.0
| | , (
. . r. —J
Total  1409.4 1381.4  40.6 1.9 2.9




Table 6.14 Damper Leakage Loss for 81-82 Heating Season

Month Q.. Q oew %DLL
(GJ) . (GJ)
Sep 81 3.49 0.04 R
Nov 81 7.60 . 0.19 2.5
Dec 81 11.41 0.42 3.7
Jan 82 - 15.30 0.75 4.9
Feb 82 11.49 . 0.42 3.7
Mar 82 9,93 0.28 | 2.8
Total . 59.22 2.10 - 3.5

Table 6.15 Damper Leakage Loss for 82-83 Heating Season

@

%DLL

Month ‘ Qn . QoL
| (Ga) (GJ)
Sep 82 e o422 | 0.05 . 1.2
oct 82 - - §.07 0.12 2.0
Nov 82 10.50 0-35 BNV
Dec 82 10.95 0.38 3.5
~Jan 83 11.50 . - 0.40 3.5
Feb 83 966 0.30 - 3.1
Mar 83 . 9.07 ©0.21 2.3

| “Totai] k 61.97 1.8t 2.9




Table 6.16 Damper Leakaze Loss for 83-84 Heating Season

.

Month Q. Qowv %DLL
(GJ) . (GJ)

Oct 83 6.13 0.12 1.9

Nov 83 8.55 0.25 2.9

Dec 83 14.63 0.68 4.6

Jan 84 10.62 0.36 3.4

Total 39,93 1.41 3.5

113
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6.2.5 Summary of'Systéﬂ Enérgy.Flows

To permit meaningful interpretation of the performance
of the system for a period of a heating season, the
simulated and the available experimental results are
summarized in the energy flow charts’(Figures 6.16 to 6.18)
for each of the three heating seasons. The charts are not
to scale and all values are in GJ. The experimental results
are shown 1inside  the brackets underneath the simulated
quantities.

The. overall gerformance of the system for each heating
seaSon'ig relatively the same. From the total incidence-
energy, approximately 37 tb 40% was colleqted at the array.
The remaining 60 522 63% was lost to éhe environment

demonstratifig that flat plate collectors the major loss

oc;urs_atﬂthe cgllector array. From the collected energy,
approximately 8% was lost through the insulated ductwork
connecting the collécﬁo; to the module; 35 to 40% was
delivered to storage (40 to 55§ from e#périmenté); the rest
was sent qirectly to space heating. Duriné storage bed
opératiod  mode, about 94% of the stored energy was drawn by -

‘the load and 5 to 6% was lost from the stofége unit. The

- storage ,loss‘waé mainly transfer:ed to the heated space and

therefore is actually part-of the useful energy which helps .

to sa;igfy 'the,ghilding heating load. Energy lbst through
' the basgménﬁ floor waéﬁaéSumed to be'negligible.'

The asxiliaryﬂ‘energy ’iS‘actuallthhe majbr source of
supply and ;Ontribufgé approximatély 85% of the to{3ﬁ4!ioaa

L3
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# (based on QS% ? for the period of a heating season. Besides

vthe;actiVe'solar gain and electric energy ' supply, a small

£y

B

=

pprtion of energy should.be directly gained by passive solar
energy (amount unknown). Damper leakage loss based on 4%
leakage was about 3 to 4% of the net energy requirement Q,
%ﬁer each of the perzods of study At the time of{ writing,

_ the conductlon heat loss, basement’ loss and infiltration

2 -+

could not be separated.

A ’ .
.6 2 6 Justification Of The Simulation Model
'The percent errors of the simulated quahtltles will be
examlned in»Athls Vsectlon to determlne the accuracy of the
-simulations. ance not all - measured . quantities are
.available,' the accuracy of the model can only be jUStlfled
by comparlng the major energy terms (Q Q. QQ“, and ngsf
whzch represent the collector pérformance and the load. The
errors vere calculated on a monthly Pa51s by subtractlng the
"measured quantltles (the adjusted quantltles to account for

{

m1551ng data) from the 51mulated values. Thus, positive

i S e
error ;ndlcates _over- estlmatlon and negative refers to the~

) under predlctlon by the model . The percent error relatlve
to the meaSurement of each _energy quantlty for each qonthégf
the three heatlng seasons is. plotted in Frgures 19 t

6 2. . . ‘ v

) S ctlon 6.2.2 showed that the.predlctlon of the percent
;ener Y vstorage\ is about 10% less than measurement over a
heating season. The rest of the'simulations howeVer follow

. S B

a . o b
W - - e
. . :

Ve



% ERROR OF Q.

" % ERROR OF Q¢

119

25
20 » - - - — }(
15 '
" 10 A
’ {
o o o) % A »
A ' T 3
‘ A
""5 = ( 3
_1'0 X
: O=81-82 HEATING SEASON
-15 A=82-83 HEATING SEASON
. A X=83-84 HEATING SEASON
-20 — . e "
—25
AUG SEP OCT NOV DEC JAN FEB MAR APR MAY
"MONTH
'Figure 6.19 Percent Error.of Collected Solar Energy
25
20
15
10
’ X
5
A D 4
.o A A
. ) i 4
-5 v Q) L o
‘ . . [} Er
-10 ‘ > . ‘
g ' O=81-82 HEATING SEASON
- ~154 T ‘ AT82~-83 HEATING SEASON
, : X=83-84 HEATING SEASON
-20 e
—25

AUG SEP OCT NOV DEC JAN FEB MAR APR MAY
MONTH

Figure 6.20 Percent Error :of Collector Loss

-



_% ERROROF Q,

|

3

% ERROR OF Q,y,

120

23
20
5
15 N
10 posy
X _ a A
o - piny ;
. g JEF o 0
(4] . -
X
-3 P
~10 X
O=81-82 HEATING SEASON
-15 A=82-83 HEATING SEASON
X=83—-84 HEATING SEASON
-20
-25
AUG SEP OCT NOV DEC JAN FEB MAR APR MAY
. MONTH
Figure 6.21 Percent Error of Auxiliary Energy
‘28
204
15
10 - — ~1#'£
] . A
3 ' % 3 F 3
‘ D
0 4 ) X A ‘
‘ 0] '
-3 E
. [
-10 X .
. _ 0O=81-82 HEATING SEASON
-13 % ¥ A=82-83 HEATING SEASON
B | ‘ X=83-84 HEATING SEASON
~20- . ‘
-25
AUG SEP OCT NOV DEC JAN FEB MAR APR MAY
‘MONTH - o

Figu:g 6.221?ercent Error .of Totél System Energy supply

! S -



121

closely to those measured with the errors mainly lie within
™~
. +10%. The Simulated value of Q. for January 1984 is 21.4%

over-predicted. This discrepancy'may be because:

1. the adjusted measured'quantity may be different from
the. actual measurement. .

2. collector tilt angle ~was changed from 68°, the
optimum angle, to 88° in December 1983. Using‘_the
efficiency curve of a gollector tilted at optimum-
angle to estimate the solar energy colleéted by a
collector *tilted at 88°, a discrepancy is expected.
The effect of collector‘tilt angle will be discussed

in next section.

Since actual monthly measurements of energy QUantities
are unknown, fhe accﬁracy ‘of the adjusted measured
gquantities is unable to be determined. ~Qowever, it is
believed the errors created bmei;sing data can be‘mOre or
less eliminated ifséhe average monthly quantitiés" of the
three heating seasonsiare used, instead, for cémparisons,

»

The average monthly !vaiues’ ofrthe energy éuantities from
bp;h experiments and'simplatiéns are shown in Tablé 6.17 and
their 'percenf ber;bré S:e piotted in Figureh6.231 In this
casec'thé'errors are Wi:hip +5% for more ' than -80% of the
itemé. 'The. average Qa“ﬂi¢and Q,qs_are‘over-predicted.for
every month although the éiéérepadcies are  small.. This

—— - ———— - - ——— - -

"' For éxamplei the average &anuary’value of the measu;éd Qc
~is [0.72+1.05+0.84]/3 = 0.87 GJ from Tables 6.5 to 6.7.
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Table 6.17 Averages of Monthly énergy Quantities

£

Experiment : Simulation

Q. Q. Qaue Qsys Qc Qe Qaun Qy,

(GJ) (GJ) (GJ) (GJ) (GJ) (GJ) (GJ) (GJ)

Sep, 2.07 2.96 2.08 4.15 2.03 3.00 2.12 4.15
Oct ~ 2.17 2.63 3.85 6.02 2.07 2.73 4.18 6.25
Nov 0.89 1.42 7.78 8.67 0.88 1.43 8.08 8.96
Dec 0.70 1.51 11.25 11.95 0.92 1.49 11.69 12.41
Jan 0.87. 1.89 11.37 12.24 0.94 1.82 11.63 12.57
Feb 1.43 2.39 8.79 10.22  1.48 2,34 9.24 10.72

" Mar 1.96 3.18 7.20 '9}15 2.14 3.00 7.55 9.69

To;ai 10.09 15.98 52.32 62.41 10.26° 15.81 54.49 64.75
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implies that a slightly lower value of the module UA
“than 140 W/°C would give even better judgement of the
Appendix E-1 indicatef that the value of 140 Ww/°C
round off wvalue of 137.9 WwW/°C. Therefore,F the

appropriate value for the module UA factor should be

138 wW/°C.

124

factor
load.-
is the
, more

137 or
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6.3 Parametric Stuay

In preceding sections, the performance of the solar
heating system‘ was analyzed based on a fixed design.
Simulations, on the other hand, prov1de the ppportunity to
determine the effects of changes of de51gn parameters, Of
all the physical parameters, only few are considered to be
significant'?, Since the collector and storage facility are
regarded as the principal compdnents, and4_the overall
performancerof a soier heating system is generally the
result o§ the thermal performanee of thefcollector and
storage unit, investigation of the effects of changes in
their’pafameﬁers is essential. In this section, simulations
are used to show how the collector area and the storage size
affect the solar contribution. The effect of collector tilt
angle also wili be discussed. The selected period of study
‘is the 82-83 heating season (ie., from September 1982 to
March 1983). The area of the collector is increased by
assuming that identical arrays are added in series. The
rockbed ‘is sized as a ratio to the collector | area,
Simulations were done at storage siées ofv0i01, 6.05, 0.18
and 0.50 m’/m? for collector areas of 11.1, 33.3 and
99.9 m?, | -

‘Figure 6.24é Shows * the seasonal  solar heatlng
contribution as a funtlon of the collector area for the four
'ratlos of storage 'capac1ty‘ (1e.} the ratios of storage
volume to co}lectof ‘areak‘iﬁ m’/mz). figure 6.24b. gives

- - ——— - - -

'?Mentioned by Duffle et al.(1980), p.365,'
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essentially the same information, but is in terms of the

storage capacity. The solid curves in the figures represent

the design values of thelcoilectOEEQrea and storage capacity
for the system. As seen from Fiéure 6.24a, the percent
solar contribution increéses fas}e£ at small collector areas
than at large areas. Thus an incrgment in collector area
pfoduces more useful energy for. small collector areas than-
for large collector areas. This indicates that a larger
collector 1is oversized %or longer period of the heating’
.season than is a small collector. Figure 6.24 shows that
change of'stor;ge size for small collectors has small effect
on solar contribution. Within the test range for the
-heating . season, the storage  effegt is relatively
insignificant for the 11.1 m? collector. As the‘ ¢ollector
area increases, the effect of decreasing storage size become
more pronounced since the bottom of the bed \is at a higher
average temperature than the room température, resulting in
an increase in'air temperatﬁre to the collector. Generally,
the solar contribution is relatively insensitive to storage
volume once a critical storage capacity 1is exceeded. The‘
pérformance of the solar heating‘;system‘vis much mére
‘sensitive to collector afea»than to étoragé VOlumé.“
Seﬁtember 1982 énd'\December 1982 are.the two extreme
ﬁont&s in the 82-83 heating séasonﬁ ohe has 'the highesg'
percent solar éonttibution1(5eptember) and the other has,the
ioweSt perceg;age (becember) as shown . in Table 6-6. The

effects of the éollectq;, area for the stotage size of
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0.18 m?/m? f3r these two months and thelﬁhole heating season
are compared in Figure 6.25. It is clear that the curve for
the whole heating season lies between the two extreme
monthly" curves. The variation of the shape of the montﬁlx
curves depends on the relative magnitudes of the heating
load and the insolation. As in December 1982, a month with
. limited _incidentlradiation,‘the‘soler contribution can only
increase gradually as collector ;;ea is added:‘ Hewever in
September 1982, the relatively high radi%%ion level coupled
with the low magnitude of heating load %ead to a sharp
increase in the solar contribution at small collector areas
until appreximately 30 m? is reached. After this point, the

improvement iq/solar contribution to space heating is not as
)

pronounced, due to the fact that the collector is oversized

for a great part oﬁf’ﬁt?honth.

