=] B FANY9A
Solar Energy
Vol. 12. No. 1. 1992

HFD ol § I WA s &

|

Je=HE »wd

| &  #* -+ Rocco A Fazzolari*®

‘P PgIE B2 FAIA
**Nuclear and Energy Engineering Dept. University of Arizona

P

Solar Absorption System Analysis Wlth
Spreadsheet Models

Choi, Hong Kyu" * Rocco A. Fazzolari**

* Korea Solar Creative Cooperation

** Nuclear and Energy Engineering Dept. University of Avizona

2 o

ek o] & LiBr-water S54] WyhitA| 2w o] A9 9] simulation models SuperCalc
spreadsheetS AH&-a) A A A8t AAA~H e E46E L4224 spreadsheet si-
mulation ®219) 7} & ¢} =8 H ) Arizona, Tucson®l ¢ X3 AF A3 A E 9] A4 9
Wbk 2812 ASHRAEW Aol ¢]3te] Alakall or] AAA| 289 7484 B Ao
st dugES AU F 279 FFNaHe S A2HAHeE o
B34 vjast ot

ABSTRACT

An hourly simulation model of a solar LiBr-water absorption cooling and heating system
(for brevity, solar absorption system) is presented, based on SuperCalc spreadsheet compu-
tational procedures. This paper demonstrates the value of using spreadsheet simulation
techniques by examining the thermal performances of a solar absorption system. The hourly
heating and cooling coil loads for a typical office building in Tucson, Arizona are modeled
and calculated using ASHRAE methods. The details of the algorithms for the components
and control schemes are presented. Two case studies are also presented using real system
parameters.
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1. INTRODUCTION

The primary objective of the project presented
here was to develop a relatively simple spread-
sheet computational approach to simulating a co-
mplex model of a solar absorption cooling and
heating system. A microcomputer based spread-
sheet program like SuperCalc 1s a convenient tool
for the simulation programing of complex engi-
neering models. A spreadsheet program is easy-
to-use, has full-function computational capabilities,
1s simple to modify, and provides easy input/out-
put presentations including graphics.

The overall model presented here is generic
in the sense that the input parameters and, most
importantly, the mathematical components are ea-
sily modified to describe variations in the design
and operation of the system. A spreadsheet per-
mits the rapid introduction of mathematical algori-
thms and computational sequences. Consequently,
the modeling process is very flexible once the
overall structure of the system model is placed
in the spreadsheet. In the application described
herein, specific real components are used, but the
spreadsheet submodels can be conveniently cha-
nged.

An hourly prediction for a typical clear day in
a month is used as a basis for the simulation
period. The heating and cooling requirements for
the months of January, April, July, and October
were used to predict the annual performance of
the system. Constant flow rates are assumed, con-
sistent with manufacturers’ performance data. In
addition, a well mixed uniform temperature sto-
rage tank model is an important, possibly restric-
tive, assumption.

16

2. SYSTEM SCHEMATIC AND CONTROL

The entire system schematic is shown in Fig.
1. The solar portion of the model is patterned
after an existing operating solar process heat plant
in Coolidge, Arizona'. Absorption chillers have
been added here to complete the model formula-
tion. Four control modes and resulting heat trans-
port and flow conditions are possible -

(1) collector to load and storage tank (partial
tank charge)

(2) storage tank to load (discharge mode)

(3) collector to storage tank (charge mode)

(4) collector and storage tank to load (partial
tank discharge)
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Fig.1 Schematic Diagram of Solar Absorption Sys-

tem

The collector fluid flow rate m. is assumed to
be constant. The master controller of the system
continuously monitors solar conditions at the col-
lector field. The control function turns on the col-
lector loop pump (P1) whenever the collector
fluid outlet temperature exceeds the collector inlet
temperature by 10°F or more, and turns it off
otherwise. Therefore, if (To~T:u) <10°F, mc=0

At startup, the temperature of the heat transfer
fluid (Caloria HT43TM) in the storage tank is
assumed to be 200°F, the threshold temperature
level required in the heat exchanger. When stored
thermal energy is depleted to the point that less
than 5°F differential temperature is sensed in
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the heat exchanger, the heat transfer fluid flow
is stopped (ie., mw=0). The backup heater then
takes over.

