Use of Air Conditioning Heat Rejection for
Swimming Pool Heating

by

Sven-Erik Pohl

A thesis submitted in partial fulfilment of
the requirements for the degree of

Master of Science

(Mechanical Engineering)

at the
University of Wisconsin — Madison
1999






Abstract

Resdentid swimming pools are common in Wisconsin. However, pool hegters are
needed in this climate to alow the pool to be used during the summer and to extend the
period of use from late spring to early fdl. Swimming pool hesters commonly use naturd
gas or propane as fue. Although pool covers are often used to reduce the evaporation
loss, the hesting needs of an outdoor pool can result in sgnificant operating expense and
unnecessary use of natural resources. Even though the avalable solar energy is & a
maximum at the time that pool heeting is needed, solar hesating systems are not commonly
employed. Central ar conditioning sysems are common in Wisconsn. Centrd systems
ae routindy ingdled in mos new homes egpecidly in those tha have residentid
swimming pools. Air conditioners are dectricaly driven, and the energy removed from
the cooled space plus the eectrica energy are regected to the ambient through air-cooled
condensers. Even though the air conditioning season is rdatively short in Wisconan, ar
conditioning is estimated to contribute 10 to 15 % to the dectric demand in the State. The
objective of this sudy is to explore and evauae different methods of combining ar

conditioning and pooal heating to reduce the energy requirements and eectrical demand.
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Chapter 1

Introduction

1.1 Objective

In the Wisconsn climate resdentid swimming pools need to be hested through
out the season. Gas pool heaters are commonly used to supply the energy required to
maintan the comfort temperature of the swimming pool. However, most residences that
host a swvimming pool nearby have ar conditioning sysems to reduce the temperature
ingde the building. Consequently, there is one device that rgects heat and another one
that needs heat. The objective of this research is to explore and evauate different methods
of combining ar conditioning and pool heating to reduce the energy requirements and

dectrical demand.

Both air conditioners and gas pool hegters require purchased energy to operate. If
the heating demand of the pool can be satidfied usng the rgected heat from the building,
the gas energy for pool heating can be reduced or possbly diminated. Additiondly, a
water-cooled ar conditioner peforms better than a conventiond ar-cooled ar
conditioner because of the water properties. Consequently, the homeowner saves
purchased energy by implementing a swimming pool heding sysem tha uses the

swimming pool as the condenser for the air conditioner.



More than sx million American families own a swimming pool. Consequently,
reducing the energy demand for pool hedting and ar conditioning helps saving naturd

resources.

To invedigate the peformance of the improved swimming pool ar conditioner
and to discuss the benefits of such a sysem, a computer sSmulation has been
implemented. A trandent smulation program caled TRNSYS was employed to smulae
the required components, where each component (building, ar conditioner, svimming
pool) is based on equations that describe its physcd behavior. This smulation can be
used for different places by changing the weether data, which is an input to the program.
It will be shown that the swimming pool ar conditioner lowers the operation cost and

reduces the energy consumption for amost every location in the United States.

1.2 An Introduction to TRNSYS

TRNSYS is a trandent sysem smulation program with a modular sructure. The
program is wel suited to smulate the performance of sysems, the behavior of which is a
function of the passage of time. This is the case if outdde conditions that influence the
sysem behavior change, such as weeather conditions, or if the sysem components

themsalves go through conditions that vary with time.

Modular smulation of a system requires the identification of components whose
collective performance describes the performance of the sysem. Each component is
formulated by mahematicad equations that describe its physca behavior. The

mathematical modes for each component are formulated in FORTRAN code, s0 that they



can be used within the TRNSYS program. Formulation of the components has to be in
accordance with the required TRNSYS format. A basc principle in this format is the
specification of PARAMETERS, INPUTS and OUTPUTS for each component.
Parameters are congtant vaues that are used to modd a component; these can be for
example, the geometric parameters of the swimming pool such as length, depth and
width. Inputs are time-dependent variables that can come from a user supplied data source

such as wesather data or from outputs of other components.

There can be severd components of the same type specified in one smulation.
The way this identification is accomplished is tha each component is assigned an
identifying type number that is component specific. A second number, the unit number, is
unique an can ally be usad once in a Smulation. Different unit numbers can be associated
with the same type number, athough there are limitations on how many types of one kind

can be used in one Smulation.

A sygem is st up in TRNSY'S by means of an input file, caled a TRNSY S deck.
This deck contains dl the information that specifies the components and how the
components interact. The system is set up by connecting dl inputs and outputs in an
gopropriate way to smulate the red system. For example the cooling demand for the
building unit is the evaporator energy of the ar conditioner unit. Once a system is st up
in a TRNSYS deck, the program can be run over a user defined time interval. The time
interva is divided into equa number of time deps. At eech time sep the program cals
each component and solves dl the mathematicd equations that specify the component

performance. The program iteratively cdls the sysem component until a Sationary Sate



iIs reeched. The dationay dae is reached when al the cdculated inputs to the
components remain constant between two iterations. Naturdly, in a numericd solution
such as cdculated by TRNSYS, there will dways be a difference in results between two

iterations. Therefore the user has to specify tolerances that define a stationary state.

Asde from the components that smulate actud physica parts of the system, there
are predefined utility components that can be used in the smulaion. One of them is the
data reader. The data reader is able to read data from a wser supplied data file that has to
be assgned in the TRNSYS deck. Every time sep of the smulation the data file then

reads the desired va ues from the file and makes them accessible to the components.

Ancther kind of utility component is a printer that stores output data in a file.
Severd printers can be defined in one deck. These output files can be imported into a
Spreadsheet program and the results further examined. The online plotter can be used to
make the progress of the smulation visble on the screen, so that the user can
immediately decide whether a run was useful or not. Additiondly, a quantity integrator is

available to integrate values over time.

A specid feature of the TRNSYS program package is the possbility to create a
user-friendy input file cdled a TRNSED file. When the TRNSED program is dtarted, the
user only has to supply the important parameters and can change these eadily for different
amulations. In this way the program is accessble to users who are not experienced in

usng TRNSY S but are only interested in examining a particular system.



1.3 Software Selection

Based on the features mentioned in section 1.2, TRNSYS was sdected as the

primary tool to perform the swimming pool ar conditioner andyss.

Although the main product of the present work is a swvimming pool ar conditioner
gamulation in TRNSYS gppearing in usar-friendly TRNSED format, parts of the sudies
were done usng EES (Engineering Equetion Solver). The basic function provided by
EES is the solution of a set of dgebrac eguations EES can dso solve differentid
equations, equations with complex variables, do optimization, provide linear and non
liner regresson and generae plots. The progran was especidly useful for the
examination of the refrigeration cycle because of its built-in thermophysica property
functions. A Diagram window provides a place to display important input and output

vaduess and a <shematic diag)am can hdp to interpret their  meaning.






Chapter 2

The Swimming Pool Simulation

2.1 Brief Literature Survey

The following section gives an overview of some of the dudies found in the
literature that discuss the energy transfer across an air water interface for large bodies of

water, such as a svimming pool.

Carrier (1918) did a series of measurements on pans and smdl tanks in wind
tunnels where the evaporation rate was formulated in terms of the partid pressure

difference of water and the air above it, and the velocity of the air.

Ryan and Harleman (1973) introduced a study of transent cooling pond behavior
and developed an dgorithm to smulate the therma and hydraulic behavior of a cooling
pond or lake. They gave rdaions to edimate the surface energy flux. The convective
energy trandfer terms were divided into a forced and free convection part. The forced
convection was edimated by an empiricd function. The free convection terms were
derived from a basc heat and mass trander andogy for a fla plae The fla plae
relations were refined by accounting for the effect of the water vapor in the air above the
aurface. A 0 cdled wind function was introduced, that combined free and forced
convection effects. Relaions to estimate long wave radiation from the water to the sky

were d0 given in the study of Ryan and Harleman.



The American Sociely of Hedting, Refrigeration and Air Conditioning Enginears
Handbook ASHRAE (1991) uses the Carrier equations but notes that the equation, when

goplied to svimming pools, may predict high vaues for the heet loss.

Wei, Sigworth et a. (1979) peformed a svimming pool andyss. This andyss
gives a rdation for heat and mass trandfer across a pool surface that is smilar to the one
proposed by Ryan and Harleman, but neglects the effect of water vapor in the air with

respect to free convection. Etimations of radiation heat transfer are also made.

Smith, Loef et d. (1994) made measurements on the evgporation losses from an
outdoor swimming pool by mesasuring the reduction of pool water volume over time due
to evaporation as well as measuring evaporation losses from pans floated in the pool.
They dso measured the temperature change of the pool and correlated the heat loss with
the evaporation and measured the radiation exchange between the pool surface and the
sky. The data were anayzed and compared to the commonly used evgporation rate
equations found in the ASHRAE Applications Handbook. The result found was lower
than the predicted result by ASHRAE and a modified verson of the ASHRAE equation

was devel oped.

Hahne and Kuebler (1994) made measurements on two heated outdoor swimming
pools located in Stuttgart, Germany. They applied formulas for evaporation, radiation,
convection, conduction and fresh water supply developed by Richter (1969), Richter
(1979) to predict the heat balance of the pools. Using the mogt suitable corrdation for the

evaporative losses of the pool the temperature wes found to have less than 0.5 K standard



deviation between measured and smulated temperature. The result was implemented in a

TRNSY S subroutine (TY PE 144).

2.2 A Comparison of Four Swimming Pool Simulations

2.2.1. Introduction

The following comparison of four different computer programs for smulating
swvimming pools has been made in an datempt to find the most relidble modd for
svimming pool heat losses The emphass of the comparison is on evaporation models
snce evaporation accounts for such a large percentage of the heet loss. All of these
programs are based on measurements made on pools, lakes or ponds. In each case the
measured results were used to find modd parameters so that the model and measurements
agree. In soite of this experimenta verification of the programs, the programs predict
different evaporative losses. Part of this difference may be due to the very different nature

of the experiments as discussed below.

Table 2.1 provides an overview of the dgorithms used in the various programs for
convection, evaporaion and radigtion. Information is aso provided on how each program
obtains certan themad paameters. For example, the cover transmittance for solar
radiation is a program input (i.e, set by the user) for POOLS and TRANSSOLAR but is a
fixed, but different, vdue for F-Chart and ESP. The following sections give an overview

of the four programs and then discuss the various assumptions in more detail.