'Figure 6.26 compares the effects of the storage size
for the 11.1 m? collector for the same two months and the
‘heatingvseaSQd. For the cold climate in Edmonton, storage“
effec§- seems to be insignificant fo; this system during'the
.heatingqéeasqn,'as most of the energy from the .collector
will® be Qsed immediately for sﬁaee‘heatingﬁjn ﬁFC, with only
little energf stored in the rockbed. - Therefore, e;en Cif
there was ino storage,; the ‘11.1 m* collecteg wouid etill
sﬁpply approxbmately 10% q‘ﬂ'the . load over the heating
season, For ‘December 1982, ¢hange of storage appears to
have neveffecﬁ at all woﬁ the solar contribution ae it

.remains cbnstaht'within the test range. Towards the summer,
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STORAGE CAPACITY = 0.18 %Z/mz
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Figure 6.25 Comparison of The Effect of Collector Area for

September 1982, December 1982 and 82-83 Heating Season
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Flgure 6 26 Comparlson of The Bffect of Storage Capac1ty for
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. the szgn1f1cance of storage 1ncreases since more energy will
- be stored. As 1nd1cated the decrease in percent solar
contribution from norm§§ 'storage (0.18 m’/m’) to no storage
mreaches about 30i\\of Eh - load in Septemberv1982; "The
critical storage capacity decreases from approximately
0.15 m3®/m? in September‘to almost zero in December and is
about 0.05 m?’/m? for the whole season. Therefore, the
ex1st1ng storage capacity dé 0.18 -m?’/m? is adequate. for thls
system for the period of a heating'season.'~v'

The energy quantities hfor the above studies are
summarized in Tables 6 18 and 6.19. The -addition of the
‘solar heatlng system increased th;“heatlng load As shown
the load is to some degree a functzon«of sysﬁem size, 51nce
operation of larger systems keep the module at slightly
hlgher mean temperatures. In December 19&2 space heatlﬁg

§?1nly supplled by the electric heater rather than the
solar heating system thus no szgn1f1cant chanﬁe in the load
due to change of system size 1s observed for tﬁ t month

The collector_ component was modelled by\ u51ni a
collector eff1c1ency curve whlch was calculated based onken
“optimum tilt _angle at 68°“ Collector performance._at; oth%r;
tllt angles ‘is therefore, unable to be determined_by,the ‘
,model ) 'However, -rbf Vmeans V”of 3the résults »of
"Balcomb et al. (1975)" "he. effect5‘ 5J collector tilt on
;percent solar contrlbutlon' can be: approx1mated 1nd1rectl§.
from ?&gure 6 24 The results of Balcomb et al ~are glvemvk

_________________ -

"Provxded by the manufacturer for the Solaron serles 2000
-:flat plate air type collector.
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Table 6.18 Summary of Energy Quantities for . Different

Collector Areas and Storage Volumes for 82-83 Heating Season

G

. s v
Coiiggtor 3;?5;2? Qe Q sys % Solar \
(m?)  (mk (GJ) ey . ~ o f
| e ‘ : |
TR 0. 11 © 7,91 . 63.10 . 128
10.56 © 9.38 . 62.99 14,9,
2,00 9.95 62.99  15.8
5.55 Cq0itt . '52.99 ERTIRS
33.3 0.33 16.31 63.45 25,7
©o1.67 ‘20,82 - 63.64 32.9
6.00 22,99 #63.97 35.9
16.65  24.15 g4.28 37.6 -
999 1.o0 27.81 j‘ 64.09 . 434 o
T " 5000 34095 - eb.26 536 o
* 18.00 Y oaeaar 67.15  58.7
~Sb.oo‘  V 42,51 68.86 . 61.7°
pod ’
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i

Table 6.19 Bnergyubuantit}es for Different Collector Areas

and Storage Volumes for September and December 1982

Month Colleétor.Storage : Q. - Q gy % Solar
- Area Volume - . :
(m?) A{m?) (GJ) ¢ (GJ)
. ., ¢
Sep 82 1M.1 . 0.11 . 1.00 4.61 21.7
o | - 0.56 o 1.84 4.56 ‘40.3_
R . 2,00 2,19 - 4.53  48.3
. 5.55 . 2.27 .54 50.0
R 33.3 - 6.00 4438 5.48 . 5 79.9
v seg 1800 7.7t . - 8.43 . 93.7
_Dec-éz ..11.1 0.11 - 0.39 ‘ 1};02' 3.5
| 0.56 0.40 11.02 3.6
2000 . 0.40 11,00 .36
- ~ 5.55 0.40 . 11.03 3.6
33.3,  6.00 - 0.98 . 11.05 8.9
99.9  18.00  1.78 11.10 15.7
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in figure 6.27 which shows the relative collector area
required to ProVide'the same annual fuel savings as a system
ét optimu& collector tilt for thase at other tilt angles.
Aé indicated, the optimum collector tilt for space heating
'is equal to the latitude plus 5° to 15°. Por IEamoﬁton at
53.6° N latitude, the optimum éollecto: tilt would be 58.6°

to 68.6°. If a collector was tilted at 88°, the relative

collector area required would be 1.07 of the area of the

X

collector .at optimum tilt angle. In other ords if a
collector of 11.1 m? was tilted ét‘88°, thé'eq:?bifgnt area
for the collector tilted- at 68° would be
11.1/1.07 = 50,4 vmz. The <corresponding percent solar
contributions for 11.1 m? énd 10.4 m? gn Figure 6.24a for
normal rstqrage raré about 15.8% and 14.8% respectivel§ (a
difference in approximately 1%),. The percent difference in
the aqunt of " solar gnérgy collected by thé colléctors is
_ thus k15.8—14.8)/15;8 x 100% = 6.3%. Therefore the change
‘in collector tilt angle from 68° to 88° resuIt§ &n a
decrease of ébout 6.3% in collected solar enefgy ;hd

approximately 1% in solar contribution for a heating season.

r o
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions
A model has been deveioped by using the TRNSYS program
to simulate the solar heéting system at the Albefta Home
\ﬂfating Research Facility. The model has been tested and
applied to the analysis of the performance of ﬁhe system.
Available measurements also have Seen presentedj to compare
the simulations. The results lead to the following

~conclusions,.

TN
7.1.1 Moéelling
The model is able to provide detailgd information on
énergy~flows and témperatdre profiles at different locations
~of the solar‘heatiﬁg s}stem for a wide range of performance
studies. The model  is flexible enouéh to examine system
modification such as changes of ﬁhe physical parameters for
collector, storage, and other cbmpdhents, . so that’
~determination of the parameter effects, which are
essentially impossible to get by other means, éan be
obtafned from simulations. The model has the potential fop
“very' detailed analysis. .'Application to detailed anélysis
requires furthér justification of component 'paraﬁeters and

detailed comparisons to _experimehtS'to_ensure that all of

the information obtained from simulations are sreasonably
accurate. With the ‘available 'experimental information

provided, the model wés proven to be able to obtain

135
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agreements thaﬁ are comparable to the accuracy of the
measurements of the collector performancg and heating load
on the physical system. However, the prediction of the
percentage of energy storage in the rockbed was usually less
‘than those measured.
With or without the effect of non-normal ~ solar
incidence, the .sﬁandard test curve of the collector
.efficiency predicts ;éw collected solar energy. Hourly
collector efficiency curve requires consideration of
incidence angle mod}fication to‘ iﬁp:ove accuracy. The
monthly curve is more representative of the overall

collector performance and includes the “incidence angle

effect.

7.1.2 Analysis *
Conclusions araﬁn {from the analysis of the solar
heating system can be sum%arized as follows.
1. The’collector parameters Fr(ra) and F, U_ from the
- standard test curve did hot represent the physical
pfopertiés of the assembled collector. |
2. Improper operation of dampers‘occurred in the syétem
during storage bed operation mode so that air leaked
A from the module to the céllecto:} The,percentége of
' T damp’gr: leaﬁka‘ge was found to range from 2 to 15% o've_e:
: | the yeafs._’The.éﬁgrgy.losp due ‘to damperlyieakage
‘reached‘ f?om about 1 to 13% "of‘ the net energy
”reguiréd byf the éystem "forl 2 and 15%  leakdde

o
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respectively. For a constant normal damper leakage
of 4%, the average 1055 over a period of a heating
season ;as about 3.5%.
The overall performance of the system' for eaeg
heating. season 1is essentially the same. From the
total incidence energy on the collector, qnly 37 to
40% was collected by the collector so that.the major
loss occurred at ;he collector array. From the
collected ene;gy, approximately 8% wes lost through
the ducts located outside the module; 35 to 55% ‘was
sen; to storage; and the rest was delivered directly
to 'space heating. Approximately 94% of the stored
energy was drawn from the rockbed by‘the load and<S
fo 6% was lost mainly to the heated "space. The
average of the total incidence ‘energy on tﬁe
collector for the period from September to March was

¢

_about 26 GJ.

-~

The solar «contribution evaluated by  the maximum
contribution, method discussed 1in Chapter 5 ranged‘
from ‘about 4 to 5% in December or January to: about
50% in September, and the maximum-,possibie
contri£ution of solar energy for a thle _heating_
season was approximately 15%. 'Ins otﬁer words, a
minimum of about 85% of the'ﬁeating lead was met by
electric energy.' ' The average sum 6f(the solar and
"electrib eeergy'SUpplied_to the sysﬁem'for‘Ehevpeind.

was-around 62 to 64 GJ.
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The effect of change of <collector area on solar

contribution 1is more pronounced at emall collector
areas, as a larger collector would be oversized for a
longer period of time Aespeeielly in summer. The
solar contribution is relatiyely insensitive to
storage volume once ‘a critical starage capacityiis
exceeded. This critical storage capacity is larger
in summer than in winter. WithinAa heating season,
the existing storage capacity of .'0.18 ms/mz is
adequate for the 11.1 m? collector. The‘inctease.in

collector tilt angle from 68 to 88° resulted in a

“decrease of about 1% in selar contribution and 6% in

collected solar energy. The performance of the solar

heating Syéteml is much more sensitive to collector

‘area than to storage volume and collector slope.

.Energy saving of at least 4% of " electricity

consumption over a heating season could be achieved

by fixing the leakage dampers and reducing the length

.0of the ductwork connecting‘ the collector' to the

module. The energy recovered from duct loss durihg

collector on period by attachlng the collector to the

l‘south wall is sFightly more than the loss due to. the

-

increase in collector slope.

-
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7.2 Recommendations

studies,

1.

The following points are recommended for fur%her,

improving 51mulat10ns and system performance.

More thermocouples are needed at different levels of
the bin to study the mockbed behavior in‘more detail.
Peéiodic measurements of air flow to the collecto;,
storaoe unit and the room are necessary to determine
the leakages , if any, to the components.

Energy lost from the duct's located outside the module
can be determined exberimentally by installing
thermocouples at the ent;jes andfexits of. the .duct
sections., f

Experimental determination of damper leakage loss,
duct loss and bin loss are.required to justify Ehose
obtained from simulations. °
System performance for tne summer period, and the

effects of changes of ‘collector ."area and storage

capacity on annual performance“of“the system should

be .studied.

It isv recommended that the solar c011ector be

atfached to the south wall ‘of the module to. mznlmlze

v

the énergy losses from the ducts.

The module UA factor should be changed from " 140 to

137 W/PC' fot ‘better representatzve of the overall»-‘

heat loss from the module for long term s1mulat10ns.
Mode 3"of~the TYPE - 1 flat plate solar collector

component is a theoret1cal steady state model whzch
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includes consideration of. the effects of;collecgpé
slope and windspeed on F,.(ra) and F, U_ . The model
facilitates the estimate of collector performance
under different conditions for 'gﬁe collectors with
different numbers of glass covers. If all of the
PARAMETERS required by this model were known, it
would 'be worth wusing this model to predict the

collector performance. ‘ -

-

If a record of total rgdiation on collector .surface
is available and non-normal incidence effect is not
considered, the two solar processors, UNIT 9 and 10,

can be omitted for reducing computational effort.