The absorption generator entering hot water
temperature 1s fixed to a limited range of 170—
190°F. The condenser entering water temperature
1s set at 85°F. The control schemes are designed
to provide a preset hot water temperature to the
generator as a function of the solar energy availa-
ble and storage tank temperature.

The whole system consists of six submodels

- bullding HVAC, solar collector, solar radiation,
thermal storage tank, absorption chiller, and heat
exchanger.

3. BUILDING MODEL

The building model is based on the ASHRAE
cooling load temperature difference (CLTD) me-
thod including wall, roof and fenestration thermal
characteristics, and the internal loads.’ The air
distribution system designs are specifically and
mathematically modeled.’ In this case, a dual-duct
constant volume system is incorporated in the
spreadsheet model. A typical University of Arizona

building (45,000ft*) is used to develop the input
parameters.’

The CLTD and the cooling load factor(CLF)
are used to estimate the hourly coil loads. The
CLTD and CLF change with time and are a func-
tion of environmental conditions and building pa-
rameters.

The operation schedule for the air conditioning
system i1s from 7 : 00 am. to 7 .00 pm., with

the weekend off. Infiltration is assumed to be neg-
ligible,, Fig. 2 and Fig. 3 show the spreadsheet
computed hourly cooling and heating coil loads on
the 21st days in January, April, July, and October.
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4. SOLAR RADIATION MODEL

The single axis tracking parabolic trough collec-
tors in the model utilize direct radiation only. On
a clear day, the instantaneous direct solar radia-
tion per unit area I, can be predicted by’

[L,=A exp [:—Sf_ﬁ%} COS ) +revererrnenrenns (1)

where A is the apparent solar radiation at zero
air mass » B is the atmospheric extinction coeffi-
cient s o 1s the solar altitude angle 5 0 is the solar
inciddent angle.

For a plane tracking the sun about a horizontal
axis, the angle of incidence can be expressed In
terms of solar angles and geometric angles.’ At
the mean hour angle during a time step, Iy in
eqn(1) is approximately the average' value for
the period.
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Fig.2 Hourly Cooling Coil Loads
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Fig.3 Hourly Heating Coil Loads

The overall fraction of array area that is shaded
at any time is a function of the shaded fraction

for a single row of collectors and the number
of rows Ny as’

I

ffy = ——————————— it ( 2 )

where 1, is the fraction of the aperture area sha-
ded by an adjacent row of collectors, neglecting
collector edge losses.

The effects of the incident angle 0 on collector

edge losses are combined into a function F(0)
as follows’ .

F(8)=(1—Atan®) e reeereteruteeeeneaeuns (3)

where the term A tan 0 expresses the apparent
reduction in aperture area due to blockage and
end losses. The coefficient A is a geometric factor
for the specific collector design.

The incident angle modifier is negligible when
the incident angle is less than 60° as will be the
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case most often with tracking trough collectors.
Considering shading and end losses, the incident
averaged solar direct radiation per unit of aperture
area for a time step is computed in the spread-
sheet by

T:T[)(l_fbs)F(e) .............................. (4)

Fig. 4 shows the calculated incident solar radia-
tion falling on the collector for typical clear days
in the four months. The north-south axis delivers
the maximum vyield in July but the lowest yield
in January. The east-west axis results in more
even thermal output throughout the year.
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O0=July E/W=-nxis
8 = January N/S-axis
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Fig.4 Incident direct Solar Radiation in Tucson, Ari-
zons

5. SOLAR COLLECTOR MODEL

The Solar Kinetics T—700Acollector was used
for this model. Based on performance tests of
the T—700A" the collector instantaneous efficie-

ej ool 2} (Solar Energy) Vol. 12, No. 1, 1992
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ncy ne can be expressed by the following equation
over a wide range of temperatures and solar ra-
diation [ -

N = .7358—.000154 AT — 0332 .._%L
— 000121 A}” ........................ (5)
where
AT=T—T. = T"'i"+T"-°lf_—Ta, oF

The corresponding hourly averaged form of the
above equation can be expressed as

N = 7358 — 000154 AT — 0332 %I—
— 000121 _é%_ ........................ (6)
where
AT = l—;—iri—* T.