Pools F-Chart Energy Smart Pools Transsolar Type 144
[LBL] [F-Chart Software] [DOE] [Transsolar]
Evapor ation L osses Wei, Lederer and Rosenfeld Wei, Lederer and Rosenfeld L of D.Richter
Convection L osses Bowen Bowen H=H(ToViing) J.T. Czarnecki
Solar Radiation Hourly Monthly/Nrel Monthly Hourly
Film Transmittance Input 0.837 0.75 Input
Cover R-Value Hr-ft>F/BTU Input ~00 01 See convection section
Bubble Transmittance Input 0.783 0.85 Input
Cover R-Value Hr-ft>F/BTU Input 187 15 See convection section
Wind Vel ocit = Input (monthly average) = 1
y v=k Nairport put ( y age) V=X >°‘/airport h I Sac
. —_ rel
k = 0.5 very windy, unsheltered The manual recommends: X = 0.3 no windbreak V= Vairport h
. . V=Vairport/ 10 for well sheltered b
k =0.1..0.2 normal wind fractions d x = 0.2 moderate windbreak
_ an _ _ Sfac=2 strong shelter
k = 0.05 well sheltered pool V=Vairport/S fOr moderate shelter x = 0.1 good windbreak Sfac=2-4 normal shelter
x = 0.15 for estimation
Sfac=3-6 wooded area
Sfac=6-8 unsheltered
Sfac=8-10 open water
hre=height of wind measurement
ho:3 m
Sky Temperature Berdahl M. Martin and P. Berdahl Teky = Tamn-20 [F] M. Martin and P. Berdahl

Table 2.1 Comparison of Different Svimming Pool Modeds
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2.2.2. The different heat transfer mechanisms

To predict the pool energy use, an energy balance is set up that specifies the heat
fluxes through the water surface. Table 2.1 shows schematically the heat gains and losses
from a pool. Both the ESP and F-Chart programs use monthly average energy baances
that ignore the therma capacitance of the pool. The POOLS and TRYSYS programs use
hourly energy baances that include the therma capacitance of the pool. In dl the
programs the energy gains that increase water temperature come from the direct sun, a
solar collector, or a gas (typicaly) pool heater. The energy losses that decrease the water
temperature come from convection, evaporation and radiation to the ambient. Conduction

to the ground is smal and is neglected in dl of the programs.

Heat Gains

Direct

Heat Losses sun Solar
Collector
3 &

Gas Pool
Heater

. LSO
Radiation &
Evaporation
Convection o))

o _ 0

Heat Losses to the Ground

Figure 2.1  Heat transfer mechanisms associated with a swimming pool.
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2.2.3. Heat Losses

Of the three heat losses from an uncovered pool the most important is evaporation,
often accounting for 45-60% of the tota loss. The convection loss is a function of wind
speed above the water surface, which is difficult to estimate and the difference in water
vapor pressure between the ambient air and the pool surface. The radiation heat loss from
the pool to the sky is dso difficult to esimate due to problems with estimating the
effective sky temperature. All three of these heat losses can be reduced by means of pool

covers whenever the pool is not used.

2.2.4. Heat Gains
The largest heat gain is due to the incoming solar radiaion, gpproximately 80% of
which is absorbed by the water. Using a solar heater with a collector area that is 75% of

the pool area can nearly double the amount of solar energy available to the pool, as noted

by Wei, Sigworth e d. (1979).

2.2.5. Comparison of Four Computer Models

2.25.1 POOLS (LBL)
The computer program called POOLS has been developed by Wel, Sigworth et d.
(1979) a the Lawrence Berkeley Laboratory (LBL) to compare a wide range of pool

energy consarvation measures including pool covers and solar collectors. The computer

smulations are reported to agree with measurements within a range of 10%. To determine
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the accuracy of the computer model, heating gas requirements of existing pools were
dmulated, usng the modd, and compared with actud gas consumption in the San
Francisco bay area. The solar system gains to the pool are based on hourly caculaions of
the collector performance. The program source code is no longer avalable but the
agorithms used in the program ae available in the LBL report by Wel, Sigworth et d.

(1979).

2.25.2 F-Chart (F-Chart Software)

The F-Chart Software (Beckman, Klein et d. (1977)) is a program based on
methods developed by S. A. Klein and W. A. Beckman. The FChart solar design method
(Beckman, Klein et d. (1977)) was developed to sdect the sze and type of solar collector
that, in conjunction with an auxiliary furnace, will supply the entire heating load a the
least possible cost. The solar collector performance is based upon utilizability methods
developed by Klein and Beckman and reported by Duffie and Beckman Beckman, Klen
et a. (1977)). Reaults of the POOLS program were used in the development of the F

Chart program.

2.2.5.3 Energy Smart Pools Software (DOE)
The Energy Smart Pools Software (Gunn, Jones et d. )), developed by the U.S.
Depatment of Energy (DOE), is dedgned to edimate the annud cost of heating both

indoor and outdoor swimming pools and spas. The software is desgned b andyze energy

and water savings from pool covers and solar pool heating systems. It can aso be used to
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determine differences between conventiond heating and high efficiency hedting systems
and conventiond and high efficiency dectric motors. The cdculaion of the sola gan
from the solar collector system is based upon a monthly average day. If the collector has a
high loss coefficient, as might be expected of an uncovered collector, then this method of

estimating collector performance can lead to sgnificant errors.

2.25.4 TRNSYS TYPE 144 (Transsolar)

TRNSYS Klein (1996)) is a trangent sysem sImulation program with a modular
dructure. The modular dructure of TRNSYS gives the program tremendous flexibility,
and facilitates the addition to the program of modes not included in the standard library.
The TYPE 144 (Auer (1996)) is a non-standard TRNSY S mode which was developed by
the TRANSSOLAR Company in Stuttgart, Germany, to smulate an outdoor or indoor
svimming poodl. The solar sysem modd is smilar to that used by the POOLS program in

that the collector output is calculated on an hourly basis.

2.2.6. Evaporation Calculations

2.26.1 POOLS9 (LBL)

The evaporative heat flux due to combined forced and free convection was
obtained from Wei, Sigworth et a. (1979). This dgorithm is a result of a sudy by Klotz
(1977) at Standford and Ryan and Harleman (1973), at MIT. Wei, Lederer and Rosenfeld

verified these dgorithms with measurements on pools in the San Francisco bay area.
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Where

q’evap = Evaporation hest flux [BTU/hr-ft"2]
Poool = Saturation vapor pressure at the pool temperature [psial
Pamb = Saturation vapor pressure at the ambient temperature [psidl

Pam = aimospheric pressure, typicaly 14.7 [psid]

2.2.6.2 F-Chart (F-Chart Software)
The F-Chart Software uses the same evaporation equation used by Wel, Sgworth
et d. (1979) implemented in the LBL computer program. However, as F-Chat is a

monthly average program, it uses a monthly average ambient temperature and rdative

humidity.

2.2.6.3 Energy Smart Pools (DOE)
Energy Smart Pools Gunn, Jones et al. ) uses the evgporation agorithm reported
in Smith, Jones et d. (1993): Evaporation rates are based on an experimentd study of an

indoor pool. Based on a single indoor pool experiment, the energy loss rates were et to

be 74% of that predicted by the Carrier equation Carrier (1918)) used in the ASHRAE
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Applications Handbook (ASHRAE (1982)). The Carrier agorithm was developed from

measurements on a smdl shdlow pond in an outdoor environment. It is difficult to make

any judgment as to how the wind velocity in this indoor environment relates to the wind

in an outdoor environment.

|an u

q evap,ESP (C + C WWI nd ) ><(F)pool )Xez 035859 u ( 2-2)

Where:

qn evap,esp

Vwind

P

Ci

C

22.6.4

psia g

= Evaporation Heat Flux [BTU/hr-ft]

= Pressure [psia]

= Wind Speed [mph]

= 69.4 [Btwhr-ft>-inHg]

= 30.8 [Btu/hr-ft?-inHg-mph

TRNSYS TYPE 144 (Transsolar)

TRNSYS TYPE 144 (Auer (1996)) uses an empirica correlation based on a report

by Richter (1969), who investigated evaporation losses on a cooling pond in Germany.

q evap, Transsolar

Where:

63) (0N

@ (ém‘ 0203

e u
642,30+ 5652><§/W|nd >§%44704 m/sou >( Py g - relUMP,, )0
u
¢ u (23)
L
08805508320 L X &
KJ /hr ><m2 u
Tlpool = (Tpool - 32)>6/9 (2-4)
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T = (T, - 32)>86/9 (25)

amb ~

P

dw, pool

= 0.004802 +0.0007109T" , - 0.000003525T" 2 +7.2200" 107 »T*, °|

kPau (26)
ath

pool

§L01 325%— 2

[o 004802 + 0.0007109T", _, - 0.00000352<T", > +7.2200" 10°" xT'am,fJ

kPau (27)
atmf

dw amb

2101 325%— 2

2.2.7. Comparison of the evaporation calculation methods

In Fgures 2-5, the eveaporative heat flux is shown versus the ambient temperaiure.
The pool water temperature is chosen to be a congtant a 27°C. The plots are arranged
with increesing relative humidity (40 to 100%) and in each chart the wind speed was

chosen to be either 0 or 3.2 km/h.

2.2.7.1  Effect of relative humidity
For a reative humidity (RH) of 100% and an ambient temperature of 27°C the
evaporation for al methods is zero, because in this point the ambient temperature and the

pool water temperature are the same and the difference in relative humidity is zero.
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Figure 2.2

Figure 2.3

Evaporation Heat Loss Comparison for Different Wind Velocities
Relative Humitity = 1, Swimming Pool Temperature = 26.6 C
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Evaporation Heat Loss Comparison for Different Wind Velocities
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Evaporation Heat Loss Comparison for Different Wind Velocities

Relative Humitity = 0.6, Swimming Pool Temperature = 26.6 C

400

—&—Richter (Trnsys) @ v = 3.2 km/h
—8—\Wei (Pools, F-Chart) @ v =3.2 km/h
—&—Lof (ESP) @ v = 3.2 km/h

—O— Richter (Trnsys) @ v =0 km/h
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—2—Lo6f (ESP) @ v = 0 km/h
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Figure 2.4  Evaporation Comparison at different wind speeds and relative humidity of 0.6

Figure 2.5

Evaporation Heat Loss Comparison for Different Wind Velocities
Relative Humitity = 0.4, Swimming Pool Temperature = 26.6 C
——Richter (Trnsys) @ v = 3.2 km/h
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Evaporation Comparison at different wind speeds and relative humidity of 0.4
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From Fgure 2.2 to Fgure 2.5, at a congant ambient temperature and decreasing
RH, dl three methods predict an increase in the evaporation energy loss. For a pool with
zero wind speed, the Richter (TRANSSOLAR) and the Lof (ESP) modds have
essentidly the same dope but the Lof dgorithm predicts about 30% higher heat loss than
the Richter modd. The We (LBL) curve crosses both the Richter and L&f curves for dl

of the different relative humidities.