A()
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APPEND&%%A: Parameters of Component Models -

TYPE 16 Solar Radiation Processor

~

. 1. Radiation Mode

]

2. Tracking Mode

3. n
4 ¢
5. Sc
6. SHFT

Type 1___Solar Collector ¢

4 when I, and Is are inputs

5 when I and lan are inputs
, o

1 for fixed surface

i-

day of year of the start of the

simulation

“%

‘latitude, 53.57° for Edmonton

solar constant, 1353 W/m?

shift in solar time hour angle, -8.52°
. -
for Edmonton

1. Collector Mode

2 Ns
3. Ao
4. Cpc

5. Efficiency  Mode

6. Gtest

7. Fr(ra)
'8. .. FI'UL
: 9. €

1 for linear efficiency”
number of collectors in series
total éollector area, 11.1 m?

spec1f1c heat of collector fluid,

',1006 J/kg °C for a1r

".heat exchanger (1f sO,

Wheat exchanger)

1 for«n vs.l(TCL Tl)/Lr

mass flow rate per un1t ‘area at AS Lo

test condxtlons

intercept efficiency

fnegétive'of;thé"SIQp'Qf;cher )

eff1c1ency curve

effectlveness of the collector loop
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10. Cpf v - specific heat of fluid entering the
cold side of the heat exchadger,
1006 J/kg-°C N

11. Optical Made -.1 for using incidence modifier

'i;constant’from ASHRAE 93-77

12, ‘bouﬁ‘d o -:inéidpnce angle modifier'constant
'Af from ASHRAE 93-77 test, 0.17
- TYPE 31. Duct - |
1 - d. ‘ --duct insddé diamete}, 254 mm
2. - L ! - —rduét lengtH,A267Q mm
3. ; U - I, = overall loss coefficient based upon
o ‘Q; o ..iﬁside ddgt surface area, 1;47.W/m2-5C
4., P ‘ - fluid‘densiti( 1.2057~kg/m3 |
5. v Cp - fluid spécific}ﬁéat, 1006'J/kg-°
6. Tif A - inftiai f.luid;i ’;erature, 22°C
~"I‘YF’E 2 ~ v
1, the'nuﬁbér of osciilations 6f the -
"-controller 1n a tzmestep after which~ .
‘ , Yo ceases to change o - : _‘ ;
éﬂ.a.;AT;A> R f»upper dead band temperature d;fference -
".3, AT, e lower dead band temperature dlfference ‘
- g - | _ .
: 1.7, @m;;’ .~': -;ﬁ?aiimumﬂflod iatef.O;igd.%g/sf‘i
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TYPE 11 Damper

1. Mode - 2 for flow diverter

.3 for flow mixer

1 RocK T rm tor ‘

3
1. Cp - specific heat of air, 1006 _J/kg-°C
¥
. 2. L - length of the rockbed in the flow &

direction, 1040 mm

3. A -.cross-sectional area of rockbed,

1.88 m? . ' o
4. P ' - perimeter of rockbed wall, 5490 mm
5. Cpr - specific heat of rock, 880 J/kg-°C
6. ‘4._ - apparent rOCkbed aénsity; 1530 kg/m’
- 7. U - loss coefficiénf, 0.443 W/m?-°C
8. K - effectibé“tﬁermai,conducfivity in the

axial direction, 0.125 W/m-°C

-

14

TYPE 12‘ Load | : ,' . , oy
1. Mode - 4 for floati;% ﬁemperature with
nofauiiiiéry N
2. . UA° - overall conductance %or heat
i loss f;ﬁﬁ house,.140 Ww/°C o
5f3:,;‘.CAP b_‘., J-”lumped_thermal“capacitance of - .
L housé, 11000 k3/*C
'4;2_ fwri:‘f * §~_‘#,initia1 roém teﬁpgfature,;2zicl
5.; :ftpff;%i'  ; ";.specific_heat.of heaﬁ,sOurCe

fluid, 1006 J/kg-°*C
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product of the effectiveness
and minifun capacitance rate of

load heat exchanger, 0

set témperature of top storage
bed for‘HFS with

1/2 electric coil on, 24°C

set temperature of top sto}age

bed for HFS with electric

"coil off, 36°C

air set temperature at.cbllectdr
outiet for HFC with

electric coil off, 33°C-
electric power supply for first
stage heating, 3.75 kW |
electric power éupply for ﬁwo

stage heating,‘7.5‘kw o ,Q

6. Ccm‘n -
TYPE 36 System Analyzer
1. Tﬂ -
2. T52 -
3, Tcoz -
4. .P| -
S.A _p2> -
6. Pmin -

minimum power supply to keép

the fan on, 0.631 kw

4
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- APPENDIX B: Subroutine Program of The System Analyzer

*

*************************#********t*******##**#**x***t*#
* A}

* THIS ROUTINE IDENTIFIES THE MODES OF OPERATION AND
* AUXILIARY ENERGY FOR FIRST AND SECOND STAGE HEATING.
* THE ROUTINE ALSO CALCULATES "COLLECTOR ON" INCIDENT
* RADIATION, ENERGY TO THE ROCK BED, TOTAL. ENERGY
* SUPPLY TO SPACE HEATING, TOTAL ENERGY SUPPLY TO THE
* SYSTEM, AND ENERGY LOSSES

E 3

*

L K JEK JEE JNE IR JEE R N )

*{**********************************_******************

NnNnONNONONNONN0

SUBROUTINE TYPE36 (TIME,XIN,OUT,T,DTDT,PAR, INFO)
DIMENSION XIN(20), OUT(20) PAR(10) INFO(]O)
COMMON /LUNITS/LUR LUW, I FORM
) IF(INFO(7).GE.0) GO TO 100
. C FIRST 'CALL OF SIMULATION
INFO(6)=9
INFO(9)=0
CALL TYPECK(1,INFO0,9,6,0)
100 CF=XIN(1)
CF1=XIN(2)
CF2=XIN(3)
TCO=XIN(4)
TST=XIN(S)
QLOSS=XIN(6)
QC=XIN(7)
QS=XIN(8)
RAD=XIN(9)
QAUX=PAR(6) : R .
RADC=0. _ : o 0
'QDLL=0, AT o
QOMDL=0.
. QT=0
~QSTORE=0.
IF(CF1.EQ.1.0.0R. CF2 EQ. 1. 0) GO TO 200 .
WRITE(LUW, 1000) INFO(1),INFO(2).
1000 FORMAT(//ZX 24H**x%% WARNING **xx% UNIT,I3,5H TYPE,
. 13/4X,39HDETECTED INCORRECT POSITIONS OF DAMPERS)

" RMODE=-5. ; | .
. GO TO 300 ‘ A -
200 IF(CF1.EQ.1.0.AND.CF2.EQ.1.0).GO TO T : .

IF(CF1.EQ.1,0,AND.CF2.LT.1.0) GO TO 2
" IF(CF.EQ.D. ) GO TO 3

C STORAGE
RMODE=4,
RADC=RAD
QSTORE=QC-QLOSS"

: GO TO 300
C SYSTEM OFF

N} '

149
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3 RMODE=5.
QAUX=0,
, , GO TO 300
2 IF(TST.LT.PAR(1)) GO TO 5
IF(TST.GT.PAR(2)) GO TO 6
of HEAT FROM STORAGE (1/2 COIL ON) : C
RMODE=2.0
QAUX=PAR(4)
GO TO 9 ,
HEAT FROM STORAGE (COIL OFF)
RMODE=2., 1
GO TO 9
ELECTRIC HEATING (FULL COIL ON)
RMODE=3,
QAUZX=PAR(S) A
QT=QS
GO TO 10
. IF(TCO.GT. PAR(3)) GO TO 8
HEAT FROM COLLECTOR (1/2 COIL ON)
RMODE=1.
"QAUX=PAR(4)
GO TO 11
HEAT FROM COLLECTOR (CoIL OFF)
RMODE=1. X
1 QT=QC- QLOSS
. RADC=RAD ‘
.10 . IF(CF.EQ.0.) WRITE(LUW, 2000) INFO(1) INFO(2)
.2000  FORMAT(//2X,24H****x* WARNING **t%* UNIT I3,5H TYPE,
<, 13/4X,28HDETECTED INCORRECT FLOW RATE)
300 QH=QAUX+QT
IF(CF2.LT.1.9 QDLL=QLOSS QC
IF(CF2.EQ. 1.) QOMDL=QLOSS
. IF(CF2.LT.1.) QC=0. :
QSYS=QAUX+QC ‘
o ouT(1)=QC_ '
. ouT(2) =QS7?ORE :
~OUT(3)=QAUX
OUT(4)=QH
OUT(5)=0SYS
OUT(6)=QOMDL
OUT(7)=QDLL
oUT(8)=RADC
OUT(9)=RMODE
RETURN
END

(@I o VO on

-0



Appendix C: Recommended System of Units for TRNSYS

Simulation

It is recommended to use a modified metric system for
TRﬁSYS simulatién of hour by hour éynamic thermal 'behavior
of a solar heatiné system. The modified metric system is

shown in the followiﬁg table which uses the SI conventions
’exéept that the hour (hr) is the standard unit of time

instead of the second (s).

DIMENSION ' RECOMMENDED UNITS
time | A hr »
length _ . | - m
area ‘ : ’ ' . m? -
volume m?
mass - \ kg R
temperature‘ - ' °C |
energy 1 . ' " - kJ
energy flow - . ‘ " kJ/hr
energy flux - o L | kJ/m? -hr

mass flow rate o rkg/hr
séecific heat . : | l ~*$d/kg-'c
heat trangfer coefficient .'  kJ/hf-m"°C’
therhal coﬁductdvity v“ o « .,kJ/ﬁr-$j°C
angle ' R ,; —_ ‘“' degrees

.
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Appendix D: Sample of Simulation Control Program with

Results

A simulation céntrdl program with results for
of the solar heating system«performance for the
days, February 20th and 21st, 1982 are - shown as
The recommended unit system.‘was used 1in the

simulation.

S
L
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the study
two clear
follows.

following
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ta

TRNSYS - A TRANSIENT SIMULATION PROGRAM
FROM THE SOLAR ENERGY LAB AT THE UNIVERSITY OF WISCONSIN

VERSION 12.1 11/1/83
SIMULATION 0.0 4.800E+01 1.000E-01
TOLERANCES -1.000E-01  -1.000E-01 - (
WIDTH 72 D
LIMITS 20 4 | ) ’
UNIT - 1 TYPE 9 DATA.RéADEB (FORMATTED)

PARAMETERS 28 .
9.000E+00 1.000E+00 -1.000E+00 1.000E+00 0.0 .

' -2.000E+00 1.000E+00 0.0 -3.000E+00 1.000E+00
0.0 . ~4.000E+00 1.000E+00 0.0 ~6.000E+00
3.600E+00 0.0 - ~7.000E+00 3.600E+00 0.0

-8.000E+00- 3.600E+00 0.0 -9.000E+00 3.600E+00
0.0 0.0 " 1.000E+00 ,

(F3.0,2F2.0,F7.0,5F8.1) , .
¥kEXXXXEXXRXXRkxk%xx SYSTEM CONTROLLER EEEREKKEEXRRRRRRRR

UNIT 16 TYPE 2 CONTROLLER NO. 1
PARAMETERS 3
5.000E+00 1.500E+00 0.0
INPUTS 3 :

0, 0 . 5,4 16, 1
2.150E+01 2.200E+01 0.0 -

UNIT 21 TYPE - 2 = CONTROLLER NO.2
PARAMETERS 3 | .
§.000E+00 1.000E+01 -1,000E+00

INPUTS 3 ‘ .
2, 1 4, 3 21, 1

'2.200E+01  2.200E+Q1 0.0 4 o
UNIT 23 TYPE 2 ‘.CONTROLLER NO,.3 ’

PARAMETERS = 3 C . .

5.000E+00 7.000E+00 0.0 S

INPUTS 3 - o . -
2,1 . 0,0 23, 1 c

2.200E+01  2.200E+01 0.0 . )
UNIT 17 = TYPE 15 . NOT GATE .

PARAMETERS = 1 : s o

1.000E+01 .. , :

INPUTS 1 S

16, 1. A ’ ’ )

0.0 -
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1, 1

154

UNIT 18 TYPE 15 DAMPERS CONTROLLER
PARAMETERS 8 :
0.0 0.0 1.200E+01 -4.000E+00 0.0
0.9 1.200E+01 -4.000E+00
INPUTS 4
21, 1 16, 1 17, 1 , 23, 1
0.0 0.0 1.000E+00 0.0
UNIT 19 TYPE 15 NOT ,GATE
PARAMETERS 1 _-//G
1.000E+01
PUTS 1
MTrE
1.000E+0
UNIT 24  TYPE 15 DAMPER LEAKAGE
PARAMETERS 5 o
0.0 0.0 1.000E+00 0.0 1.200E+0]1
INPUTS 3
0, 0 ° 19, 1 18, 2
_4.000E-02 0.0 1.000E+00
UNIT 20 TYPE 15  .FLOW ADJUSTMENT
PARAMETERS 8 : \
0.0 0.0 1.000E+00 -4.000E+00 0.0
0.0 1.100E+01 -4.000E+00 \
<~ INPUTS 4 L
18, 1 0, 0 19, 1 - 16, 1 °
0.0 5.600E-01 0.0 0.0
UNIT 22 TYPE 15 FAN CONTROLLER -
PARAMETERS '1 © “ -
1.200E+01
INPUTS 2
20, 1 20, 2
- 0%0. 0.0 o ‘
************************************f*************f*******
UNIT 6  TYPE 36 SYSTEM ANALYSER
PARAMETERS 6 o\ : . -
2.400E+01 3,600E+01 3,300E+01 1,350E+04 2.700E+04
2.272E+03 | ' : g
INPUTS 9 - ﬁ .
22, 1 16, 1 24, 1 2, 1 4, 3
8, 1~ 2,3 4, 6 1, 6
0.0 0.0 1.000E+00 2.200E+01 2.200E+01
- 0.0 0.0 0.0 0.0 '
. UNIT 12 =~ TYPE 3 . MAIN FAN
PARAMETERS 1. : o -
9.455E+02 . | R
INPUTS 3

1, 2 22, 1

-8
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2.200E+01 0.0 0.0
UNIT 11 TYPE 11 DAMPER NO. 1
PARAMETERS 1 //f
3.000E+00 -~
INPUTS - 5
4, v - 4, 2 5, 4 -5, 2 16, 1
2.200E+01 0.0 . 2.200E+01 .0.0 - 0
UNIT 13 TYPE. 11 DAMPER NO.?2
- PARAMETERS 1
2.0008+007 . ] '
INPUTS 3 4 ‘
12, 1 12, 2. 24, 1.
2.200E+01 0.0 1.000E+00

*******#f**** COMPONENTS QUTSIDE THE'MODULE EXEXXEERXAERX

UNIT 7 . TYPE 31 DUCT TGO COLLECTOR
PARAMETERS 6 . ‘
2.540E-01 2.670E+00 5.300E+00 1.206E+00 1.006E+00
2.200E+01 .