Also, T, is the average tank temperature s To
is the average collector outlet temperature : T,
is the average ambient air dry bulb temperature ;
I is the average solar radiation.

The available energy input qc/\t from the solar
collector for the time step At is

qeDt :EL‘At - (Ith) t-(T() — 1.

Combining eqn(6) and eqn(7) results in a qua-
dratic equation for T, which is solved by the sp-
readsheet program. The collector outlet tempera-
ture To is solved with an initial guess of Ts. qc
and T, in eqn(7) are adjusted to reflect the ther-
mal losses in the piping.

6. STORAGE TANK MODEL

The storage tank is assumed to be completely

e Fellti 4l {Solar Energy) Vol. 12, No. 1, 1992

mixed at uniform temperature Ts. Ts is approxi-
mated by averaging the initial storage temperature
Ts and the final storage temperature Ty over the
simulation time step of At.

TS ~ (Tsi;_ Tsf) .............................. (8)

T. is a dependent variable, which depends on the
initial storage tank temperature, the solar energy
collection, the thermal energy removal for the
load, and the ambient temperature.

An energy balance on the storage tank requires
the energy input from the collector, the energy
transfer as heat in the heat exchanger, the energy
losses to the environment, and the internal energy
change of the stored oil as follows .

g Ot=guit+ (UA(T,— T At
+ (MC];)S(Tsf__Tsi) ........................ (9)

where qn, 1s the heat transferred in the heat ex-
changer ; (Mc,), is the thermal mass of stored
oll in the storage tank.

Combining eqn (8) and eqn (9), the storage
tank average temperature T. over the simulation
period is calculated by

(q(‘ T qm() At + (U A) ST?lAt __ll: Z(MCp) sTs;i

T.=
(U A).At+2(Mc).

The accuracy of eqn (10) depends on the validity
of eqn (8) and the duration of the time step.
T. in eqn (10) is used as a next guess for solving
the quadratic equation of T, until the two T, be-
came sufficiently close with each other. The net
energy change in the storage tank q.. over the

simulation time step of At is given by

Gree = LG — g — (UA) (T, — TD JAL
:(MCP)S(TS'-"TQ) ........................ (11)

The final temperature of the storage tank T,
is found from eqn (11). Ty is used as the initial
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tank temperature T, in the next time step of the
simulation.

7. ABSORPTION CHILLER MODEL

A Yazaki LiBr-water absorption chiller is used
as the simulation model."” Absorption chillers can
‘be classified as single-effect and double-effect de-
pending upon the stages of generation. A si-
ngle/double-effect chiller combines a single-effect
and a double-effect system so as to permit the
direct use of hot water and gas heat in the chiller.
Backup heat can be supplied without the need
of an additional boiler. With this approach, solar
heat and/or gas can be used conveniently to meet
the space heating and cooling loads.

The coefficient of performance(COP) and the
capacity factor(CF) are functions of the condenser
entering water temperature and the generator en-
tering water temperature ; they are defined by

hourly cooling load

COP = :
energy input to generator

- (12)

CF = h(?urly c0(?ling load' . (13)
nominal cooling capacity

The cooling requirements are supplied by adju-
sting the number of operational absorption units
and their operation time. The number of the ope-
rational units N and the operation time OT are
calculated by

hourly cooling load -
(CF) (NCAP) -

N =integer [

hourly cooling load

(N) (CF) (NCAP)

I

OT

where NCAP is the nominal cooling capacity per
unit.
The hot water flow rate to be supplied to the

20

generator m, and the backup heater gas consump-

tion Qe are given by following .

m, = (N) (water flow rate specified per unit)

(0T

where 7 is the heater efficiency : T.. 1s the heat
exchanger leaving water temperature.