2.2.7.2  Effect of wind speed

With the relative humidity held a 60% the heat transfer predicted by the Richter
(TRANSSOLAR) and L&f (ESP) yields by a factor of 2 between a wind speed of 0 and
3.2 km/h. On the other hand the Wei (LBL) correation varies by a factor of only 1/3. For
a wind speed of 3.2 km/h the Lof (ESP) modd gives the highest evaporation heat loss as

the Wel modd (LBL) is congtantly about 70 W/m? lower than the L&f.

2.2.8. Convection/Conduction Calculations

2281 POOLS (LBL)

Bowen (1926) related the heat loss by conduction directly to the evaporation hest
loss, by conddering the process of molecular diffuson from a water surface in the

presence of forced convection. Thisleadsto

q"con,LBL = Rbowen >(q"e'vap,LBL (2-8)
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and Roowen IS known as the Bowen Ratio

T . -T P
:001 pool amb « . atm 29
Rouen Ppool - P, 2992 (29)
Where:
0" con, LBL = Convection Heat Flux [Btu/hr-ft?]

Poooi = Saturated Water Vapor Pressure at Tpool [iINHQ]
Pamb = Water Vapor Pressure at Tamp [INH(]
Toool = Pool Temperature [F]

Tamb = Ambient Temperature [F]

2.2.8.2 F-Chart (F-Chart Software)

The F-Chart program uses the same equations used in the LBL modd!".

2.2.8.3 Energy Smart Pools (DOE)

Convection losses are caculated as a function of a convection coefficient and pool
water temperature — ar temperature difference. The convection coefficient is a function

of pool surface wind speed as given by:

q”con,ESP = Cover% ><hpc + (1- Cover%) Xh ><(Tpool - Tdrybulb) (2-10)

" Egn (9.7.2) in Solar Engineering of Therma Processss, by J A. Duffie and W. A.

Beckman isin error. The coefficient 0.0006 should be 0.00022.
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and
o = 1 1 211
015+R += (211)
h
h=1+0.3», (212)
Ve =0.15%,, . (213)
Where:
9" conESP = Hourly Convection Energy Load [Btuw/hr]
Cover% = Pool Area Covered [%]

Tpooi = Pool Temperature [F]

Tarybub = Dry Bulb Temperature of Air [F]

oc = Pool-Air Convection Coefficient with Cover [F]

h = Pool —Air Convection Heat Transfer Coeff. [Btw/hr-ft>-F]
VG = Mean Wind Veocity Measured at Ground Leve [mph]
Vwind = Mean Wind Velocity Measured at Westher Station [mph]

R.  =R-Vdueof Pool Cover [hr-ft>-F/Btu]

2.2.8.4 TRNSYS TYPE 144 (Transsolar)

The TRNSYS modd uses a switch to change between a covered and uncovered

pool. In the case of an uncovered pool (cover% = 0) the hest loss is a convection loss, and
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for a covered surface (cover% = 1) it becomes a conduction hesat loss with k=a/d as

follows. This hegt transfer relationship was developed by Czarnecki (1978):

" _é a u
q conv,Typeld44 — § )(Tpool - Tamb)><1- Cover%) +cover %XE ><Tpool - Tcover )H
& Btu/ ft? shr G (214)
%0.08805508 %~ — T 1x3,
é KJ/hr xm®
5
a=31+41w, , 20.44704xTYS2 (2.15)
g mph

Where:

0 conv, Type1a4 = Hourly Convection Energy Load [kJhr-n]
d = Thickness of Cover [m]

Teover = Temperature of Cover [C]

Tpool = Temperature of Pool [C]

2.2.9. Comparison of the convection calculation methods

The four models were compared for temperature differences between 10 and 27° C

at ardative humidity of 60%. All caculations have been made for an uncovered pool.
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Convection Heat Loss Comparison for DifferentWind Velocities

Relative Humidity = 0.6, Swimming Pool Temperature = 26.6 C

-1 Type 144 (Transsolar) @ v =0 [km/h]
——ESP (DOE) @ v =0 [km/h]

—O—Pools (LBL) @ v =0 [km/h]

—#—Type 144 (Transsolar) @ v =3.2 [km/h]
—4—ESP (DOE) @ v =3.2 [km/h]
—®—Pools (LBL) @ v =3.2 [km/h]

Convection Heat Loss [W/m”2]
[e2]
o

10 12 14 16 18 20 22 24 26 28
Ambient Temperature [C]

Figure 2.6  Convection losses with no pool cover for a relative humidity=0.6 and two wind

speeds

The F-Chat program aso uses the Bowen ratio that is implemented in the LBL

The Bowen method takes a temperature difference and vapor pressure difference
into account to caculate the heat flux due to the convection whereas the ESP and
TRANSSOLAR programs use only the temperature difference. All four models consider
the wind speed as a variable The TRANSSOLAR predictions vary by 100% when the
changes from 0 to 3.2 km/h. The ESP modd is rdatively insendgtive to different wind
velocities. The change predicted by the LBL modd is between that predicted by the other
two methods. At 27 °F the ambient temperature and the pool temperature are equal and dl

convective losses are zero.
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2.2.10. Wind Velocity

In dl of the programs the wind speed to use in the evaporation and convection
loss terms is related to the wind speed at the airport. Table 2.1 gives the rdaionships
between the arport wind speed and the local wind speed. The TRANSSOLAR program
permits the user to input wind speed measurements at any height. In the other programs a
dandard “arport measurement height” is assumed. In the TRANSSOLAR program an
exponentia form is used to convert the arport measurement to locd vaue with 5 leves
of shdter. In the other programs a linear “arport reduction factor” is used that typicaly
varies from 0.1 to 0.2 athough the POOLS program suggests 0.5 for unshetered areas
and the ESP program suggests 0.3 for no windbreak. At this time it is unclear how these
adjugments were determined. Furthermore, by sdecting different wind speeds (or
“arport reduction factors’), for the different programs, the evaporation and convection
corrdations can be made to agree for most conditions. There is insufficient experimenta

information available to pick one correlaion over the other.

2.2.11. Sky Temperature

The radiation exchanged between the pool surfaces and the ambient is a function
the pool and sky temperatures and the pool emittance. A gas (and consequently the
atmosphere) has the ability to emit and absorb radiation. The so-called “sky temperature’
is an equivaent radiation temperature to be used in a ample two-body radiation problem.

This sky temperature is not equd to the ambient temperature. The sky is considered to be
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a blackbody at an equivaent sky temperature Ty such thet the radiation hest flux can be
caculated by:

q'e=es(T"- Tg,) (216)

where s is the Stefan Boltzmann condant and e is the pool emittance. All of the

programs use an emittance of about 0.9. The difference in the programs is how they

estimate the sky temperature.

2.2.11.1 POOLS (LBL)

The LBL modd computes the sky temperature in degrees Rankine and is given by

aequation suggested by Behrdahl, Grether et d. (1978):

Ty =(€,Ta )" (217)
For clear skies, the empiricd relation for sky emissvity, es is proposed by Brunt
(1938):
e, = 0.605+0.048/P (218)
where Pis the water vapor pressure near the ground in millibars.

For cdoudy skies, the gpproximation is made that the emissvity varies linealy

from itsnomina dear vaue.

e, =e_+(1-e )C (219)
where C is the cloudiness index between O for clear day and 1 for cloud covered

days.
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2.2.11.2 F-Chart Software and TRANSSOLAR

Both methods cdculate the sky temperature by using the equation developed by

Martin and Behrdahl (1984)

Ty = Tamp[ 0.711+0.0056 <7, +0.000073 ><szp +0.013xcos(15% )] v (2.20)
Where Tgy and Tamp ae in degrees Kelvin, Tgp is the dew point temperature in

degrees Celsus and t is the hour from midnight. This equation is based on experimenta

datathat covered atemperature range from —20 to +30 degrees Celsius.

2.2.11.3 Energy Smart Pools (DOE)

The Energy Smart Pools Program estimates the sky temperature to be the ar temperature

minus 20 degrees F.
2.2.12. Comparison of the radiation calculation methods

The radiative heat fluxes shown in Figure 7 vary between 90 and 190 W/n? for a
pool temperature of 10° C and between 5 and 110 W/n? for a pool temperature of 27° C.
Only TRANSSOLAR and F-Chat use humidity sendtive equations and they vary as
shown. For most conditions the ESP and LBL programs predict lower vaues than the F
Chart and TRANSSOLAR programs. The LBL predictions approach zero a Tamb=Tpool,
which is dearly incorrect. F-Chart and TRANSSOLAR use the more recent LBL sky

temperature correlations, which generally predicts a higher radiation heat |oss than ESP.
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Radiation Heat Loss Comparison for Different Relative Humidities

Swimming Pool Temperature = 26.6 C
-®-ESP (DOE)
& Pools (LBL)
—— F-Chart & Type 144 @ RH=0.4
—*— F-Chart & Type 144 @ RH=0.6
—— F-Chart & Type 144 @ RH=0.8
—°—F-Chart & Type 144 @ RH=1
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Figure 2.7 Radiation Losses from Uncovered Pool Surface

2.3 Summary

To compare the four computer smulations, al losses from an uncovered outdoor
swimming pool have been added up and the fractions of evgporaion, radiation and
convection were evauated as a function of ambient temperature. The reative humidity
was set to 60 %. Figure 2.8 shows the predicted heat losses from al four computer
models at two different wind speeds. As expected the energy lost increases at increasing
wind speed and decreasng ambient temperature. The trends are amilar for dl of the

programs but the magnitudes are different.

The highest loss without wind is caculated by the F-Chart program and is about

440 Wi/nt. For a wind of 3.2 km/h the TRANSSOLAR and ESP programs predict the
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highest heat loss of about 570 W/n? at 10 degrees Celsius and 220 Win? at 27 degree
Celsus.