INPUTS 3 = . ‘ _ :
13,3 13,4 . 1,5 | |
2.200E+01 0.0 -2.300E+00

unit ¥F TYPE 1 AIR COLLEETOR

PARAMETERS 11 | 4 :
1.000E+00 1.000E+00 . 1.110E+01 1,006E+00 1.000E+00
4.770E+01 5.600E-01 9.382E+00 -1.000E+00 1.006E+00
0.0. N . .

INPUTS 5 o '
7, 1 7, 2 .7, 2 1,5 1, 6
2.200E+01 0.0 - 0.0 -2.300E+00 0.0

UNIT 3 * TYPE 31  DUCT FROM COLLECTOR ?

PARAMETERS 6 y , S
2.540E-01 2.670E+00 5.300E+00 1.206E+00 1.006E+00
2.200E+01 _ -

INPUTS 3 : : :
2, % .. 2,2 1, .5
2.200E+01 0.0 ° '-2.300E+00
UNIT 8 TYPE 15 ADDER
PARAMETERS 1 :
'3,000E+00
" INPUTS 2
‘3, 4 7, & ; -
0.0 0.0 . ' .

HEEKRK KRR KKK F KRR IR R R AR KRR AR R AR AR AR AR K KRR KRR KRR XK %

CUNIT 14 TveE 11 DaMper No.3 . M
. PARAMETERS .1 e -

2.000E+00

. ANPUTS 3 IR g:E; //,\\:‘2 -
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3, 1 3, 2 16, 1

2.200E+01 0.0 0.0
UNIT 15 TYPE 11 DAMPER NO. 4

PARAMETERS 1 .

3.000E+00

INPUTS 5

4, 3 4, 4 14, 3 14, 4 24, 1 £

2.200E+01 0.0 2.200E+01 0.0 1.000E+00
UNIT 4 TYPE 10 - ROCK ‘BED

PARAMETERS - 8
'1.006E+00 1.041E+00 1.880E+00 5.486E+00 8.800E-01

1.527E+03 -1.590E+00 4.500E-01

INPUTS 5
14, 1 14, 2 13, 1 13, 2, 5, 4
2.200E+01 0.0 2.200E+01 0.0 2.200E+01

DERIVATIVES 5 .
2.200E+01 2.200E+01 2.200E+01 2.200E+01 2.200E+01

UNIT 5 TYPE 12 LOAD

PARAMETERS 6 ,
4.000E+00 .5.000E+02 1.100E+04 2.200E+01 1.006E+00

0.0
INPUTS 6 :
15, 1 15,2 1, 5, 0, O 6, 4

0, 0 : ,
2.200E+01 0.0 -2.300E+00° 0.0 0.0
0.0 ' /,( ‘ s -

FEEREERERRKARRkXxk k%% OUTPUT DEVICES sk rkkkkxkkkk£x5xx%
UNIT 31 TYPE 24 . QUANTITY INTEGRATOR
_WINPUTS 2 = _ : : -

1, 6 ‘6, 8 o T , '

0.0 . . 0.0 "
UNIT 30 TYPE 25 PRINTER NO.4

PARAMETERS ~ 1

1.000E+00 ' .

-INPUTS -6 '

1, 3 . 1,,0_ 1, 2 -1, 4 31, 1
31, 2 X - ' : :
YEAR ‘MONTH DATE HOUR IT_.

L ITC : R : .
_UNIT 28 TYPE 25 - ° PRINTER KO.1
PARAMETERS 1 ) o
1.000E+Q0\ ) : ‘ ya
INPUTS N0 P S {' :

6, 9 ] A t, 5 ¢ 5 4 2, 1

7, 1. jﬁ>tf7§{ 4, 1 \ 13,74 13, 2
MODE It # Ta - - \Tr Tco

1Tc;: . Tst -‘;" Tsb, \“i;‘~\,,~/j*r
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UNIT 29 “TYPE 25 PRINTER NO.2
PARAMETERS 1
1.000E+00 '
INPUTS 10
2, 3 8, 1 6, 2 4,5 Y4, 6
4" 7 . 6, 3 -6, 4 6, 5 5, 3
Qu Qloss Qstore DU Qs
Qe , Qaux oh . : Qsys Q1
UNIT 26 TYPE 24 QUANTITY INTEGRRTOR -
INPUTS 10 . ‘
6, 1 6, 6 6, 2 4, 6 6, 7
4, 7 6, 3 4 6, 4 6, 5 5, 3
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
UNIT 27 TYPE' 75 PRINTER NO. 3 -
* PRINT AT BEGINNING AND END OF SIMULATION
INPUTS 10 : <N g
26, 1 26, 2 26, 3 26, 4 26, S
26, 6 « 26,,7 26, 8 26, 9 - 26,10
oC ©* QOMDL QSTORE Qs QDLL
QE QAUX OH QSYS QL
UNIT 25 . TYPE 26 -  PLOTTER
' PARAMETERS 4 _ - §
1.000E+00 " 0.0 4.800E+0 TN 6.000E+01
INPUTS 5 - -
2, 1 7, 1. 4, 3 -4 1 1, 5
Tco . Tci Tst - . Tsb Ta
*************_***********.***t************'******************
END )
. . } '
TRANSIENT ‘SIMULATION STARTING AT TIME = 0.0
'STOPPING AT TIME = 4.800E+01
TIMESTEP =. .. 1/10
,,DIFFERENTIAL EQUATION ERROR TOLERANCE = -1.000E~-01
'S X ALGEBRAIC CONVERGENCE TOLERANCE = -1.000E-01 {
’ i

@
yz ¢
-

e
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TIME = 0.0 o
YEAR + MONTH DATE _ HOUR IT
8.200E+01 2.000E+00 2.000E+01 0.0 0.0
. ITC MODE It Ta Tr
0.0 5.000E+00° 0.0 -2.210E+00 2.200E+0Q1
Tco Tci Tst Tsb mc
-2.210E+9Q0 2.200E+01 2.200E+01 2,200E+01 0.0
mb - Qu Qloss Qstore DU
0.0 0.0 0.0 0.0 0.0
' Qs Qe - Qaux Qh - Qsys
0.0 0.0 0.0 0.0 0.0 - -
Q1 QC . QOMDL QSTORE QS
1.210E+04 0.0 0.0 0.0 0.0
QDLL . QE ' QAUX - QH QSYs
0.0 0.0 0.0 0.0 0.0
QL L
0.0 : 3
o TIME = 1.0000 :
YEAR | MONTH _ DATE HOUR IT

., 8,200E+01°°2.000E+00- 2.000E+01 1.000E+00 0.0

®17C" MODE It Ta - Tr |
e 0.0 5.000E+00 0.0 -4.010E+00. 2.094E+01
. Tco - . Tci _Tst Tsb ‘me ~
-4.010E+00 -3.984E+00 2,200E+01 2.200E+01 0.0
., mb Qu Qloss Qstore DU
0.0 0.0 0.0 ‘ 0.0 -5.255E+00
Qs -~ Qe : “ Qaux Qh Qsys
0.0 9.643E+00 0.0 0.0 ° 0.0 '
. Q1 ‘
. 1.247E+04
TIME = 2.0000 ‘ '
YEAR - MONTH' DATE HOUR JIT
8.200E+01 .2.000E+00 2.000E+01 2,000E+00 0.0
O ITC - MODE oIt " Ta- . Tr =
- 0.0 3.000E+00 0.0 =5.145E+00. -2,019E+01
L Teo - Tei S Tst Tsb - mc .

- ~4.256E+00 1.357E+01 2.199E+01’ 2.155E+01. 3,782E+Q1
..mb  _  Qu v Qloss Qstore DU
9.077E+02. -6.780E+02 2.546E+02 0.0 -3.771E+02

Qs .- . Qe. - . Qaux - Qh . -Qsys
1.7858:Q%;»1.541E+01 2,700E+04 2.878BE+04  2.700E+04
eI Ay, -

R 57 TIME =  ,3.0000 o

- YEAR--" . MONTH DATE .=~ - HOUR  IT
8.200E+0T 2.000E+00 2.000E+01 3.000E+00 0.0
. ITC . “-MODE - - It Ta - .. Tr .
0.0 5:000E+00 0.0 . -6.150E+00 2.141E+01.
. Téo ©o.Ted - Tst’ Tsb. . me

~6.150E+00 -2.700E+00 2.191E+01 2.111E+01

3

0.0 -



~

. 0.0
0.0

.mb
0.0
Qs
0.0
Ql~

1.378E+04"

YEAR

B.200E+01

ITC
0.0 -

Tco
-6.455E+00
mb

Qs

. Q1
1.333E+04

YEAR
. 8.200E+01
ITC
0.0
Tco

~5.693E+00 -

mb
9.077E+02

Qs
4.571E+02

2 o) R

1.390E+04

"YEAR

8.200E+01
1TC
0.0
Tco

~6.890E+00

mb
0. 0

QS»’
0. 0

Ql

1. 3808+0& ‘

YEAR
- 8.200E+01"

iy

0.0
. Qe
' 3.804E+00

Qu -
0.0 )

Qe

9.741E-01

.TIME
MONTH
2.000E+00
MODE
5.000E+00
Tci -
-6.4B1E+00
Qu
0.0
Qe
1.215E+01

TIME
MONTH
2.000E+00
" MODE
3.000E+00
Tci
1.397E+01

Qu
=7.446E+(02

Qe .
3.488E*01

TIME.

~ MONTH
2.000E+00
MODE "~ -

”s.ooos+oo“

Tci .
-6. 887B+00
Qu ~

A

TIME

MONTH
2. OOOE+00
' MODE.
3 000E+00

0.

Qstére

Qloss
0 - 0.0
' Qaux “Qh
0.0 : 0.0
= 4.0000
DATE - HOUR
2.000E+01 4,000E+00
It 4 Ta
0.0 -8:485E+00
- Tst . Tsb
2,191E+01 2,.111E+01
Qloss Qstore
0.0 0.0 °
Qaux" Qh
0.0 0.0
= 5.0000 .-
DATE | HOUR
2.000E+01 5,000E+00
- It .. Ta.

0.0 ~6.690E+00
Tst - Tsb
2.162E+01 2,080E+01

Qloss Qstore
2.815E+02 0.0
- Qaux Qh
2.700E+04 2 746E+04
= j6.0000»,ﬁ'*
» DATE g HOUR
~2.000E+01 - OOOE+00
‘@E'It -, Ta -
050 - =6, 890E+00
Tst 7 .. Tsh
1 2:147E+04 2.1osz+01
Qloss - "Qstore
0~.0 7 0.0
Qawm - Qh
0 0 : 0,0,
= 7 7.0000 '
_ DATE - . HOOR
2.000E+01 - 7.000E+00
It e Ta.
0 -5, 285£+OQ

DU
~1.275E+Q3
- Qsys

p.0

o IT
0.0

Tr .
2.017E+01
4. mC
0.0

DU )
-1.282E+03
: Qsys
0.0 -

@

1T . '
0.0 -~
¢ Tr.
%a 112E+01
i mc

3.782E+01

DU
~2.247E+03
~ _Qsys.

%2.7002«*04

?hq-

Tr

& -

2:b713+o1'7

. mc.
0.0
DU

-2. 294E+03"

* o

: '.IT
0.0
“Tr

Qsys.