For the single-effect chiller using hot water
only, the entering temperature is fixed at 190°F
to obtain reasonable cooling efficiencies. In the
case of the single/double-effect, the system can
be energized by hot water in the range of 170—
190°F because of the added input of gas. The
CF and COP depend on the generator entering
water temperatures ; they are determined using
empirical performance data. At 190°F or above,
the hot water driven mode only is used. Lower
than 170°F, the gas-fired mode takes over. Other-
wise, both hot water and gas are used. The hot
water contribution to the generator is calculated
by

hourly cooling load

q\\'illt‘r — COP

— Q] " (18)

The generator leaving water temperature T,
is found by an energy balance on the generator.

To =T =~ s (19)
(mc,),

If there is a space heating load requirement,
the generator leaving water is allowed to flow
through a heating coil to supply warm air to the
space. The heating coil leaving water temperature
Twi is calculated by

T.=T. — hourly heating load

(mc,).

ef okoll g 2] (Solar Energv) Vol 12, No. 1, 1992
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When the hot oil temperature in the storage
tank is not sufficient to supply the heating de-
mand, a backup heater is used with a single-effect
chiller. The single/double-effect chillers, however,
can also be operated directly in heating mode.

Considering the thermal losses in the piping,
the heat exchanger entering water temperature

Twi IS
Twi:;["‘hd_ INT vevrevereneerneniiiiiiiiiiiaea, (21)

where AT is the temperature drop in the piping.

The water pumping power and the tower fan
power were calculated using the manufacturer s
design performance data and the part load ratio.

8. HEAT EXCHANGER MODEL

A shell and tube type heat exchanger is used
in the model to transfer thermal energy from the
hot Caloria fluid to the water. The U-value of
the heat exchanger is assumed to be constant
this is a reasonable assumption for compact single-
phase heat exchangers. The NTU(number of
transfer units) method” is used to predict the
performance of the heat exchanger. Due to the
cooling load variations, the fluid flow rates of mu,
and m, are regulated to supply adequate thermal
energy to the absorption generator. The heat ex-
changer effectiveness ¢ is, therefor, varying. The
heat available at the heat exchanger q. and the
required amount of energy q., are calculated by
eqn (22) and eqn (23), respectively.

qhx — SCmin(Thi T T\\'i) (OT)
=(mc)(Tw — Ti)  (QT) -erveveeeers (22)

Qeq = (M) (T—To) (OT)  ceeeereeens (23)
where
c = minl (m¢,)n, (mc,).]

max[ (mc,), (mc,).]

EiFoll i A (Solar Energy) Vol. 12, No. 1, 1992

The hot oil flow rate m, is adjusted to meet
the required heat transfer according to

Qreq
£ Cp, hx(Thi* Twi)

My = max { m., - (24)

However, the flow must be limited to a realistic
value because of the pumping requirements. In
this case, the upper limit was set to 2m.. Ty is
then determined by

- _mT(9)+U-COTI+(m—m)T,

mhx

where CS=control function of solar loop (if T.
—T,>10°F, 1, otherwise, 0).

[teration commands are conveniently available
in SuperCalc and other spreadsheets. The three
parameters (my,, Ty, and €) are iterated on within
the specified range of m.. until they were conver-
ged into the final values. The value of T.. is found
from eqn (22) when the iteration is terminated.
If T., is higher than 190°F, the flow rate mu
should be reduced to obtain T. at 190°F. The
following algorithm is used to limit T..

T..,=min(190°F, 6 AW BELEERCRITETPRYIPRPPLY (26)

9. SPREADSHEET PROCESS

The SuperCalc” spreadsheet provides a matrix
of 2,549,745 cells in which mathematical formulas,
numerical data, and text can be entered, manipu-
lated, and modified. The matrix layout, with hund-
reds of columns and thousands of rows, is ideal
for a wide variety of spreadsheet applications in
which large sets of numbers and formulas need
to be computed and organized. Each cell has its
own address on the spreadsheet : the address 1s
defined by the intersection of a column and a
row.