For no wind the evaporation heat flux behaves very smilaly in the corrdaions
used in the ESP, LBL, and the F-Chart modd. The TRANSSOLAR program estimates
the evaporative losses to be somewhat lower tan the other programs. The ESP mode for
a wind veocity of 32 km/h cdculates the highest evaporation loss. The evapordive
losses for ESP are higher than f-chart while the TRANSSOLAR evaporative losses are
smdler than fchart at zero wind speed and about the same as fchart a a 3.2 kmvh wind
geed. With the large uncertainty in edtimating the evgporative losses, and with no
definitive experiments avaldble to test the predictions it is unclear which dgorithm
should be used. All modds show the same characteristics and about the same magnitude
for the convective heat loss. At zero wind speed TRANSSOLAR predicts the smallest
convection loss and a 3.2 km/h TRANSSOLAR predicts the largest convection heat loss.
Since the convection heet loss in dl of the programs is smal relative to the evaporation
and radiation heat losses, the dgorithm choice does not make much difference in the
overdl heat loss. Perhaps the most surprisng result is the variaion in the radiation heat
loss predicted by the four programs. The different assumptions made for the sky

temperaure have a very sgnificant impact on the radiative losses.
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The LBL program used a verson of the sky temperature developed by Martin and
Berdha in 1978 but this dgorithm was modified in 1984, after the POOLS program was
developed. The 1984 adgorithm is used in both the Fchart and TRANSSOLAR programs
and predicts the highest radiative hest flux from the pool surface to the surroundings. The
assumption of using Tamp Minus 20 °F for the sky temperature, as used in ESP program,

appears to underestimate radiative |osses.

Since the ovedl losses are rdatively equa and the corrdations behave smilar
there is no advantage of choosing one approach over the other. For further studies the
TYPE 144 developed by the TRANSSOLAR Company has been used to modd the

swimming pool because it was dready available as a subroutine for TRNSY'S.
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Chapter 3

The Air Conditioner Model

3.1 The Refrigeration Cycle

For the purpose of this research two different ar conditioner modes were
developed. Firs, an agpproach usng a congtant coefficent of performance (COP) was
applied, because house and building temperatures are nearly congant (since the pool is
heated). Also, it will be shown for energy observations concerning the swimming pool a
condant COP modd is suffiencent. Second, when examining the energy consumption of
an ar conditioner that rgects heat ether to the ambient ar or to the swimming pool
water, it is important to have a more precise modd in order to be able to obtan a
temperature sengtive result. This leads to an air conditioner mode that has a COP as a
function of the condenser inlet temperature and therefore alows more precise economic
observations. The following section describes the components of both the constant and

the variable COP modd..

3.2 The Constant COP Model

As a firg gpproximation for the ar conditioner mode, a smple thermodynamic

approach was used where the coefficient of performance was assumed to be congant.
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Figure 3.1 shows an idedized refrigeration system described by energy fluxes into the

system boundary a certain temperatures of Tpool @d Thouse:

iw

Q cond Q evap
<« «——
Tpool Thouse

Figure 3.1 A smple thermodynamic approach for an ar conditioner

For the present work Qevap is the building cooling demand and Qcond the amount

of energy added to the pool.

Performance of a refrigeration cycde is usudly described by a coefficient of
performance. The COP is defined as ratio of the amount of removed heet to the required

energy input to operate the cycle

Useful refrigerant effect _ Quap
Net energy supplied W (31)

COP =
Applying thefirg Law of Thermodynamics for the syslemin Figure 3.1 yidds

Qcond =W- Qevap (32)

Combining ( 3.1 ) and ( 3.2 ) leads to an equation that is only a function of the
building cooling demand and the COP. By fixing the COP and cdculaing the cooling
demand of the building the energy regjected to the swimming pool can be obtained by the

following equation:
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3., =-0, & 19
Qcond Qe\/apg COP a (33)

The congtant COP mode that was built into the Swimming Pool Air Conditioner
Smulation is based on the sngle equation modd given by equation ( 3.3 ). It was found
that for energy badance purposes of the swimming pool the constant COP mode
aufficiently predicts the ar conditioner behavior. For further information see paragraph

3.5.

3.3 The Variable COP Model

3.3.1. Introduction

In order to obtan detailed information on the sysem performance as a function of
environmental impacts a more precise model of a vapor compression ar conditioner was
modeled usng EES (Engineering Equation Solver). The dandard thermodynamic
approach was used where the pressure drop in the evaporator and the condenser were
neglected and the isentropic compressor efficiency was assumed to be condant. To
trander thema energy from an enclosure such as a refrigeraior or a building it is
necessary to have a fluid thet has the ability to absorb the energy from one area and reject
it to another area, usudly through condensation and evaporation. The firs and second
laws of thermodynamics can be gpplied to individud components to determine mass and

energy baances and theirreversihility of the components.
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3.3.2. The Vapor-Compression Cycle

V apor-compression cycles are most common in ar conditioning systems today. A
gened illudration of a vapor-compresson cycle is shown in Fgure 3.2. The pressure-

enthapy diagram visudizes the phase changes throughout the process Figure 3.3

Weomp Compressor

@®
TC, out<

@)
TE, in
Evaporator
Condenser é g p
@

TC,in ) .N

Valve

>TE out

Figure 3.2  Schematic Diagram of a vapor — compression cycle
The eveporator, where the desired refrigeration effect is achieved, was chosen to
dart the andyss. As the refrigerant passes through the evaporator, heat transdfer from the

refrigerated gpace results in the vaporization of the refrigerant.
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The pressure — enthalpy diagram for the vapor - compression cycle

For a control volume enclosing the refrigerant Sde of the evaporator, the mass and

energy rate baances reduce to give the rate of heat trandfer per unit mass of refrigerant

flow

Q41 = m>(h1 - h4) (34)

where mis the mass flow rae of the refrigerant. The heat trandfer rate Q41 IS

referred to as the refrigerant capacity. The refrigerant leaving the evaporator is

compressed to a reatively high pressure and temperature by the compressor. Assuming

no heat trandfer to or from the compressor, the mass and energy baances for a control

volume enclosing the compressor give
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W12 = Mhz - hl) (35)

where Wi, is the power input to the refrigeration cycle. Because the enthapy at
date 2 remains unknown, an isentropic compression can be assumed to cdculate an ided
compressor work and is later corrected by the compressor efficiency to derive the actua

compressor work.

Next, the refrigerant passes through the condenser, where the refrigerant
condenses and heat is trandferred from the refrigerant to the cooling fluid, which is
usudly ar or water. For a control volume enclosng the refrigerant Sde of the condenser,

the rate of heet trandfer of the refrigerant is

Q23 = mx(h3 - hz) (36)
Findly the refrigerant enters the expanson vave and expands to the evaporator

pressure. This processis usualy modeled as a throttling process, for which

(37)

The refrigerant pressure increases in the irreversble adiabatic expanson, and
there is an accompanying increase in specific entropy. The refrigerant exits the valve a

state 4 as a two-phase liquid-vapor mixture.

3.3.3.  The Refrigerant

The refrigerant is the working fluid for an ar conditioning cycde Although the
Montred Protocol, which controls the production of ozone-depleting substances,

prescribes a phase-out of HCFC (Hydrochloroflourocarbons) in the next 30 years, the
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HCFC R22 is 4ill used in ar conditioning sysems in the U.S. To be adle to cdibrate a
computer modd and to compare results HCFC R22 has been used for the computer

dmulaion.

3.3.4. Performance of a Vapor-Compression Cycle

As shown in equation ( 3.1 ) the coefficient of performance is defined as the ratio
of net energy that is supplied to the system to the work that is needed to run the cycle. For
a mechanicd vapor compression system, the net energy supplied is usudly in form of
work, mechanicd or dectrica, and may include work to the compressor and fans or

pumpSs.

cop = — Qe

: (38)
W comp + W pump/ fan

3.3.5.  The Volumetric Compressor Efficiency Model

The compressor efficiency is not congtant for dl conditions. The effect will be

shown in the following section.

The compressor refrigerant flow rete is a decreasing function of the pressure ratio
due to the re-expanson of the vapor in the clearance volume. With the refrigerant vapor
modded as an ided gas, the volumetric flow rate is given in the ASHRAE Fundamentas

Handbook ASHRAE (1997) by the following:
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R < <70 0
V =Vas 21+ C - CaEP‘“S T o
g Psucb B (3.9)

where v is the volume flow rate, v, is the displacement of the compressor, C is
the dearance factor (Ve ance/Veyiinger ) Piis/Pac 1S the cylinder pressure retio and n the
polytropic exponent.

The volumetric compressor efficiency is defined as ratio of the volume flow rate
to the compressor displacement rate and is therefore affected by equation ( 3.9). Applying

the definition for polytropic expanson and compression

n—
pv''=const (310)
the volumetric efficiency can be caculated by
2 0
h,, =1- C—=¢- 13
| Vis @ (311)

3.3.6.  The Effectiveness-NTU Heat Exchanger Model

The eveporator and the condenser heat exchangers are modeled using the
effectivenesssNTU method. The effectiveness of the heat exchanger is defined as the ratio

of the actual heet transfer for a heat exchanger to the maximum possible heat trandfer rate

(3.12)

where the maximum heat trandfer is
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Qe :g%p mgﬂ AT - o) (313)
where g?:p mgnm is the minimum of the heat cgpacity and mass flow rate product

for either the hot or the cold fluid.
The number of trandfer units (NTU) is a dimendonless parameter tha is widdy

used for heat exchanger andysis and is defined as

NTU = —UA
C (3.14)

min

where C,. = g%p sm2  and UA isthe overall heat loss coefficient.
zmin

From these equations the effectivenessNTU reation can be determined for

different heat exchanger desgns and were found in Incropera and DeWitt (1985). For a

counterflow arrangement the effectivenessis

oot exp(- NTU(1- C,))
B 1-C, (315)

min

where C, = (316)

max

For heat exchangers in which condensation occurs, the temperature remans

congant and C, ® ¥ . Conversdy, in an evaporator it is the cold fluid that experiences a

change in phase and remains at anearly uniform temperature (CC ® ¥). In that case the

vadue of C; is defined to be zero and for dl heat exchangers the effectiveness is cadculated

by
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e=1- exp(- NTU). (317)

3.3.7. Fan and Pump

For completeness in the evduation of the coefficient of performance the fan and

pump work have to be included into the calculations.

3.3.71 FanlLaws

Regdentid solit ar conditioners usudly have a fan built into their outdoor unit
that blows ar through the condenser to achieve the desred condensing effect. The fan
characteristics can be described by three reaionships that predict the effect on fan
performance of changing such quantities as the dendty of the ar ), operating speed (N),

and sze of the fan (d). These equations are known as the fan laws and can be found in

Roberson and Crowe (1985):
V =C,N>d? (3.18)
—_ 2 2
P,=C,N“xd”>r (319)
W =G, XN >d®f (3.20)

V s the cgpecity, P is the dtatic pressure rise and W is the power. The various
coefficients (C, - capacity coefficient, C, - pressure coefficient, C,, - power coefficient)

can be deemined for a fixed diameter, speed and inlet ar dendty teken from

manufacturer data.
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3.3.7.2  Pump Modeling

The svimming pool water is moved through the condenser by a pump. For flow

through pipes the Bernoulli Equation can be gpplied:

W =DR, ¥/ (321)

o J w2
DR, =V (a2

W is the pump power, R, is the is the pressure drop because of friction, V isthe
volumetric flow, V is the hydraulic loss figure, r is the dendty of water and u is the

velocity. Again, the modd can be vdidated by gpplying manufecturer data for a pump.