2,065E+01 - -

159 f':”



T¢o
-4 .374E+00
mb
’ $,077E+02
. ’ Qs

5.831E+02

Q1.
1.297E+04

.- YEAR
- 8.200E+01
. ITC .
, 0.0
; - Tco

3.326E-Q1,

mb
0-0‘ )

""O .
o

.
’b

Q1
1 252E+04

ﬁﬁ% y

'YEAR

 .8.200E+01

ITC
1.685E+02
" Tco
2.270E+01
‘ mb
0.0
Qs
0.0
. - Q1
* ' 1.094E+04

. YEAR
© 8.200E+01
1

. 2.058E+03

; ¢0o
. ‘3._;gE+01H
. 00 ‘A

R o -pQ'S
< 0.0
. 1.023E+04

zsxﬁ‘ -
~ 8.200E+01 -

[

s

\ A N 160
N\ \
\\_‘/ .\\\\ ) , .
. Y /’ i ({\) )
Tci - %ﬁt Tsb mc
1.398E+01 2,129E+01 2:069E+01 3.782E+01
Qu | /Qloss Qstore DU -
-6.946E+02 . 2.627E+02 0.0 -2.751E+03
2 Qe Qaux Qh" Qsys
-2.875E+00 2.700E+04 2.758E+04 .2.700E+04
.
. o
TIME = - -8.0000
~ MONTH DATE HOUR IT
2.000E+00 2.000E+01 8.000E+00 7.200E+01
* 'MODE It _ Ta Tr
5.000E+00 7.200E+01 -3.965E+40 2.108E+Q1
Tci . Tst - Tsb mc -
-3.984E+00 2.109E+01 2.100E+01 0.0 -
Qu . ’ Qloss . Qstore DU
0.0 0.0 0.0 .=2.788E+03
Qe - Qaux Oh Qsys
'71.238E+00 0.0 ' 0:0 - 0.0 -7
TIME = 9.0000
© * MONTH DATE . - HOUR IT
2.000E+00 2,000E+01 9.000E+00_- 6.336E+02
~ MODE - It Ta: . . Tr 4
4.000E+00 '5.6J68+02,—1.81OE+00 2.006E+01
Tci .. " Tst + Tsb °~  mc .
2. 051E+01 2.130E+0] 2.096E+01 5,295E+02+
Qloss’ . -Qstore DU
167E+%3 ‘5.287E+02  6.380E+02 -2.616E+03 "
: . Qaux -+ Qh. Qsys
. 8.442E+00 -2.272E+03 2.272E+03 © 3.439E+03 ;
y o . - g" l' : a Wt
TIME =  10.0000 -7 .
: “MONTH DATE . H CIT L
~2,000E+00 2.000E+01 1, OOOE+ 1 . 2.520E+03":
. MODE BE T , Ta - Tr &
1.100E+00 1.886E+03 '-4,650E01 .2. 000E+01
Pck¥ . - Tst .. _ -Tsh . LY me
1. 9522+01_ %, 286E+01 . 2, 094E+01- 5. 295E+02
Qu . * .Qloss °  Qstotey.. DU .
9.645E+03 - 6. 538E+02 0.0 ;“_v~—1 757E+03 .
Qe < Qaux. QR .70 Qsyg
1.209E+01 ‘2. 272E+03; 1263+04 192E+04 ©e
Q A . L W N
.. TIME =, 11,000€" . . . .. -, °
CMONTH - . - 'DATE. HOUR * . . 1T .
2.000E+00 2.960E+01° 1,100E+01 '5.479E+03



ITC
5.014E+03
Tco
5.074E+01
mb
. 0290
Qs
0.0
Q1
1.048E+04

YEAR
8.200E+01
i ITC
8.380E+03
" Tco
5.636E+01
' mb

. YEAR
8.200E+01
. ITC
1.215E+04
Tco

\

" 6.105E+01

‘mb
0.0
Qs

Ql
9.205E+03

0.0

YEAR -
8.200E+01
ITC

L

 1.568E+04"

. v Tco
'6.021E+01
" . mb

0.0
Qs

Q1

0.0

MODE
1.100E+00
Tci
2.021E+01

Qu A
1.626E+04
Qe
6.193E+00

TIME
MONTH
.2.000E+00
MODE
1.100E+00
Tci
2.108E+01
Qu
1.879E+04
Qe -
-1'.734E+00
TIME
‘MONTH-
2.000E+00
- MODE
4 .000E+00
, Tct
2.054E+01
Qu .
- 2.157E+04
Qe “
7.124E+01
TIME
. MONTH |
§ 2 .GOOE"'OO
. MODE
4.000E+00
. Tci -
2.267E+01
" Qu.
1.999E+04
Qe .
1.427E+02

© 8.1518+03

‘TIME

Y -

It Ta Tr
2.959E+03 -3.050E-01 2.065E+01

Tst : Tsb mc .
2.284E+01 2.093E+01 5,295E+02

Qloss Qstore oy
8.048E+02 0.0 -1.766E+03

Qaux Qh Qsys
2.272E+03 1.773E+04 1.853E+04
= -12.0000

DATE HOUR IT
2.000E+01 1.200E+01 B8.845E+03
: It " Ta Tr
3.366E+03  5.550E-01 2.152E+01

Tst. Tsb ‘me ‘
2.282E+01 2.093E+01 5,295E+(02

Qloss Qstore DU
8.583E+02 0.0 -1.768E+03

Qaux Qh . Qsys
2.272E+O3Q 2.020E+04 2,106E+04
= 13.0000 -

DATE HOUR IT
2.000E+01 1.300E+01 1.262E+04
It Ta Tr
3.773E+03 "2.500E+00 2.091E+01

Tst Tsb ' mc
4 ,545E+01° 2,106E+01 5,295E+02
' Qloss ~ Qstore DU
8.603E+02 2.071E+04 . 1.877E+04
‘ Qaux QOh Qsys -
2.272E+03  2,.272E+03 . 2.3B4E+04
= 14,0000 -

"DATE - HOUR IT
2.000E+0t 1.,400E+01 -1.615E+04
S € T ~Ta . Tr _
'3,528E+03 4,025E+00 ' 2,033E+01
- 'Tst Tsb mc
5.340E+01 2,307E+01  5,295E+02
. Qloss: Qstore bu. °
8.416E+02- 1,915E+04 3,786E+04

Qaux " @h : - Qsys
2.272E+03 2,272E+03 2.226E+04
= 15,0000

e



. YEAR
8.200E+01
ITC

1.876E+04

Tco

5.247E+01

mb
0.0
Qs

0.0
. Q1
8.275E+03

YEAR
‘8.200E+01
ITC .
. 116E+04
Tco
4 .507E+01
~ mb i
0.0
Qs
0.0
o1
8,866E+03

YEAR

- '8.200E+01

L ITC

2.248E+04

Tco
3.699E+01
- mb

0.0

Qs
0.0 .

Q1
9.990E+03

> ,YEAR
8.200E+01
ITC
2.248E+04
" Tco

1. széﬂ+o1 -5 5163|01

QS

B O.Q}

Ql

1.066E+04

MONTH
2.000E+00
MODE
1.100E+00
Tci

1.973E+01
, Qu

1.743E+04
Qe

1.858E+02

TIME
MONTH

2.000E+00
MODE

1.100E+00
Tci

2.039E+01

Qu
1.314E+04

Qe
1.799E+02 -

TIME
MONTH
2.000E+00
MODE

4.000E+00

. Tei
2.648E+Q1
+6a8

- 5.596E+03 -

Qe '
1.729E+02.

" TIME
MONTH - .
-2.000E+00

f MODE
5. 000E+00
Tci -

o e
" 1.816E+02

DATE HOUR-
2.000E+01 1.500E+01
It Ta
3.074E+03 3.625E+00
Tst - Tsb
5.439E+01 2.669E+01

loss Qstore
7.297E+02 0.0
Qaux Qh
2.272E+03 1.898E+04
= 16.0000
DATE - HOUR
2.000E+01 1.600E+0]
‘It Ta
2.405E+03 3.030E+00
Tst . Tsb
5.423E+01 2.671E+01
Qloss Qstore-
6.670E+02 0.0
Qaux Qh
2.272E+403 1.475E+04
= 17.0000
. DATE HOUR
2.000E+01 1,700E+0*t
"It Ta .
1.318E+03 1.575E+00
Tst - Tsb
5.320E+01%2.703E+01
Qloss - Qstore -
6.961E+02. 4.900E+03
Qaux . Qh’
23;72E+03 2. 272E+03
= - 18.0000 I
DATE.~ . HOUR
2. 000E+01 1.800E+01
Tt = :Ta
2.916E+02 -6,.850E-01
Tst ‘Tsb .
5.223E+01° 2, 735E+O1
Qloss Qstore
0.0 O 0 - :
" Qaux o)
0.0 -

0.0

0.0

162

IT
.922E+04
Tr
2.018E+01
mc
5.295E+02
DU
4 .899E+04
Qsys

u—y

1-.970E+04

IT
2.163E+04
Tr
2.076E+01
. mc
5.295E+02
'DU

. 4.8B1E+04

Qsys

1.541E+04

IT

> .294E+04

Tr

2.155E+01

mc:
5.295E+02

DU

!4,9133+04.

Qsys
7.868E+03

]

IT

2.323E+04

Tr
me *

DU .

4.895E+0%

-Qsys
0

-0

2. 063E+01 -



4.485E+01

, TIME = 19.0000
YEAR MONTH DATE HOUR
8.200E+01  2.000E+00 2.000E+0! 1.900E+01
TC MODE It Ta
2.2 2.100E+00 0.0 -2,.795E+00 .
Tci Tst Tsb
-1.969 1.458E+01 4.945E+01 2,417E+01
| Qu Qloss .Qstore
9.077E -6.294E+02 2.363E+02 0.0 ’

- Qs Qe Qaux Qh
2.635E+04 1.475E+02 2.272E+03 2.862E+04

Ql - ’
1.169E+04
TIME = 20.0000 .

YEAR MONTH DATE HOUR
8.200E+01 2.000E+00 2.000E+01 2.000E+0Q1
ITC . ,MODE It Ta
2.248E+04 5.000E+00 0.0 -4 .800E+00

- Tco - Tci Tst Tsb
-4.800E+00 -1.503E+00 3.927E+01 2.182E+01
mb Qu Qloss Qstore
0.0 0.0 . 0.0 - 0.0
Qs . | Qe . Qaux . Qh-
0.0 . 6.911E+01 0.0 ™ 0.0
. Ql ) b
1.314E+04
TIME =  21.0000
YEAR MONTH " DATE HOUR
8.200E+01 2.000E+00 2.000E+01 2.100E+01
ITC s MODE . It - \Ta
" 2.248E+04 5.000E+00 0.0 -4 ,045E+00
Tco Tci Tst ‘ Tsb
-4,135E+00 -4.058E+00 3.916E+01 2.183E+01
mb ., Qu Qloss Qstore
0.0 - 0.0 : 0.0, 0.0 .
. Qs Qe -"Qaux Qh
0.0 7.933E+01 0.0 0.0

. Q1 ' ) :
1.219E+04 .

. *TIME = 22.0000 ;

. YEAR - . MONTH . DATE. - . HOUR
8.200E+01 2.000E+00 2,000E+01 - 2.200E+01
- ITC . MODE. Tt  ;7\Ta
2.248E+04 -2.000E+00 0.0 _ -4,285E+00

Tco . Teci 2 - Tst - Tsb .
~-3.408E+00° 1.,418E+01 '3.279E+01 .2.076E+01
. 'mb - Qu - Qloss '~ Qstore.

9.077E+02 ~-6.690E+02 2.520E+082 - 0.0 . . »

Qs - Qe . ¢ . - .Qaux Qh '
1.116E+04

1,350E+04 2.466E+04

IT
2.323E+04
Tr
2.058E+01
mc '
3.782E+01
DU
3.769E+04
Qsys

2.272E+03

IT

2.323E+04

Tr
2.149E+01

mc
0.0

DU
1.866E+04
Qsys

0‘.

IT

2.323E+04

Tr
2.033E+01
mc
0.0
DU
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1.858E+04

_Qsys
0

IT
2.323E+04
Tr

2.056E+01 -

o me

3:.782E+01 -

DU

8.665E+03 0

Qsys

1.350E+04



-3,

3?’}38}2q0

Q1
1.242E+04

YEAR
-8,.200E+01-
" ITC :
2.248E+04
Tco -
.B23E+00
mb -
9.077E+02
Qs
4.414E+03
. Q1
1.248E+04

YEAR
8.200E+81
‘ ITC
2.248E+04
Pco \
030E+00
-mb
0.0
s
0.0

Ql -

-3,
0.

TIME =
- MONTH
2.000E+00
MODE
2.000E+00
Tci .
1.488E+01
Qu ’
.726E+02
Qe
1.202E+01

TIME
MONTH
2.000E+00
MODE
5.000E+00
Tci
039E+00
Qu
0

_ Qe
1.046E+01

1.197E+04

YEAR
8.200E+01

ITC
2.248E+04
- Teo °
43.013Ef00
\ mb, .
9.077B+02

. e Q5
3‘80_&03_
i Tukel

. 1.199E+04

< - TIME.

YE R
+01
It¢”

© 2.248E+04

e 7

¥

0.0

© - Tco . -
-4 ,280E+00
" mb, i
¥

.
. - ¥ v
, « o »‘f.;

N

0.0 7

 TIME
MONTH
2.000E+00
- MODE
3.000E+00
. Tei
1.387E+01
Qu
-6.421E+02
Qe
1.619E+01 .

Y

MONTH
2.000E+0Q
- MODE"
5.000E+00 .