AR
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In this application, the solar time 1s arranged
in the first column ; therefore, each row reflects
the corresponding solar time in sequence. Each
column contains a dependent mathematical for-
mula which essentially follows the sequence of
information beginning with the solar radiation cal-
culation and ending with the solar fraction. Fig.
5 shows a small portion of the spreadsheet and
the arrangement of mathematical formulas. Each
cell on the screen normally displays the values
assoclated with the inherent formulas, however,
it 1s possible to print in hardcopy either the values
or the formulas. Fig. 6 represents mathematical
and logical formulas for a few typical columns
used in the simulation.

The abilities of SuperCalc to replicate formulas
make a spreadsheet easy to program a complex
model. The iteration capabilities make this simu-
lation possible.

The system model developed here involves th-

HVAC) : the subsystems are integrated by the
use of logical control schemes. Complex control
schemes are easier to introduce and verify in a
spreadsheet than they are in a conventional com-
puter program.

Spreadsheet permits the easy observation of
detail numerical values for every algorithm used
without tedious input/output programing and for-
mating. The spreadsheet itself serves the function
of a well organized output sheet on the monitor
or in printed form. Errors can be detected and
corrected at each step without difficulty. Moreo-
ver, the computational procedures can be automa-
ted with macros which allow complex interactions
within the spreadsheet or between files.

10. CASE STUDIES

Two case studies are presented .
(1) single-effect chiller with T—700A collec-

ree major subsystems (solar, absorption, and tor
Al AK AL AM
1 solar time hour angle , . control function
9 sin(altitude angle) ,
» (hr) (degree) daytime
4 6 15% (AJ5—12+.5)  |C15*% COS(AKS5 * C12) +C16 IF(AL5).1,1,0)
5 7 15% (AJ6—12+.5) |C15% COS(AK6* C12) +C16 IF(AL6).1,1,0)
S 8 15% (AJ7—12+5)  |C15% COS(AK7*C12) +C16|  IF(AL7).1,1,0)
3 9 15% (AJ8—12+5) |C15% COS(AK8* C12) +C16 IF(AL8).1,1,0)
9 10 15% (AJ9—12+.5) |C15% COS(AK9* C12) +C16 [F(AL9).1,1,0)
Al AK AL AM
1 solar time hour angle _ _ , control function
g (hr) (degree) sin{altitude angle) daytime
A 6 —82.50 29 1
5 7 —67.50 49 i
g’ 8 —52.50 67 1
3 9 — 3750 82 1
9 10 —22.50 92 1

Fig. 5 Spreadsheet with Occupied Cells
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water temperature

BR heat exchanger water flow rate
BS heat exchanger input required
BT heat exchanger oil flow rate
BU control function

COLUMN LEGENDS FORMULAS
BL # of units for gas heating IF(BK7="heating”, INT(BG7/H19)+1, 0)
BM op-time for gas heating IF(BK7=“heating”, BG7/(H19% BL7), 0)
BN gas use for gas heating BL7 % BM7 * H19 * 1000/ (H33 * C19%* C20)
BO # of units for water cooling MIN(H21—BL7, BF7#* (INT(BE7/(H25% H20)) +1))
BP of-time for water cooling IF(BO7=0, 0, BF7* BE7/(H20* H25% BO7))
BQ heat exchanger entering CX7

BF7 * BO7 * H20 * H16/(C19* C20)

BP7 * BR7 * (H24—BQ7)

[F(BP7=0, 0, BF7* MIN(2* C26, MAX(C26,
BS7/((CA7+.0001) * C23* (BV7—BQ7)))))

IF(BT7 > C26, 1, 0)

Fig. 6 Mathematical and Logical Formulas

(2) single/double-effect chiller with T—700A
collector.