The hydraulic lossfigure is assumed to be unity for corroded pipes.
3.4 The EES Air Conditioner Simulation

3.4.1. Introduction

A usful engineering tool, the Engineering Equation Solver (EES), was employed
to solve the coupled nortlinear equations governing an ar conditioning sysem. Besides a
fast adgorithm EES provides property data for refrigerants and other species, that make
the cdculations much easer. Additiondly a diagram window, as shown in Figure 3.4, can
be used to present the results in a window that may include a grgphic of the smulated
process. In this work the main diagram window provides an overview about input and

output variables. Two child windows carry information of the pump and fan settings.
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Sven's Air Conditioner

Condenser Cooling Fluid :

a”_. DT=Ts T out= 15 D=0.004][m%s] Refrigerant: R22
DTwater: Neomp= O.7|
W =4.039[kV ] DTevapzTe, out-T,1 =E|
P,=1970 [kPa] P1=556.3 [kPa]
T,=86.02 [C] T1=3.481[C]
Tc,0u=35.63 [C] 4 < Tein322] [C]

Qeong=16.75 [kJ/s]

NTUgong=0.5357 COP=2.898
EER=9.887

Qevap=12.71 [kJ/s]

NTUeyap=0.8393

Evaporator

&ong=0.4147 Qvap=0568
UAcond=0.8439 [kI/s- Uhevap=1.014 kIl K]
| .
Tc,INE €] » - Te ou=11.48 [C]
[12 C <Tcjy <40 C] T4=50.63 [C] T4=3481[C]
P53=1970 [kPa] P4=5563 [Pa]
Mcong=1565 [kg/s] m=0.08918 [kg/s] Mevap=|1.2| ko's]

[Set for Pungy Fen individally]

Figure 3.4 The EES Diagram window provides a user-friendly input and output screen

The objective of the EES program is to sudy the changes in the coefficient of
performance for the different cooling fluids of the condenser. A conventiond air
conditioner regjects the energy to the ambient air that is moved through the heat exchanger
by a fan. The air conditioner that transfers the condenser heat to the swimming pool uses
water as cooling fluid. The idea is to generate curve fits of the coefficient of performance
versus condenser inlet temperature, i.e. the pool temperature. To sSmulate the air
conditioner curve fits were aso developed for the change in the capacity as a function of

the condenser inlet temperature.

3.4.2. Calibration of the Simulation

To achieve results that reflect the red behavior of a conventiond resdentid air

conditioner the EES smulation was cdibrated usng manufacturer performance data. The
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avalable information covered performance and cepacity data as a function of the
condenser coolant inlet temperature. Also, the fan parameters were taken from catadog
data and the building conditions were fixed. Two smulation parameters, the compressor
displacement rate and the compressor efficiency, were varied to minimize the error in

COP between catdog data and smulation results.

- Simulation Results versus Catalog Data
. T T T T T T T T T T T T T T T

_COPsimuIan’on
—*=COPatalog

50

45}

COP

35

30

~_

2

——COP=7.156839 -0.1673290CET [i] + 0.00142934CET[1]
20 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
10 15 20 25 30 35 40 45 5C

Ten [€C]
Figure 3.5 Manufacturer data and simulation results agree within a small difference

Figure 3.5 shows the four data points given by manufactures cataog data and the
samulation results after the minimization. A curve fit represents the catdog data over the
temperature range of interest. The behavior as given in the catdog can be predicted

within asmdl error.
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3.4.3. A Fair Comparison

A mgor problem was how to make a fair comparison of a conventiona air-cooled
ar conditioner to a water-cooled ar conditioner. Manufacturers data are available for
reddentid ar conditioners, but for a swimming pool ar conditioner such information is
not available. Properties such as the heat exchanger effectiveness or the overdl heat loss
coefficient were examined but led dways to the problem that there is no information for a
water-cooled sysgem. Findly the termind temperature difference (TTD) was taken to
compare the different sysems, because vadues were avalable from ar conditioner
desgner experience. The gpproximate vadues for the termind temperature difference are

assumed to be about 10 C for air and 5.5 C for water.

Refrigerant @
@ ®
LA T — >0
TTD
VM T
TC, out Tc,in
Water/Air

Figure 3.6  The definition of the terminal temperature difference (TTD) for a condenser.

The TTD is the temperature difference between the condenser cooling fluid outlet
temperature and the condensation temperature of the refrigerant. Figure 3.6 shows the
definition of the TTD for the vapor-compresson cycle described above. The variation in
the termind temperature differences for water and ar is based on their properties and

different mass flow rates through the heat exchanger. Naturdly, water performs better
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than ar in a heat exchanger. Thus, by changing the working fluid of the condenser the
terminal temperature difference changes. It is dso necessary to include the designer
knowledge of the mass flow rate. The TTD for water of 55 C goes dong with a water
flow rate of 36 cnt/s per KW of refrigeration effect. Accordingly, a 10 kW air conditioner

would have awater flow rate of 360 cnt/sand aTTD of 5.5 C.

The temperature approach was used to run caculations for a range of condenser
cooling fluid inlet temperatures for both, water and ar. The peformance of the two
sysems (water-cooled and ar-cooled) can be seen in Fgure 3.7. For a better
understanding, a change in the TTD can be explaned as a change in the physicd sze of
the heat exchanger. In other words, a smdler heat exchanger results in a larger TTD.
Therefore, for an increesng TTD for water, which means a decreasing heat exchanger

Sze, the performanceis decreasing.

By comparing a water-cooled heat exchanger with a large temperaure difference
to an ar-cooled hea exchanger with a smal temperature difference a condition can be

found were both air-cooled and water-cooled perform the same.
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75 Sensetivity Study - Impact of Temperature Approach on COP
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Figure 3.7  Performance of air conditioner simulation for water and air for different temperature

approaches. If the TTD increases, the performance decreases.

As the condenser inlet temperature increases the performance decreases. That
means the hotter the ambient conditions the more energy consumed by the ar conditioner.

[ronically, an air conditioner performs best when its not needed.

3.4.4. Implementation of the AC Model into TRNSED Simulation

The ar conditioner modd has been andyzed in EES but the transent sysem
amulation is to be performed in TRNSYS. Consequently, it is necessary to implement the
results from the EES modd into TRNSYS. The best redization would be to teke the
equations from the EES program and use them in a TRNSYS Type. Unfortunaely a

number of iterations are needed to solve for the system equation resulting in a Sgnificant
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solution time. This fact makes it difficult to trandfer the EES smulation into TRNSYS.
For this purpose another feature of EES was used — the results were trandferred using
curve fits. These curve fits were combined in a way that for each TTD the coefficient of
performance and the capacity can be determined. In Figure 3.7 the result is shown for the
desred TTD’s of 55C and 10C. Curve fits of the coefficient of performance and the
cgpacity as the function of the condenser inlet temperature were implemented in a Fortran
subroutine. This subroutine is then cdled by the TRNSYS, which returns information

about the air conditioner performance.

3.4.5. Sensitivity Study for Temperature Approach

In order to invedtigate the sengtivity of a change in the TTD the TRNSY'S mode
was run for a range of termina temperature differences. Figure 3.8 presents the result by
showing the seasond savings as a function of the TTD for water and air. The savings are
based on the difference between the cost of an ar-cooled sysem and a water-cooled
system over the time period of May I and October 1*. It can be seen that the savings for
the proposed approach of 5.5 C for water and 10 C for air would be about $36 of air

conditioner operation cost. Assuming an uncertainty of £10 % in the TTD the amount of

saved money differs about + $5, which is about 14 % of the origind savings.
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Seasonal Savings for Different Heat Exchanger Designs for Water and Air

Decreasing Air-Cooled Heat Exchanger Size

Figure 3.8

3.4.6.

>

Terminal Temperature Difference - Air [C]

12

=
[N

=
o

©
T T

e

40" seasonal Air Conditioning Savings in US$

ACost Air-Cooled AC - Cgst Water-Cooled Aé) 4
30 1st March through 1st October
based on 0.075 $/kWh
/for Madison, WI

20

10

30 40 50 60 70 80 90 100 11.0 120
Term nal Temperature Difference - W ater [C]

Decreasing Water-Cooled Heat Exchanger Size
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Generalization of the Air Conditioner Correlations

To make the corrdations for coefficient of performance and cepacity suitable for

other ar conditioners than the one employed in this work the equations have been

normdized by dividing the corrdations by their corresponding vaue a a rating

temperature of 35 C. The rating temperature is a sandard rating point for air conditioners

tesed usng the Air-Conditioning and Refrigerant Indituteés (ARI) rating sysem. The

Air-Conditioning and Refrigeration Inditute (ARI) provides a cetification program for

unitary ar conditioners in ther ARI 210/240-89 Norm. The idea is that a user of the
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TRNSYS program enters the performance vaues for his specific ar conditioner that has

been tested under ARI conditions and the program itself doesn't have to be changed.

Performance: Manufacturer Data and Simulation Results

4l0 I : : | . T T T T
—V— Carrier 38BR030
- ¥---Model 38BR030
- 35
a? —{1—Carrier 38TDA060
& ---l-Model 38TDA0G0
o
0 —o— Carrier 38CKB060
g -@--Model 38CKB060
©
e 30 |
S
=}
w—
=
[}
o
——
o
—
qc)
s 25F |
=
=
[J]
o
O
2 0 ) | X 1 1 1 1 1 1
25 30 % "0 * "

Condenser Inlet Temperature T¢ i, [C]

Figure 3.9  Application of the air conditioner correlations on different unit sizes

Figure 3.9 shows a comparison of different air conditioner manufacturer data and
the fitted correations. The plot indicates that the generdization of the corrdations is
limited. 1t works fine for the origina set of data but for other unit Szes it only can give an
approximate performance map. An objective for future research could be an investigation

of a better way to generdize the gained air conditioner correlations.
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3.5 Summary

In this section two air conditioner models were presented. The first mode is based
on a smple thermodynamic approach that assumes a congtant coefficient of performance.