~Tci

S QU

I

Lo

23.0000
DATE HOUR
2.000E+01 2,300E+01
It ’ Ta )
0.0 —-3.635E+00
"Tst . Tsb
2612E+01 2,102E+01
Qloss Qstore
2.515E+02 0.0
. Qaux . T Qh.
1.350E+04 1.791E+04
= 24.0000
- DATE HOUR
2.100E+01 - 0.0 :
It Ta
0.0 ~3,030E+00
- Tst . Tsb -
2.428E+01 2,120E+01
Qloss Qstore
0.0 " 0.0
Qaux Qh
0.0 ° 0.0
= . 25.0000
DATE HOUR
2.100E+01 1,000E+00
It . Ta .
0.0 - -3.855E+00
. Tst Tsb
2.379E+01 2.092E+01
Qloss .Qstore
2.411E+02 0.0 ‘
" Qaux Qh

2.700E+04. 3.046E+0%

0
2

_DATE .. HOUR
2.100E+01 ~ 2,000E#+00
It .- Ta, .
0 ~4.280E+00
Tst: ' TSE ‘
.196E+01 2,101E+01
Qloss . Qstore
SO '

0

26,0000

0.0
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IT
2.323E+04
- Tr
2.133E+01
‘me
3.782E+01
DU
1.518E+03
Qsys .
1,350E+04

IT -
2.323E+04
Tr
2.091E+01
mc °

0.0
DU
1.576E+02
Qsys

. 0.0

r .
2.323E+04
.Tr
2,012E+01-
mc,

3.782E+01- &

DU

. =5.776E+02

Qsys .
2.700E+04

..

T - :
2.323E+04
T -
2.147E401
" me
0.0
DU '
-2.0553?03

&

)



d

v e

Qaux

e T
a

-
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~3.815E+00 ' 1.402E401 2..104E+01 3.068E+01 3.782E+01

Qs Qe- Qh Qsys
0.0 -2.267E+00 0.0 0.0 . 0.0
QL . . @ '
1.287E+04
TIME = 27.0000
~ YEAR MONTH - DATE HOUR 1T
. 8.200E+01 - 2.000E+00 2.100E+01 3.000E+00 2.323E+04
. ITC MODE - LIt Ta _ Tr -
2.248E+04 5.000E+00 0.0 -4.395E+00 2.032E+01
Tco Tci Tst Tsb . m¢
~4.305E+00 -4.394E+00 2.195E+01 2.101E+01 0.0
~ mb’ : Qu Qloss Qstore DU .
0.0 © 0.0 0.0 - - 0.0 -2.058E+03
Qs Qe : Qaux - @h Qsys
0.0 8.140E+00° 0.0 0.0 0.0
o1 : S
"1.236E+04
- TIME = 28.0000 : :

YEAR - MONTH DATE "~ "HOUR ~ T -
8.200E+01 2.000E+00 2.100E+01! 4.000E+00 2.323E+04
ITC - -, MODE It Ta Tr
2.248E+04 3.000E+00 0.0 . -4.970E+00 - 2.108E+01

Te¢o Tci - * Tst Tsb . mc :
-3.997E+00 1,439E+01 - 2.133E+01 ~2,077E+01 3.782E+Q1 . -
mb Qu . Qloss - Qstore DU
9.077E+02 -6.961E+02 2.6 E+02 0.0 ~2.775E+03
Qs Qe - Qawx .- -Qh . v . Qsys .
2.238E+Q2 -1,220E+00 2.700E+04 2.722E+04 2,700E+04"
©.Q1 . . '
1.303E+04 '
o TIME = 29.0000 ‘ )
YEAR MONTH - DATE HOUR IT
8.200E+01 -2.000E+00 2.100E+01 5.000E+00 2.323E+04
ITC . MODE It Ta - Tr ,
2,248E+04 5.000E+00 0.0 , -4.810E+00 - 2..075E+01
Tco . Tci . Tst J Tsb . mc '
- ~4.810E+00 -4.813E+00 2.116E+01 . 2,102E+01 Q.0
mb - " Qu - . Qloss Qstore DU
0.0 0.0 ' 0.0 ¢ 0,0 .. *2.743E+03
Qs sl Qe Qaux- - .Qh T Qsys
0.0 1.846E+00 0.0 . - 0.0 0.0
Q1 , L o B -
+1,278E+04 ., . ,
A - TIME =< * 30.0000 . _ o
. . YEAR . MONTH ~ _ "DATE .  HOURS IT
+ 8.200E+01 . 2,000E+00 2.100E+01 6;000E+00 2.323E+04 -
oo ITC . MODE- ¢ . It - Ta.. " Tr- '
2.248E+04 3.000E+00 0.0 ~4.705E+00 2,050E%#01
Tco  -Tei T Tst - " Tsb- 7 . me '

;;,{



" mb
9.077E+02
Qs
4:.974E+02
Ql
1.260E+04

YEAR
8.200E+01
. ITC

2.248E+04

Tco
-4.700E+00
‘mb

0.0
Qs
0.0
01
1.293E+04

. YEAR
8.200E+01
. ITC ..
2 4248E+04

+ Teco -
-4 ,.265E+00
- mb ’
0.0
Qs
0.0

. Ql
1.231E+04

~ YEAR
8.200E+01
ITC

2.248E+04

..Tco

6.411E+00

- -~ .mb
9 077E+02
) Qs

-3l 754E+oz'

Ql

YEAR

‘8'2ooz+or

e

Qu

-6.783E+02

Qe .-

3.233E+00

TIME
MONTH

2.000E+00

MODE

'5.0008+00

Tci

-4.700E+00

0.0

Qu

Qe

-2.771E+00

TIME
MONTH

- 2.000E+00
"y “MODE
.5:000E+00

-4.606E+00

Tci

Qu.

0.0

Qe

7.6&41E+00

*2,000E+00 -
" MODE'
3.000E+00

A\

J

TIME
MONTH

Tci

1.466E+0]

. Qu P
~3.139E+02

-4.

L 277E+04 )

Qe -
1143&00

;TIME‘

' MONTH -

é LQ00E+00

‘*1332,472Ef0¥'

- MODE

10Q5+00

¢

N

a

Qloss Qstore
2.550E+02 0.0
) Qaux Qh
2.700E+04 '2.750E+04
Q¢g
= 31.0000
_ DATE HOUR
2.100E+01 7.000E+00
. It Ta
0.0 -4.700E+00
- Tst Tsb
2.090E+01 2.098E+01
Qloss Qstore
0.0 - 0.0
Qaux Qh
0.0 " 0.0
= 32,0000
DATE HOUR
2.100E+01--8.000E+00
It Ta
7.200E+00 '-4.605E+00
Tst Tsb
2.090E+01 2.097E+01
- Qloss Qsgore
0.0 0.0
Qaux, '~ Qh
0.0 o 0.0
= 33.0000 - :
DATE .HOUR’
.100E+01 9.000E+00
It ‘ ‘Ta
. 728E+02 -4, 31SE+00'
Tst = . - Tsb -
2.082E+01 2.081E+01 .
" Qloss  Qstore
3.543E+02 0.0 -
. Qaux | Qh
2. 700E+04 2.6623+04
= 34[%000 .
. DATE . - HOUR *
j2 100E+01' 1, OOOE+01

2. 2908+03 -4. 96SE+00

9((.

w

-3.041E+03
Qsys
2.700E+04

IT
2.323E+04
Tr -
2.116E+01
mc
0.0
DU

 <2.999E+03

Qsys
0

. IT
2. 324E+O4
Tr .
2.002E+01.
mc
0.0 .
DU

-3.002E+03 _

Qsys
0

- IT
2,341E+04
Tr*
2.123E+01.

me-
3. 7823+01.
. DU
~3. 197E+03
Qsys

IT
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-2, 7oqafo4f.,

2; 57oz+04‘”"

Tr

2; 130E+ofe



Tco

mb
0

Qs
.0 '
Q1
1.313E+04

YEAR
.200E+01
ITC

Tco
.344E+01
mb
.0
.Qs
.0
0l
1.324E+Q4

(S B S

.251E+01

.804E+04

YEAI®

ITC

Tco
.141E+01
mb
.0
Qs
.0
Q1

o O

- 1.253E+04"

" YEAR

.200E+01°
. 195E+04"

)

' 8.200E+01

- ITC

3.590E+04

f T Teo
6.149E+01
. mb
0.0
0.0,
-oal

s

- 1‘2303*04J14

s

. CYEAR -
"B 20QE+0 1:

?

-

Tci
.080E+01
Qu

1.156E+04

Qe
.654E+00

TIME
MONTH
.000E+00
MODE
0COE+00
Tci
029E+07
Qu
1.765E+04
Qe
.315E+01

2
4.

2.

2

TIME.

MONTH
MODE
.000E+00

Tci ’
.080E+01

» Qu )
.162E+04
Qe
1.031E+02

4
2

2

TIME
L MONTH .

2.000E+00 .

_ 'MODE -

1.100E+00

o Tei o
2.014E+01
- Qu -
2.207E+04
- Qe -
1.149E+02.

. MONTH -+

2.000E+00

000E4+00 °

- TIME

[ N |

—

TN 2w

2,700E+01. 1.400E+01 ’ 4,040E+04

Tst
.082E+01
_ Qloss
.245E+02

Qaux

. Tsb .
2.085E+01

Qstore
0.0

Qh

.mc¢

5.295E+02

DU

-3.192E+03

Qsys

.272E+03 1.300E+04 1.383E+04

/

35.0000

- DATE HOUR IT
.100E+01 1.100E+01 2,.897E+04

It - Ta Tr
.269E+03 -5,380E+00 2.110E+01

Tst Tsb mc
.229E+0] 2.081E+01 ©5.295E+02

Qloss Qstore DU B
.502E+02 1.670E+04 5.168E+03

Qaux ., Qh ~ Qsys -
.272E+03 2.272§*03“\1;992E+Q4

-
Fa
’/
36.0000 -

DATE HOUR- IT .
.100E+01 ' 1,200E+01 3.288E+04

It 4 : Ta Tr
.910E+03 -4.925E+00 '2.014E+01

Tst Tsb mc
<946E+01 2.135E+01 5.295E+02

Qloss Qstore DU -
.035E+03 2.059E+04 2.568E+04

Qaux Qh Qsys

.272E+03 2.272E+03 ‘2.389E+04.

37.0000

t

?

DATE ' HOUR - IT
.100E+01 1.300E+01 3.683E+04
It - -, Ta - Tr o
.953E+03 -3,950E+00 2.066E+01
Bst > Tsb . me
.176E+01 2,183E+01 5,295E+02 .
Qloss: ~ Qstore . DU
.007E+03 0.0 - 2.973E+04
- Qaux Qh " .Qsys
«272E+03 2.334E+04 2.434E+04
B A ‘ : T
38,0000 ., . o
DATE HOUR . T -

't



"TIME = 42.0000 Mp#
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- ITC . MODE It Ta Tr
3.946E+04 17100E+00 3.564E+03 -3.805E+00 2.144E+0Q1
. Tco Tci Tst Tsb mc
5.762E+017 2.084E+01 ©5,156E+01 2.,185E+01 5.295E+02
mb Qu , Qloss Qstore DU
0.0 1.959E+04 9.676E%02 . 0.0 2.962E+04
" Qs Qe - Qaux ‘ Qh , Qsys
0.0 1.074E+02 2.272E+0 2.089E+04/ 2.186E+04
Q1
1.262E+04
_ 'TIME = . 39.0000 ‘ ! N
YEAR MONTH DATE HOUR =, IT
8.200E+01 2.000E+00 2.100E+01 1.500E+01 4.367E+04
ITC MODE It - Ta. Tc
4.273E+04 4.000E+0Q 3.269E+03 -3,705E+00 2.075E+01
. Tco Tci 7 Tst Tsb mc
5.708E+01 2.442E+01 5.320E+01 2.502E+01 &5,295E+02
mb ~ Qu Qloss ~ Qstore DU
. 0.0 v "1.739E+04 1.002E+03 1.639E+04 4.442E+04
" Qs Qe Qaux ¢h Qsys
0.0 1.62QE+02 2.272E+03 . 2.272E+03 1.966E+04-
Ql ‘ .
1.223E+04 "
¢ TIME =  40.0000 :
YEAR ~ MONTH DATE ~ HOUR o
8,200E+01 2.000E+00 2.100E+01 1.600E+01 4.625E+04
- ITC - "MODE It - Ta . Tr
4-428E;04-,1-1005+00 2.585E+03 -3.890E+00 2,007E+0%t
_.Tco : Tci Tst ~ .Tsb mc. .
4.815E+01 1.957E+01 5.196E+01 2.697E+01 5.295E+02
mb . Qu " Qloss - Qstore - DU
0,0 1.362E+04.- . 8.161E+02 0.0 4.783E+04
Qs Qe " Qaux -Qh . QPsys
0.0 1.828BE+02° 2,272E+03 1.508E+04 1,590E+04
wQl . - ‘ . '
1.198E+04 s
. .+ TIME.= 41,0000 .- - .- - o
. YEAR  MONTH ~  DATE 4HOUR ~. ‘.17 K
-8.200E+01. 2.000E+00 2:100E+01 1{%¥700E+01 4*+776E+04
ITC ' MODE Tt S eTa CTr
4.579E+04 - 1.,000E+00 1.505E+03 —5.1353*00'/2;070E+0T
. Tco Tci Tst .. Tsb - - . o'me
- 3.278E+01 2.016E+01 5,183E+01 2.699E+01 5,295E+02
- mb .. .Qu . .- Qloss - "Qstore -DU :
0.0 - 6.720E+03- 7.114E+02 0.0 4,765E+04 .,
. . Qs ., Qe - . Qaux -"Qh T Qsys
» 0.0 - 1.764E+02 1.350E+04 - 1.951E+04 2.022E+04
QL - - X , LT o
°=1.292E+04_ 2

a



YEAR
8.200E+01
ITCc -
4.579E+04
Tco .
1.303E+01
mb
0.0
Qs

0.0
Q1
1.465E+04

YEAR
.200E+0Q1
CITC
4 579E+04
_Tco
.014E+01
mb
9.077E+02
Qs
2.136E+04
Q1

1.575E+04)