A north-south axis tracking was used to obtain
the most solar energy during the summer months.
The overall solar system performance is stated
in terms of the solar fraction. The four month
energy requirements for the two cases are sum-
marized as follows -

(Case-1)
Electricity, kWhr |[9.52 (956959 |9.63|9.65
Natural gas, MBtu | 745 | 658 | 566 | 471 | 376

Solar fraction 0.36{0.39104304710.52

(Case-2)
Electricity, kWhr |9.31|9.70 | 9.90 |10.26{10.54
Natural gas, MBtu | 526 | 445 | 381 | 321 | 261

Solar fraction 048 0.57(0.63 | 069 |0.75

From the performance comparison, Case-2
shows a better solar fraction than Case-1 due to
the improved COP and efficient accommodation
to the heating or cooling needs. It is easy to ex-
tend the above results to obtain economic perfor-

el eFellt] 2] [Solar Energy) Vol. 12, No. 1, 1992

Collector, ft*  {4,200(5,040(5,880!6,720|7.560{

mance indicators for the systems under various

operating conditions and design parameters."

11. CONCLUSIONS

In this paper, a comprehensive and complex
solar system model for heating and cooling a com-
mercial building is presented which includes the
building loads, the HVAC systems, the solar sys-
tem, and absorption chillers. A complex logical
control scheme is required to integrate the various .
components into an effective mathematical model
of a real system.

In order to compare the more conventional pro-
graming approach to the use of personal computer
(PC) based spreadsheets, the model described
herein was also programed in FORTRAN. The
primary benefit of using the mainframe version
was the computational speed. A one day run on
a 6MHz, 80286 PC took~5 minutes while on a
VAX —11/780 a similar run took~20 seconds. Ho-
wever, the newer 80386 based personal computers
operating at 25 MHz will close the computational
time gap.
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This effort also showed that spreadsheets are
convenient simulation tools for complex systems.
They are easily applied to solar system performa-
nce calculations. Spreadsheet models are conve-
nient and appropriate for doing parametric studies
and examining design alternatives. The formating
of input-output information required in conventio-
nal computer programs is eliminated with spread-
sheets 5 graphic output presentations are also easy
to obtain. The spreadsheet modeling approach
provides a very transparent exposition of mathe-
matics and information flow to both the programer
and the user. All the algorithms and logic used
can be conveniently displayed on a monitor or
with a printer showing with details of each calcu-
lation.
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An Experimental Study on the Interior Visual Environment of
Classrooms in the Existing School Buildings

Lim, Sang-Hoon * Chun, Won-gee * Auh, Chung-moo * Lee, Nam-Ho
Korea Institute of Energy Research

The conventional school building design, which locates the hallway on the north side of the class-
room, has proven to be very ineffective for indoor light control. Especially, glares and dark spots
on the work plane as well as nonuniform iliuminance on the chalkboard were causing undesirable
visual effects for the students. The present study has investigated various problems with the classroom
in the existing elementary and(junior) high school buildings from the point of indoor visual environ-
ment, and made some suggesions for possible solutions.

Solar Absorption System Analysis with Spreadsheet Models

Choi, Hong Kyu * Rocco A. Fazzolari

*Korea Solar Creative Cooperation
**Nuclear and Energy Engineering Dept. University of Arizona

An hourly simulation model of a solar LiBr-water absorption cooling and heating system (for
bervity, solar absorption system) is presented, based on SuperCalc spreadsheet computational proce-
dures. This paper demonstrates the value of using spreadsheet simulation techniques by examining
the thermal performances of a solar absorption system. The hourly heating and cooling coil loads
for a typical office building in Tucson, Arizona are modeled and calculated using ASHRAE methods.
The details of the algorithms for the components and control schemes are presented. Two case
studies are also presented using real system parameters.C

Natural Convection Heat Transfer from a Hot Body in an Inclined
Square Enclosure

Kwon, Sun-Sok” - Chung, Tae-Hyun**
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