It was found that this one-equation smulation is sufficient to predict the svimming pool

temperature.

To obtain information about the energy consumption of a water-cooled air
conditioner a second more detaled modd was implemented that cdculates the
performance and the capacity of two cooling fluids, water and air based on the condenser

inlet temperature and the terminal temperature difference.
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Figure 3.10 Effect of different air conditioner models on swimming pool temperature

Figure 3.10 shows a comparison of the congtant COP model and the variable COP

mode. It can be seen that there is no effect on the swimming pool temperature dthough
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the two models have a different performance and do not deliver the same amount of heat

to the pool.

For predicting the swimming pool temperature the changes due to a varying COP
can be neglected. But for an economic analyss, a more detailed mode needs to be used,

because of the sengtivity of the power demand of the ar conditioner to changes in the
COP.






55

Chapter 4

Weather Data

4.1 Introduction

Since this work is based on theoreticd smulations of components that are
influenced by the environmental conditions, good edimates of these environmenta
conditions are needed in order to gain reliable results. Two approaches are compared in

this section.

4.2 The Typical Meteorological Year (TMY and TMY2)

The Nationa Renewable Energy Laboratory NREL (1995) derived weather data
from the Nationd Solar Radiation Data Base (NSRDB), which contains measured or
modded solar radiation and meteorologicd data for 239 US dations for the 30-year
period from 1961-1990. A typica meteorologica year (TMY) is a data set of hourly
vaues of solar radiation and meteorologicd eements for a 1-year period. It congsts of
months selected from individua years, concaenated to form a complete year. TMY
westher data represents conditions judged to be typica over a long period of time, such as
30 years. To diginguish between recent TMY daa files and earlier releases, the new

TMY datasetsarereferredtoas TMY 2.
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4.3 Generated Weather

For some locations only monthly average weather information is avalable. To
dlow hourly smulations for places with limited weether data, a TRNSYS TYPE
“Wesather Generator” has been developed by Knight, Klein et d. (1991). This component
generates hourly weether data given the monthly average vadues of solar radiation, dry
bulb temperature, humidity ratio and wind speed. The data are generated in a manner such
that their associated dStatistics are gpproximately equd to the long-term ddtidtics a the
specified location. The purpose of this method is to generate a single year of typica data,

smilar to a Typicd Meteorologica Year.

4.4 Comparison of TMY Data and Generated Weather

For the purpose of this study, the TMY2 data and the generated weather set have
been compared to check the agreement of both methods. For locations in the US, the
TMY2 westher data set provides dmost as much information as the generated westher.
However, the file sze for the generated data is much smdler than TMY2 data files. For
example, the whole data file for the weather generator that includes 329 locations has

only 91 kByte compared to 1.2 Mbytes for one location of TMY 2 data.

For a far comparison, of the generated weather is based on monthly average
ambient temperatures and monthly average solar radiation vaues obtained from TMY2
weather data for Madison, WI. These monthly average data are inputs to the weather

generator.
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Figure 4.1  Monthly Average Ambient Temperatures for Generated Weather and TMY Weather

Data
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Figure 4.2  Monthly Average Daily Global Horizontal Solar Radiation for Generated Weather and

TMY Weather Data.
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The output of the weether generator is hourly values of ambient temperature and
solar radiation. Figure 4.1 and Fgure 4.2 show the monthly averages of the ambient
temperatures and solar radiation for the smulation results. It can be seen that the monthly
averages are the same for the both data sources. This verifies that the weather generator

produces hourly data that maintains the same monthly averages.

Air Conditioner Operation Cost

for Madison, WI
based on 0.075 $/kWh

50

45 mGenerator ||
40 BTMY2 -

35
30
25
20 77

15 7
10 T

Air Conditioning Cost [US$]

May June July August September
Figure 4.3  Monthly Air Conditioning Cost Impacted by Generated Weather and TMY Weather

Data
Examining the impact of both weather sources on the cooling load of a building,
Figure 4.3 shows the monthly cost for ar conditioning for a season between May and
October. Since ambient parameters, temperature and solar radiation influence the indoor
climate, the cooling load reflects the impact of different weather conditions. The
gamulation was st to remove hest whenever the building temperature exceeds 25°C.

Figure 4.3 shows a good agreement for both generated and TMY2 westher data for
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Madison, WI. Thus, for anayticd purpose, generated westher can be used dong with

TMY 2 weather data.

45 Conclusions

Two sources of weather data have been presented in this section. Weather data
that has been generated from monthly-average westher information was found to lead to
amost the same reaults than TMY data. Because the TMY data is based on actud westher
conditions, while the weather generator uses a datistical gpproach to estimate the westher
information from monthly vaues, the TMY data is assumed to be more accurate. For the
remander of this thess the typicd meteorologicd year data will be used for the
amulaions. But for locations where hourly weether data is not avaladle the generated

wesgther provides a good estimate.
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Chapter 5

The Swimming Pool Air Conditioner (SPAC)

5.1 Introduction

The following section describes the software that has been written to smulate a
svimming pool ar conditioning sysem (SPAC). The objective is to show the magor

components of the SPAC program and to explain how it is used.

The Snvimming Pool Air Conditioner Smulaion (SPAC) is written for TRNSYS
14.2 and contains information for a TRNSYS desktop application, caled TRNSED. The
SPAC Smulaion was developed to invedtigate different swimming pool hesting concepts

influenced by the ambient conditions.

52 SPAC Features

The SPAC smuldion is composed of two man sections. the generd information
(eg. smulation start and end and location) and the smulated components, such as the
swimming pool, the gas pool heeter, the ar conditioner and the building. The program
can be used to smulate for different heating modes that can be specified by the user.

Possible modes are:
. Gas pool heater on-off

. Reject air conditioner hest to the environment or to the pool water
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. Pool cover opening and closing time
. Automatic pool cover control

These modes can be used to invedtigate different dternatives. An economic
analyss can then discover the best component combination to achieve minimal operating

cost.

5.3 The SPAC Simulation

5.3.1. General Information

After opening the SPAC program in TRNSHELL the user is confronted with a
desktop input mask. This screen contains dl information that is necessary to run the

amulation. Figure 5.1 shows the input window for some generd information, such as:
. Smulation start
. Smulaion end
. Ground reflectance
. Westher data mode
. Location of Smulation

The ground reflectance is needed to accomplish the radiation that is reflected to the

building.



Simulation Parameters

Moanth of the simulation start May hd

Day of Month for Simulation Start

Manth of the simulation Stop |October '!

Day of Month for Simulation Stop

Ground Reflectance
- Weather Data Mode

& TMY2 Weather Data
© YWeather Generator

- Location: TMY2 Weather Data
City for Simulation |Madison Wl LI

Figure 5.1  General information window for SPAC

5.3.2. The Weather Data Mode
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According to Chapter 4 two sources for weather data, TMY2 data and generated

wegther can be used within this program. Radio buttons dlow switching between the

weather data formats. The weather generator provides data for 200 locations in the US.

Generated weether data is cdculated from monthly average weather information such as

radiation, ambient temperature and relative humidity. It has been shown in Chepter 4 tat

generated weether leads to Smilar results than the TMY 2 data.

The program provides 10 cities of TMY2 data that can be sdected from the

location pull down menu. For further use locations based on TMY2 data can be added as

mentioned in section 5.3.3.
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5.3.3. Adding TMY2 locations to the SPAC simulation

The number of cities that are based on TMY2 westher data is limited to ten
locations spread over the United States. The main reason for this limitation is the file sze
of each weather file. If necessary more locations can be added by copying the desred
*tm2 file into the C:./spac/wegather/ folder. In the “C:/spac/weather.dat’-file the first row
contains tota the number of cities listed in that file and has to be corrected according to
the number of cities added. Each information row consss of: Name of the Location,

Latitude, Shift in Solar Time Hour Angle, Fle-location on Hard drive. For example:
Madison WI,43.13,0.670,CAspac\weather\madison_wi.tm2

The shift in solar time hour angle can be cdculated by knowing the longitude of

the city (Duffie and Beckman (1991)) and is cdculated by the following:

Shift in Solar Hour Angdl = Standard Meridian — Longitude of Location (51)
Where the Standard Meridian is defined as 75°W (Eastern), 90°W(Centrd),

105°W (Mountain), 120°W (Pacific)

Note that only NREL TMY 2 Data files can be usad in this smulation!

5.3.4. Swimming Pool Water Loss Calculations

The swimming pool is losng waer over the season due to evaporation. This loss
is compensated by precipitation. Since the TMY2 weether files doe not include provide
precipitation information, additiond input is required. There are two ways in SPAC

(Figure 5.2) to activate awater loss cdculation.
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Precipitation Mode
" Provide Precipitation Data in a File

" Enter Data in a Table
& Don't Calculate Water Loss

Figure 5.2  Radio buttons switch between the precipitation modes

Firg¢, the monthly average precipitation can be provided in a daa
file(C:/spac/westher/* .pre) that contains a sngle row of twelve precipitation vaues. The
SPAC program provides information for Madison, Wisconsn that was obtained from
NCDC (1998) in a file caled mad.pre. The second possihility is to enter the twelve values
directly in the SPAC program. Notice that the entered information can't be saved

separately from the SPAC program. A third option disables the water loss calculation.

5.3.5. Economic Analysis

If the economics check box in enabled the SPAC program provides an economic
andyss for the operation cost for each component that is involved in the current
samulation. Inputs are the cost per kilowatt-hour for eectricity and naturd gas. The result

can be seen in outpuit file 5, described in section 5.8.

¥ Enable Economic Analysis

rEconomics
Electricity Cost 0.075 Blowh
Matural Gas Cost 0.020 Flowh

Figure 5.3 Economics Analysis input mask in SPAC
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5.4 The Building Simulation

Included to the TRNSYS package is a subroutine that smulates a multizone
building. A software program caled PREBID Transsolar (1997) has been developed by
the TRANSSOLAR Company to cregte a specid input file that is required by the building
amulaion. This tool has been used to set up a Smple one-zone building with atic. This
one sory bulding represents a common ranch dyle house that has a draified zone
temperature. The model was considered to produce results that are accurate enough for

the task of thiswork.

54.1. Simple One-Zone Building with Attic

Usng the PREBID program a one-zone building with attic has been created. The
building moddled in this example has an area of 250 n?. Table 5.1, Table 5.2 and Table

5.3 show the parameters that characterizes the building in PREBID.