4‘}; .
- YEAR
8.200E+01
ITC
4.579E+04
Tco -
~1.146E+01
mb -
« 9JS077E+02
Qs
1.163E+04
Ql
1.6683+94

¥ YEAR

8.200E+0 71

'ITC
4.579E+04
Lt Teo
~1,225E+01,
Y
9.077E+02
Qs

" 4.892E+03

- Ql

*

-~

_1.734E+04.\ﬁ

MONTH
2.000E+0Q0
MODE
5.000E+Q0
Tci
~8.193E+00
Qu
0.0
Qe .
1.194E+02

TIME
MONTH
2.000E+00
MODE
2.100E+00
Tci
1.216E+01
. Qu
-8.480E+02

) Qe
1.066E+02

L4

- TIME
. MONTH
2.000E+00
MODE
2.000E+QO
Tci
1.210E+01

Qu. -
-8.960%;02
, Qe
"4 ,559E+01

" MoNTH
2.000E+00
'MODE
- 2.000E+00
“Tci
~1.215E+01

. Qu
-9.290E+02

Qe -
1.472E+0 1~

.
Y

1.350E+04

o

r

DATE HOUR
"2.100E+01 1.800E+01
it Ta
3.564E+02 -8.240E+00
Tst Tsb
4 .646E+01 2.328E+01

Qloss Qstore
0.0 " 0.0
Qaux Qh
0.0 0.0 .
= 43.0000 -
DATE HOUR
'2.100E+01 1.900E+01
It Ta .
0.0 . -1.125E+01
. Tst "Tsb
4.366E+01 2.218E+Q1
Qloss Qstore
3.184E+02” 0.0
Qaux Qh.
2.272E+03 2.363E+04
. o
= 44.0000 '
PDATE " . HOUR .
2,100E+01 2.000E+01
.o It Ta ’
0.0 -1.263E+01
‘Tst Tsb
3.339+01 2.080E+01
" Qloss Qstore
3.364E+02 0.0.
. Qaux ~
1.350E+04 2.51
’
= 45.0000
DATE _ HOUR

- 2,100E+01  2.100E+01
TIt . Ta ’
0.0« ~ . " -1,355E+0¢t ..
- Tst - Tsb-

" 2.640E+01 2,095E+01
"~ Qloss, Qstore”
3.507E+02 0.0 ° o
.. Qaux Q-

#1.839E+04

IT .
4.811E+04
Tr -
2.105E+0
. mc -

0.0
DU
3.207E+04
Qsys
0.0 :

»IT .
4.811E+04
Tr

- 2.025E+01

mc

3.782E+01

DU
2.521E+04
sys
2,272E+03

S

?
IT
4.811E+04

- Tr
2.072E+01

m

3.78gE+01
DU ‘

.280E+03
Qsys

. 1.350E+04

IT

4.B1ME+04 -

~ Tr y
2.112E+01
. mc -

3.782E+01

DU >

- - Qsys
1.350E+04
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1.707E+03 -




YEAR
8.200E+01
ITC
4,.579E+04
Tco
-1.401E+01
mb
9.077E+02

Qs

1.340E+03’

Q1
- 1,843E+04

" YEAR
8.200E+01
- ITC
4.5/9E+04

'co

" ~1.616E+01 .

. ‘mb

0.0 7
© o @s
0.0 R
QL v

" 1.809E+04

YEAR
8.200E+01
ITC

4.579E+04 -

.Tco

mb

.+ 9.077E+02

Qs '
'6.970E+02
~:1,846E+04

QDLL

1.585E+04

QL

6.076E+05.

TIME

MONTH
2.000E+00
MODE
3.000E+00
Tci
- 1.201E+01
Qu
899E+02
Qe

-9.

4.812E-01

TIME

MONTH
2.000E+00
- MODE
5.000E+00

Tci
.615E+01
AQU 'S
0.0

Qe

1.418E+01 _

TIME

MONTH
2.000E+00
MODE
3.000E+00
Tci
1.133E+01
_ Qu
~9.940E+02
e

1.575E+00

.~ QC

' 2.479E+05\1,323E+04
QE "QAUX
2.565E+03  37604E+05

K

=, 46.0000

y

‘ . DATE HOUR
2.100E+01  2,200E+01
It Ta -.
0.0 -1.531E+01
Tst - Tsb
2.293E+01 2.117E+01
."Qloss Qstore

3.716E+02 0.0
. Qaux Qh
2.700E+04 2.834E+04
= 47.0000 .
DATE HOUR
2.100E+01 2.300E+01
It~ Ta
0.0 . ~1.616E+01
. Tst Tsb
2.281E+01 2.119E+01
Qloss Qstore
0.0 0.0
Qaux "Qh
0.0 0.0
’
e
\\'_’
= +48.0000 o
" DATE HOUR
2.200E+01 0.0
. \It‘ _ Ta o
0.04 -1.610E+01
‘Tst - ‘Tsb
_2.ISSE+Q] 2.061E+0 1.
Qloss " Qstore
3.735E+02 0.0 ‘

. Qaux . ¢Qh '
2.700E+04 2.770E+04.
. . QOMDL _ " QSTORE

“1.043E+05
QH

5.951E+05

G

b

IT -
4.811E+04
Tr
2.155E+01

mc_

3.782E+01
DU

.111E+03

Qsys

2.700E+044

. IT
4.811E+04
Tr
2.001E+Q1

mc .
0.0
pu -
-1.119E+03

Qsys
0:0. _

i

IT o
4.811E+04
- Tr
2.,082E+Q1
: me
3.782E+01
- DU

" =2.672E+03

- Qsys
2.700E+04
. QS . '
" 1.043E+05
- Qs¥s
. 6.083E+05
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A
UNIT 1 WAS CALLED

oy 16
a&i“- 2 1

e 23

17
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247
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~ . 6

712

-«

482 TIMES
772
872
786
- €30
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24
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76
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468
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738 ©
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.7 336

N 1181
. 987
482
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SYMBOL

]

N W N —

Tco
Tci
Tst
Tsk
- Ta

1
T
v
1
1

IDENTIFIER _ » SCALE FACTOR

.000E+02
.QO0E+02

.000E+02 -~
1.000E+02

.000E+02
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*2.006e+01
-2.000E+Q1
-2.000E+01 -

f

~
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¢
. E-1: Overall Heat Loss Coefficient - Area Product of The

Module

gh% overall heat loss coefficient - area products (ﬁA
factor) of Module 5 and 6 for ‘each month of each of the
81-82, 82-83 and 83-84 héating séasons are  shown in
Table E1.1. The UA faétors were caléplated by dividing the
measuremen;s, of - the monthly _éner§§. consumgtion§ of the
modules:by the summations of the aggrage hourly differences
" -between 'the room and the ambient temperatures. Thus,the‘
_faétors represent the'monthiy heating requiremeﬁts "of the
" modules for 'eacﬁ degree difference between thévindoor and
outdoor temperatures.

Module 5 and 6 have identical construction except for
‘the 63% increase in ceiling insulation and addiTion of solar’
heating system in Module 6. Modhle 5 was used as a'contgol
module to Acompare the heating load ‘of' Module 6. Tﬁé
additibn * of the solar heating system incteases the
ihfiltration rate. As a result, the average UA factors of
the two modules .over the three heating seasons are almost
thé‘Same (arouqd 140 W/°C) »even though“ thé ceiling of

module 6 is Better\insulated.
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;‘ble E1;1: UA Factors of Module S and Module 6

o
gl
Jﬁﬁfg Module 6 . Module §
e
"7 81-82  82-83 83-84 81-82  82-83  83-84
_ o3
Sep  132.3  123.8 ) / 143.1 /"
oct / 148.1  142.5 140.9  145.7  141.1
Nov ~ 126.9 _ 131.8 153.5  142.3  132.8  144.3
Dec  131.7 135.8 139.4 134.0° 138.0 130.3
Jan 137.0  135.8  147.7 128.4  130.4  148.0
Feb 133.8  140.2 / - 134.4  132.1 /
Mar  144.5° 140.2 /. 134.8  136.7 /
Average 137.9 137.5
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E=2: Lumped Thermal.&apac{tance of The Module

Consider the energy balance equation“fs: the module,

Equation (4.14), it can be expressed as
P

N

. .o \
CAP.dT,/dt + UA'T, = Q_ + UA-Ta . (E2.1)

Assume .that, CAP, UA, bﬁ and. T, are constants, thii/thé

solution of Equation (E2.1) is / f .
, &£t

where | _ T -
¢ : 8/
a g‘: Trj, - T& H/UA ST
~

b . jTa +Q, /UA

and T.; =‘1n1t1al room temperature
\ 1 Aa]
\

%

From Equation (E2.2), the lumped thermal capacitance, CAP,
can be 6btained'es “
CAP = UA-t/lnla/(Te-b)] - =  (E2.3)
. %

Table E2 1 shows the experlmental data of the room and

o

ambient temperatures for a four hour cooling period with a
‘minimum electric power supply of 610 W for keeplng the fan

on, The~emb1ent temperature is assumed constant by taklngf
‘its.;average value, -20.68°C, and the-UA factor-ls given Inﬂ

. Appendix E-1. Therefore, CAP evaluated at 3 hrs,is'

o . 18.8 + 20.68 - 610/140 | S
‘CAP = 140 x 3600 x 3/1n( —).3/c
14.3 ¢ 20.68 - 610/140 T
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= 11028 kJ/°C

=~ 11000 kJ/°C

,For checking purposes, substitute the CAP value of
11000 kJ/°C back into Equation (E2.2). The room temperature
determined by using’tﬁe estimated CAP is shéwnrénd‘ compared .

with the experimental temperature in Tablel22.2.
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} g
\
Table E2.1: Experimental Data of Room and Ambient
Temperatutes for Four Hours on Jan 9, .
1982
I esnry L mp(e0) T,(°C) | S
0 18.8 . .=20.8 :
1 16.6 -20.6
' -~
2 . 15.4 -20.6 )
3. 14.3 ~20.7
4 13.4  -20.7 )
g
e’ -

,

Table E2.2: Comparison of room Temperatures
s ‘

LN

t (hr) o, (fC)
| Experiment Cap=11000 kJ/ts

0 . 18.8 18.8
1 16.6 17.2
2 5.4 . *“-ﬁs."7
3143 -~}14.3
SR 13 12.9
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E-3: Overall Heat Loss Coefficient “and Ntu of The Rockbed

1. Overall Heat Loss Coefficient

The rockbed storage unit consists of a eontainer with
interior cross sectional area of 4.5 f¢t, by 4.5 ft., filled
to‘a depth of 3.4 ft\ with gravel, leaulna‘an air space of
2.25 ft. frdm‘ the'tbp.wall,panel. The top and side walls
have ‘almost 1dent1cal construction except that each palr of

the opposite s1de panels is fastened by connecting a 0.5 in.
{‘

threaded metal r 4 agross the rocks from one side to the

other side;'_ The rodkbed rests on the basement floor with
2 in. of polystyrene 1nsulat10n between the lower plenum and
the basement floor. A sectlon of the wall construction is
shown 'in Figure E3.1 )

le fingd~ tne overall heat 1loss coefficient of the

rockbed, the method 'presented in ASHRAE Handbook, 1981

Fundamentals, Chapter 23, is used. The rock pile.is tr@ated

as a lumped mass w1th unlform temperatute. 'The temperatute

| of ‘ the lumped mass is cons1dered to be the auetage

"”fiTable .‘3;1: g1ves /lth thermal T»res1stances of . ‘each -

'constructlon layer of the hor1zonta1 and vert1cal walls.:f'

temperature of the rocks. 'Tnereforej [heat transfers .are

assumed tstartlngtvfrom .the lumped mass sufface tegthe’wall“
‘;panels’passing through tne‘air spaees-betﬁeen the" mass and'
- the walls. 51nce thexve{t1cal walls are in contact wzth the
‘rocks, the thxckness of ‘air spaces ’the vert1cal surfacesd'

faclng is_ very small and se'ignofed.‘ Heat losses through»d

the entry and ex1t of the storage un1t are also- neglected

180,
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~2"x4" studs @ 16" o.c.