Living Zone

Volume[nT] 900
Capacitance [kJK] 1080
Initial Zone Temperature [C] 20
Initid Zone Humidity [%0] 50

Table 5.1  Living Zone Parameters for multizone building

Attic Zone
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Volume[nT] 450
Capacitance [kJK] 540
Initia Zone Temperature [C] 20
Initid Zone Humidity [%0] 50

Table 5.2 Attic zone parameters for multizone building

Walls

Construction board 0.006 m
Insulation materia — minerd wool 0.102m
Wooden materiad — spruce pine 0.051 m
Wooden materia — ply wood 0.006 m
Covering materid — poly-vinyl chloride 0.013m

Table 5.3  Wall Materials for multizone building

The building has only one man zone. Additiondly, a tilted roof is atached by a
celling. Solar gain is possble trough the walls, the roof and windows that are integrated

in the wdls. Internd gains due to people ingde the building were not included.

5.4.2. SPAC Building Input

The appearance of the building smulaion in the SPAC program is shown in
Figure 5.4. If there are multiple buildings available the user can choose between them in

the pull down menu. The desired building temperature can be specified below. Whenever
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the building temperature exceeds this temperature, the ar conditioner turns on and

removes the heet from the building.

Building Parameters

Building Type 1 Zone + Attic A=300 m2 Ll
Comfort Room Temperature (25 C ASHRAE) 25.00 c

Figure 5.4  Input mask of the building simulation in SPAC

5.4.3. Adding a Building to the SPAC Program

With a little effort other buildings can be added to the SPAC program. Fird, the
user has to create a building using the PREBID tool. For more information refer to the
TRNSYS Manud Klen (1996) or contact the Solar Energy Laboratory
(trnsys@sd.mewisc.edu). Next, the building information (the files *.trn and *.bld.) need
to be added in the file C:/spac/buildings.dat that contains the building name (eg.”1 Zone
+ Attic = 300m2’) followed by the file locations for the *.bld and the *.trn files.
Additiondly, the fird row of “buildingsda” must contain the totd number of buildings

described in thisfile

The user-defined building can contain one additiond input that sets the desired

building temperature and can be modified in the PREBID program.

5.5 The Swimming Pool

The swimming pool is represented by the physicd sze, information about the

water surface activity, pool cover specifications and the cover control settings as shown in
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Figure 5.5. A check box enables the pool set temperature control using automatic pool

cover control. This option will be explained in Chapter 6.

5.5.1. Base Case Swimming Pool Settings

For the present work a base case swimming pool of 55 nf and 1.5 m depth was
used. In genera the pool cover was removed from the pool between 11 am and 2 pm. The
pool was remained closed for the rest of the day to reduce energy loss due to evaporation.
The water surface activity was set to dight surface motion as an average over the day,

because the pool is unused and covered for the mgjority of the day.

Swimming Pool Parameters

General Information

Pool Area mé

Pool Depth m

Paool Start Temperature (12.00 c
Shelter mode Mormal Shelter =
YWater Surface Activity slight surface mation(private poal) :_i
Swimming Pool Cover Information

Thickness m
Canductivity kdfh-m-K
Emittance/Absorption

Pool Caver Opening Time 24h

Poal Caver Clasing Time 24h

¥ | Enable Automatic Poal Caver Cantroller

Pool Set Temperature 26.00

Figure 5.5 Swimming Pool input mask in SPAC

The shdter factor specifies how well the pool is shetered againgt wind. For this

work a normd shelter has been assumed. The swimming pool cover is defined by the
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thickness, the conductivity, the emittance and absorptance. Assuming Kirchoffs law to be

valid, emittance and absorptance are equd.

5.6 The Air Conditioner

The SPAC program provides two different ar conditioner Smulations as
mentioned in Chapter 3 and has a switch to change between the cooling fluids (ambient

ar or snimming pool water).

5.6.1. The Constant COP Model

The only input that is required for the congtant COP mode is the coefficient of
performance itsdf. Based on this information the air conditioner is Smulated as explained

in Chapter 3.

5.6.2. The Variable COP Model

The input screen for the varidble COP mode is shown in Fgure 5.6. Required
information is of the capacity and the COP of the modded ar conditioner a the ARI-

Condition of 35 C.
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Air Conditioner

Heat is rejected to |5Wimming pool v|

" Constant COP model
& “ariable COP model

~ Variable COP Air Conditioner Model

Air cooled System Information from Manufacturer Data

Capacity at Tein=35 C (ARI-Condition) 18.60 ki
COP  at Tein=35 C (ARCondition) kW

Figure 5.6 Information required by the SPAC program for the Air Conditioner

Both data points can be taken from manufacturer information for the specific ar
conditioner. Notice the limited accuracy mentioned in Chapter 3 by applying ar

conditioner characteristics other than used in the present work.

5.7 The Gas Pool Heater

If the Gas Pool Heater is enabled (checkbox: “Use Gas Pool Heater” is checked)
the SPAC progran mantains the desred swimming pool temperature usng a gas pool

heeter system that consists of a gas furnace a pump and a controller.

Gas Pool Heater System

W Use a Gas Pool Heater ?

Gas Furnace

Maximum Heating Rate kS
Set Pool Temperature o:
Efficiency -
Pump

maximum flowrate kgt
maximum Fower Consumption kb

Figure 5.7  Input Mask for the Gas Pool Heater in SPAC
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The appearance in the SPAC program is shown in Figure 5.7.The gas furnace
requires input for the maximum hedting rate in kJhr, the overdl heat loss coefficient and
the efficency. If given by manufacturer data, the overal heat loss coefficient and the
efficiency should be used for accuracy; otherwise the system is kept a zero heat loss and
an efficency of 1. The gas pool hester sysem turns on whenever the actud swimming
pool temperature is lower than the pool set temperature. For further information on

control strategies see Chapter 6.

The pump is used to cycle the pool water trough the gas furnace. Since this pump
is a0 needed to maintain a certan levd of dignfecting chemicds in the water this device
needs to run independent of the swimming pool heeting mode. Two characterigtic input
vaues are required: the maximum mass flow rate and the maximum power consumption,

both obtained from manufacturer data.

5.8 Output

The SPAC program provides two modes of presenting output information. Firs,
an online plotter shows up-to-date temperature results for swvimming pool, building and
ambient conditions. The other source for output information is a variety of output files

that contains detalled data for specific system components.

The Online Plotter

The online plotter entertains the usxr during the cdculation with sysem

information of the swimming pool. The plotter can be dissbled by unchecking the
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corresponding checkbox in the SPAC program. For further information consult the

TRNSY'S Users Manual (Klein (1996)).

5.8.1. Output Files

Five output files that include information on the swvimming pool, the weather data,
the ar conditioner, the economics and generd system data. The output files are Sored in
the C:/spac folder and are labeled *.oul to *.oub. Each file contains the hour of the year
in the fird column for orientation. Appendix C provides dealed information on the

output files.
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Chapter 6

Simulation Results

6.1 Introduction

The Swimming Pool Air Conditioner Simulation Program described in Chapter 5
has been employed to invesigate different modes of swimming pool hesting and their
effect on swimming pool temperature and economic measures. The following section
describes the smulation results and the findings of the present work. It will be shown that
the proposed swimming pool ar conditioner peforms better than conventiond air

conditioners.

6.2 Swimming Pool Cover Control Strategies

A snvimming pool cover is the best mechanism to prevent heat losses from an
outdoor swimming pool. Evaporation has been shown to be the mgor heat loss from a
water surface in Chapter 2. A cover that is placed on the water surface minimizes the
evaporation heat loss. In some climaes the swimming pool cover done can provide a
comfortable svimming pool temperaiure. In warmer regions the swimming pool might
exceed the comfort temperature. In order to mantan a comfortable swimming pool
temperature an automatic swvimming pool cover is used that is controlled by the pool

temperaiure. The cover then automaticaly opens whenever the svimming pool gets too



76

hot and alows heat disspaion from the pool to the environment. The pool owner can

achieve the same effect by manudly uncovering the pool if the water is above a persond

comfort temperature.

6.2.1.

Swimming Pool Covers

Swimming pool covers diminate most evaporetive heat losses while they are on,

and can aso reduce convection, and thermd radiation heat loss. In generd, there are four

different kinds of swimming pool covers available.

Transparent plastic bubble cover, 0.6 cm thick, composed of a layer of
plagtic “floating” on a number of smdl bubbles formed by a second layer
of plagtic. The cover adlows direct absorption of sunlight by pool water.
The ar spaces between the top layer of plastic and the water provide
insulation vaue. Assumed properties of the plagtic dlow for a rdatively

high radiation hest loss.

An opagque foam cover, 0.25 cm thick, composed of insulating foam with a
plagtic film backing materid. Since the cover is not trangparent, solar heat
must be transferred through the foam to the water. The insulating qudities
reduce the amount of solar energy transferred to the pool, but aso serve to

retain heat in the pool.

Clear angle layer pladtic film cover that floats on the water surface. The
clear plagtic permits direct absorption of sunlight by the water, but does not

provide much insulating vaue beyond suppression of evaporation.
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4. Black, dngle-layer pladtic film cover that floats on the surface. Since it is
not transparent, trandfer of solar heat to the water is somewhat less
efficient than for clear plagtic. Like the clear pladtic, it does not provide

much insulating vaue beyond the suppresson of evaporation.

For the purpose of this study a bubble pool cover was chosen. The physica

Specifications are asfollows:

Thickness =0.01lm
Conductivity =0.18 kJhr-m-K
Emittance / absorptance =06

6.2.2. Comfortable Swimming Pool Temperature

A comfortable swimming pool temperature has been assumed to be a 27°C
(80°F). Correspondence with swimming pool manufecturers verified a temperature
between 25 °C and 29 °C as dedrable The ASHRAE Applications Handbook aso

recommends a swimming pool temperature of 27°C (ASHRAE (1999))

6.2.3. Effect of Swimming Pool Cover Control Strategies

The swvimming pool behavior for different control drategies has been invedtigated
for four cities in the United States displayed in Figure 6.1. Seattle, WA, Madison WI,
New York City and Augtin have been chosen to represent various climates throughout the

US. However, impacts of three different pool cover treatments have been investigated:
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1 The pool remains uncovered the entire season
2. The pool remains uncovered daily between 11 am and 2 pm.

3. The pool remains uncovered whenever the swvimming pool temperature is
above a critica temperature (26°C) and follows a daly schedule if the

temperature is below the set temperature.

Additiondly, in two cases of heat rgecting to the pool from a resdentid air

conditioner have been studied.

Figure 6.1 US Cities that were examined for different pool cover strategies.