:v(b 12"_o.c.;foerertiCal wall)

Construction.

27" air space ffom-the top wall
f;ssumeyo_for;verticgl walls)

2" rigid insulation (polystyrene)

i/4" plywood (1/25'for4verticalrwa11)‘

R-12 fiber -glass (

C1/4" ﬁlyﬁéod”‘ '

_éutéide]surface,(stilifai:). e

P

*,' Figure E3g1$.wa111C§ns£rUCtiqn'6ﬁ Roékbed _.
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‘Table E3.1

P

: Thermal ResistQﬁces of Each Layer of EEE*\)/

Horizontal ayd Vertical Walls

‘ \ .
Constructlap

c

Horizontals

' Between AT,

Framing Framing

Verticalt

Between , At

LN

Framing Framing

1. air space

B

2. polystyrene‘

3. plywood

1.72 1.72
10.00  10.00

0.31 0.3

4. fiber glass 12.00 / 12.00 /
5. studs /. 4,35 / 4.35
6. plywood 0.31. 031 £ 0.31  0.31
7. outside surface 0.61 “ 0.@1\ </~ 0.68 0.68
\ .
Total resistance  24.95 (17.30 23.61 15.96 '~
{

* Res1stance expregsed in ft2.°F- -hr/Btu and obtalned

from ASHRAE Handbook

" Table 1 to Table 4K

1981 Fundamentals, Chapter 23

1827
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To calculate the heat loss coefficient, the U-value, of
each wall and to correct for the effect of framing members,
the following equation from ASHRAE is used ,'_ o
«-/ . C : v

U = (5/100)U, + (1-S/100)U, | (E3.1)

where a

U, = U-value for area between framing members
U, = U-value for area backed'by-framing members$

S = pgfcengage'of area 'backed.by framing members

Assume 20%-framing for horizontal paﬁelhand.24%'for vertical

ggnels. Thus,'the 7verage’Urvalueslfot the wails, based@ on
the information obtained from Table E3.1, are
i. Horizontal wall ‘ | » o

U= 0.2/17.3 + 0.8/24.94

=_0.0436 Btu/hr-£t*-°F (E3.2)

2, Vertical‘wall N

U = 0.24/15.96 + 0.76/23.61

e

-~ = 0.0472 Btu/hr-ft*-°F ., . AE3.3)

- 3

Since ‘the vertlcal vall ‘contalnsf steel v3rbd“-fbr'”.f‘ll

“fastenihg, “the effect 'of: this h1ghly conductxve materlalfu_‘HV7

1)

Ashould be determ1ned A good approxxmat1on ‘can be made by aVi

e_ﬂZone Method ' Thzs method deflnes two zone area Zone A

'.econta1n1ng the» hlghly conduetlve %lement,- Zone 3 €e 

'\

-

remazn1ng portxon ef the total area., The U-value of qgch‘



< . ’,' N

e

zone ‘is calculated separately and then combzned to obtaxn'

. the overall heat loss’ coeff1c1ent of the wall.
K 2d

Flgute E3. 2 ‘shows the sectlon of Zone A of a vertzcal

wall. The CalCulatlon of the resistance of Zone A is gzven

in, Tagie E3.2. The area. conductance C-A of each layer is

deterined by addlng the ‘area conductances of 1ts metal and

non-metal sections. ;Area qpnductances of the layers‘are
N ~ .o N -
’ B b .. ~ .

converted to area resistances R/A and added to obtain the

. total resistance ‘of Zone A. The reciprocal'bf the total

LS

resistance’is the UA factor of the zone,

_ The _ﬁ-valuefqu Zone 'B is 0.0472 Btu/hr ft?-°F from
MEqdationv(E3ﬂ3)ﬁ/.The tctal area of a vertical wall is
considered Mtﬁﬂ be the surface in cqntact with the rocks..

./
Therefore,‘V

Area of Zche ﬁ» width of rockbed x depth of rock pile

- area of Zone A —

N

o+ = 4.5 x 3.4 - 0.785

Y = 14752 ft?
' Te?al.area ) = 4;5 X 3¢4 : LT
/'_ ' =15,3 ft? ' L
- _ . .
/o = i v : S

/vThuS, the,ovefall heat loss cOefticient‘cf the vertical wall
) » : - coellil 1 \ =

'inclﬁding the effectiéf,thexhighiy’conahctive:materiallis

U.= (14 52 X 0 0472 + 1/14 96)/15 3
v

Wi
. i - . . $ -
N . - c h : . ~‘ca" v

PN

Ea
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5"« 3"% Yo" STEEL PLATE

2 -2X 475-ON EDGE -

2

AVATAVAMRMAWN)

/"ALL AROUND '
/— v2" THREADED ROD .

7"

L\ W U W N W V.

L
|
|
f

o

£oﬁnd by using Equation (7) of .»kSHRAE', P‘.‘23.3“

. FPigure E3.2: A

R ‘:\\\,_' f o
~ N - R DT
. e 4 e
. . i R

N
s
©

A

‘Area of Zone A = 0.785 ft?

Section of 2o

ne A
\.

»

-

of, A Verticag




-

4

rio
re,

4

¢

Table E3.2: Calculations of The Resisténce of Zone A*

TB§

EY

- ST
‘Layer Area x Conductance ,étA‘*‘ KﬁVA Lo
(££? x Btu/hr-flz-°F) (Btu/h:-3F7 (°F-hr/3£u)'w
air 0.785x1.46 1.146 - 0.873
1, steel 0.063x312/0.5  39.300 0.025

2. steel
| wcod‘
3. steel)
‘wood
4, sﬁeel
. fiberglass
5. steél
wood

*6. steel .

‘ \
0.0014x312/4

©0.333x0.230 . 0.186

1 0.0014x312/0.28

)

0.7836x3.2 | 4,255

0.0014x312/3

+0.7836x0.0833 ' 0.211

0.00142312/0.25 =

.0.7836x1.6 .  “3.00

0.0014x312/2

7
. 5,382

0.235

4.742

0.333 *

insulation  0.7836x0.1 - .-+ 0.297 °  3.370.
DRPRRISCTEEE S S N
S . Total R/A 14.960
.ﬂ. . " ' P 4 . - . e ’
SO &
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Now”that:the-Ufyalue'of the top. and side panels are known,

-

it is  necessary to calculate ‘the overall: heat loss
cdeéficieht, UQ,.ef the storage unit. Assuming that heat
‘flossesf thfdbgh QEE- bottom is the same as that térough the
‘top.' ‘The coeff1c1ent Uo based on the total area of the four

. @
.yvertical walls in contact w1thvthe rocksgiS‘

4x15.3x0.0492 + 2x4.5x4.5x0.0436

Uq"
- 4 x 15.3

"= 0,078 Btu/hr-ft?.°f

= 0.443 W/m?.°c b

2. Ntw SRR | g
The Ntu of a packed bed storage.dnit represents the
ratio of the heatutfadsfef coefficient betweeh‘the fluid and
sdlid to the heat removal coefficient by the flu1d If Ntu
is inf1n1te, the bed and fluid temperatures are eVerywhere
equal. . _.Fbr a\ well-designed rocbbed, .a large . Ntu is
"de51rable for. promotlng thermal stratification and - energy

;”exchanqe between rocks and flu1d ' The Ntu is defined as
5 .
b L - . [ 5 . i

o _Npu hVAL/mC+ | . - (E3.4)
K A TEEIN I . v e ) . , '

~

' where . hy is the-VOIumebt1c heat tran§fer coeffle\ents (i.e.,

¥

.

the.' ‘usual heat transfe& cggtf1c1ent tzmes thew}bed"

ﬁgrt1cu1§te surface area-per un1t bed volume) wh1ch dcan be
L est1mated from the-Lof and Hawley equat10n.~;That_1s S
. :’\ ) . : . . . L. - . ‘. 4 |

’ e . Lo .
t 2 N - s . -
& 3 . o . ,
. 9 " £ . . . N -
L N . o e .



188
h, = 650(G/D)° 7  wW/m®-°C (E3.5)

where G is the mass velocity in kg/s-m?* and D is the
\

particle diameter ih metetfs.

The rockbed has the following characteristics:.

L = length in flow direction = 1040 mm
A = cross sectional area = 1.88 m?
D = equivalent diameter of pebbles = 16 mm

Air flowrate = 0.122 m®/s for charging

= 0.218 m*/s for discharging

To calculate the Ntu value to justify_whether the‘infinite
Ntu model can be used to pfedict the perfdrmance of the
storage wunit, a high flow ‘rate (0.218 m?/s) and a ‘low
temperature (eg. 2f‘C) to evaiu;te the air propertie;"arg
selected soﬂthat-thé Ntu criterion will be more sevgie.
Therefore - . R 3

1006 J/kg-°C o %’,..

(@]
-~
]

m = 0.218 x 1.205 kg/s
' B ‘ Y : ]

h, = 650(0.218x1.205/1.88/0.016)° 7 W/m®-°C
= 2963 W/m?-°C

a L

A
P23
c .
"

(2963x1.88x1.04)/,(0.218x1,205%1006)
=22 -

Thus Ntu is:Laréér than 10 and the .infinite uth model 1is

* ) [ I, 4.

, 3 ¢+ ° . \
appFQprlate.";” . A

!
5
4



///f E-4: Overall Heat Loss Coefficient of Thé Dﬁct Outside The

, ‘Module

Figure E4.1 shows the 'cross section of the. 1Q  in.
. néfn'

plastic duct lécated outside of the module with. 1 in.

—

insulation of fiber glass, so that b

ry *=r, = 5 in = 127 mm
ry = 6 in = 152 mm

The conductivity of the fiber glass, k., is approximately

. 0.0421 W/m-°C.

PLASTIC (Kp)
FIBER GLASS (Xy)

Figure E4.1: A Cross Section of The Insulated Duct

Outside The Module

. 189
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-~ k-4

"The overall heat loss cgoefficient of the duct b#sed

L3

upon inside surface area can be - calculated using ‘the

!
fallowing equation

RN
-
: \,__ 1
U, = — > (E4-. 1)
1 r,kn(r,/r,) ryln(ry/r;) r,
+ + +
h| ‘kP kF r;ho

Sincé r, = r; and the conductivity of the plastic ko is much
greater than that of the fiber dlass, the second term in the
denominator of Equatioh (E4.1) can be neglected when

. compared with the third term. ThUs;

' 1 . -
U, = . (E4.2)
1 riln(r,/r;) Ly
+ ‘ +
h|._ kF ) t;ho

/

To find the inside surface conductance, h;, the nature
of the flow should be determined first by checking the

Reyndld number, Re which is equal to
Re = u,d/v o (E4.3)

- The volumetric floe rate passing through the ;ducts to and

from the collector is 0.122 m?/s, so that the mean velocity

of the flow is . | | .
Um sf0.122/0.127zn m/;

= 2,41 m/s

\
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at T = 350°K, v = 20.76x10°° m?/s

Re = (2.41x2x0.127)/(20.76x10°%)
= 29486 > 10000 B
Therefore, the flow is turbuleét. fﬁctua;ly,‘ the air
temperature inside the duct is.less than 350?K. The Reynold
number should be larger because of smaller‘value of v, the
Rinematic viscosity, at lower temperature. The flow is
certainly turbulent. ‘ |
Assuming thét&ghe flow and temperature "conditions are :

fully developed and the duct is smooth, so that the i&ternal
surface conauctance can be assumed constant along the duct
and determined by using Prandtl analogy which is ‘ |

st 0.5

, ‘ | (E4.4)
CE .1+ 1,99 Re"°-'"25(pr-1) ‘ F

for 3x10% < Re < 10°% o

where

St = Stanton number Nu/Pr -Re

Cf = drag coefficient = 0.0791 Re-©- 25

Nu = Nusselt nhmber = h,;d/k
'Pr = Prandtl number
k = thermal conductivity A .

\

d = diameter of duct
5’§ssuming the5§verage-air-tempera£uré is 300°K Inside the

i

~duct .



area is.
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15.68x10°* m?/s

1 4 = . ) . .

k= 0.02624 W/m-*c , |

Pr = 0.708 . , | ™ "‘ Q\\\\\///

Re = 2.41x2x0.127/15.68x10" | o :
= 39040 )

Cf = 0.079"x(39040)-°- 2%

5.6273x10°? g

Substitule the above properties into Equatioﬁ (34;2) to

obtain

St = 3.33x10°° ol
Nu = 92.034 h :
[
o.a h ] e

9.51 W/m?-°C

a

For the outside surface conductance, ho}-ié:iS‘ assumea
eﬁéal to 6 Btu/hr-ft?-°F (34.07 W/m’-°&) at 15 mph wind
speed from P.23.12, Table 1, ASHRAE Handbook,m 1981
Fundamentals.

ﬁow substiﬁu e hy, kg, and h, intb Equatiqn (E4.2), the

overall heat loss coefficient based upon inside duct surface

Uy = 1‘/(0.105"_+‘ 0.55 + 0_.024) w/mz.oci v

= 1.47 W/m?-°C