Figure 6.2 compares swimming pool temperatures for an unhested and uncovered
pool in four different locations. The water surface is completely exposed to the ambient
conditions and therefore is very sendtive to changes during the day. It can be seen that
without any protection agang environmentd influences, the comforteble temperature

cannot be reached in New York, Madison and Sedttle. Only in Austin and for a short
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season between June and September is the swimming pool water above the desred

temperature.

Adding a swimming pool cover to the pool changes the dStuaion completely.
Figure 6.3 shows a scenario where a swvimming pool cover remains on the pool for the
entire season except during a daly swimming time between 11 am and 2 pm. The
changes in the pool temperature over a day are a lot smdler than without a pool cover
since the heat losses are reduced. The temperature of the covered pool is aout 4°C higher
than the uncovered pool. In Audin, Texas the swimming pool temperature exceeds the
desired temperature for much of the summer while Madison and New York are heated to
an acceptable temperature. The ingdlation of a pool cover in Sedtle rases the

temperature, but the pool temperature remains below 25°C.

In the next scenario, the pool cover drategy remained the same, but the residentia
ar conditioner rgected heat into the pool. Figure 6.4 shows that in Audin, where the
cooling demand is high, the swvimming pool temperature dmost reaches 40°C which is a
temperature that is definitdly too high for recreationa purpose. New York and Madison
provide an agreeable temperature for part of season but approach 33°C more than once.
Due to the smdl ar conditioning demand in Sedttle the pool heeting effect is smdl and

keeps the pool below 27°C for dmost the entire season.
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Applying the advanced pool cover control Strategy where the swimming pool
remains uncovered if the temperature exceeds 26°C Figure 6.5 shows that a subgtantid
cooling effect can be achieved. Again, the heat remova from the building is added to the
pool. The extreme pool temperatures for Austin of the last example can be reduced to a
maximum of 30°C. Madison and New York can be maintaned oscillating around the
desred temperature. Since the control drategy only effects high pool temperatures the
results for Seettle are not affected. In this case a swimming pool gas heater would be

needed.

6.2.4. Summary

It has been shown that a swvimming pool cover influences the swimming pool
temperature dgnificantly. An overview of average swimming pool temperatures is
provided in Table 6.1. Adding a cover to the swimming pool raises the pool temperature
about 4°C. Combining a pool cover with the swimming pool ar conditioner increases the
temperature another 4°C. To avoid overheating, the automatic pool cover controller

adjusts the pool temperature again to alower temperature level.

Average Svimming Pool Temperature
Cities Uncovered | Uncovered 11:00 — Uncovered 11:00- Automatic Pool

Unheated | 14:00 14:00 Cover

Unhested Heat Pump heated Heat Pump heated

Austin 26.0 29.8 34.0 27.5
Madison 19.6 23.2 26.0 24.0
New York 20.6 24.7 27.7 24.9
Seattle 16.5 20.4 22.7 22.5

Table 6.1  Comparison of average swimming pool temperatures for different locations.
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Note that Table 6.1 shows seasond averages that can be lower than the
comfortable temperatures. However, the cooling effect results in a higher pool water loss
that has to be equalized from time to time. The water loss has been investigated in Section

6.4.

6.3 Benefits for the Customer

In this section the operation costs for both conventiona ar conditioning and gas
hegting and the combined house cooling and pool heating are presented. The separate air
conditioning and gas pool heeting is refered to as conventiond system, while the
combined swimming pool hester and ar conditioner will be caled the swimming pool ar

conditioner (SPAC).

6.3.1. System Control Strategies

To compare the two systems on a fair basis the following control srategy has been
developed. Firgt, for swimming pool temperatures less than 25°C a gas pool heater adds
hest to the pool. The gas heaer mantans this temperature for both system
configurations. Since the swimming pool ar conditioner regects heat whenever a cooling

demand exits, the additiona heat from the gas pool heater will be less.

If the swimming pool temperature exceeds 26°C the autometic swimming pool
cover controller opens the pool and regulates the temperature by eveporaion. The
building temperature is controlled during the entire season so that heet is removed by the

ar conditioner whenever the temperature exceeds 25°C. One possible arrangement of the
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system components modeled in the SPAC smulation program are shown in Fgure 6.6

where the air conditioner is in water-cooling mode and the gas furnace joins to mantan

the desired svimming pool temperature.

O~
I 5

Gas
Furnace

Figure 6.6  The Swimming Pool Air Conditioner Configuration

Based on these control mechanisms the SPAC smulation has been modified to
run for different locations in the United States. Ten Cities have been chosen for an
economic andyds and are shown in Fgure 6.7. Different cimates were examined for
pool behavior and heating requirements to observe the impact on the economic analyss

and narrow down regions where the swimming pool air conditioner performs best.
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Figure 6.7  Cities for economic analysis

6.3.2. Seasonal Operation Cost

For each location the monthly energy requirement has been caculated for a
conventiond ar conditioner with a gas pool heater and for a swimming pool ar
conditioner with a gas pool heater. The smulaion was sarted in the beginning of May
and continued until the beginning of October. For this period the swimming pool
temperature was maintained to be a least 25°C using the gas pool heater when necessary.
For some locations the pool might exceed the dedred temperature resulting from solar
gans and heat removed from the building that cannot be controlled by the cover

controller. Table 6.2 shows that the maximum pool temperature stays below 32°C even

for warm dimates like Miami or Audtin.
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. Seasonal
Conventional System SPAC System Savings [$]
City Average Poo| Max Pool Cost [$] A\:Dec:ilge Max Pool Cost [$] (May 1st -
Temp [C] | Temp [C] AC cpn | Temp [C] Temp [C] SPAC GPH October 1st)
Atlanta GA 26.2 29.9 202 3 26.6 31.3 154 1 50
Austin X 27.2 32.0 279 0 27.8 33.6 203 0 76
Baltimore MD 258 29.2 171 46 26.2 30.2 133 24 60
Los Angeles CA 25.7 27.6 182 31 26.0 28.4 147 11 56
Madison Wi 254 28.1 136 150 257 29.0 105 105 77
Miami FL 27.3 31.3 251 0 28.0 32.7 186 0 65
New York NY 25.6 28.6 154 75 25.9 29.6 120 44 65
Phoenix AZ 26.7 30.5 394 0 27.4 32.2 268 0 126
Seattle WA 25.1 26.8 113 224 254 27.4 95 154 88
St.louis MO 26.1 298 209 16 265 312 158 8 29

Control Strategies
Gas Pool Heater(GPH): Cover opens if Tpool > 26 C, Else the
pool is open between 1lam - 2 pm
Heater activates if Tpool < 25 C
Swimming Pool Air Conditioner(SPAC): Cover opens if Tpool >
26 C . Else the pool is open between 11am - 2 pm

Economic Analysis
Gas: 0.02 $/kWh

Electricity: 0.075 $/kWh

Table 6.2

Conditioner.

Temperatures and Operation Cost for the examined systems. GPH is a Gas Pool

Heater, AC is a Conventional Air Conditioner and SPAC is a Swimming Pool Air

The table dso shows the component operation cost for cooling and hegting for

both, the conventiona and the SPAC system. Figure 6.8 visudizes this result by showing

columns for each sysem and location. The left column represents the conventiond

sysem, where the air conditioning operation cost is added to the seasond pool hesating

cod. The right column shows the cost for the SPAC system and if additiona pool hesting

Is necessary the cost for naturd gas. The cities are ordered by decreasing cooling demand.
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Seasonal Operating Cost For Pool Heating Systems

Pool Area = 55 m2

Season : May 1st - October 1st
based on 0.075 $/kWh Electricity , 0.02 $/kWh Natural Gas

O Conventional Air Conditioner
B Gas Pool Heater

O Swimming Pool Air Conditioner

Atlanta St.Louis Los Baltimore

Angeles

Austin Miami

— 1
New Madison Seattle

York

Economic analysis for locations in different climates in the United States. For each

City the left column shows the conventional house cooling and heating, while the

right includes the swimming pool air conditioner plus additional pool heating cost.

In Phoenix, for example, no gas hedting is necessary for either the conventiona or

SPAC sydem to mantan a comfortable swimming pool temperature. But, due to the

better performance of a water-cooled ar conditioner the operation cost is lower. By

comparing the swimming pool temperatures for both systems, Table 6.2 daifies that

there is no mgor change in swvimming comfort due to the heat reection to the pool. The

maximum temperature increases only about 1.5°C, while the average only changes about

1°C.
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Phoenix  Austin Miami Atlanta  St.Louis Los Baltimore New York Madison Seattle
Angeles

Figure 6.9  Electricity Cost for house cooling for a season between May 1* to October 1° based

on 0.075 $/kWh
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Figure 6.10 Natural Gas Cost for swimming pool heating between May 1°' to October 1°' based on

0.02 $/kWh
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With decreasng ambient temperatures, the cooling demand for a building
decreases. Accordingly, the rgected heat to the swvimming pool is less and pool heating
becomes more important. Also, due to the lower ambient temperatures in cooler climates
the generd need for gas pool heating increases. Thus, the dectricity cost decreases while

the cost for natural gas increases.

For a better comparison, Figure 6.9 and Figure 6.10 show the expenses for
eectricity and naturd gas separded in two chats. The left column for each city
represents the conventiona sysem configuration and the right column the swimming

pool air conditioner.

The cooling demand is the mgor impact on the dectricity cost. Thus, the warmer
the ambient conditions at the specific location the higher the required energy to mantan
the building temperature. However, there is Hill an advantage of the swimming pool ar
conditioner because of its better genera performance due to the lower cooling fluid of the

condenser.

Based on the naturd gas consumption two city groups can be identified. The firgt
group includes cities where gas pool hedting is not necessary a dl. Phoenix, Audin,
Miami and Atlanta can be counted to this group. The second group conssts of cities that
need gas pool heating for both sysem configurations to mantain the desred swimming
pool temperature as seen in New York, Sedttle, Madison, St. Louis and Batimore. A few
locations cannot be assgned to one of the groups easlly. Los Angeles for example has
admost no hedting demand for the swimming pool air conditioner and could be counted to

the second group.
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6.3.3. Seasonal Savings for Different Locations

Compared to the conventiona system, the customer can save on seasond
expenses udng the swimming pool ar conditioner. Because of the better performance, the
SPAC saves dectricity. Fgure 6.11 shows the dectricity savings as a function of the
cooling demand at different locations. The higher the expenses for the conventiond air

conditioner, the higher the seasond savings.

Because the SPAC rgects the heat to the pool that is usualy released to the

ambient, the cost for hesting is reduced. Figure 6.12 shows the seasond gas savings.

140

Pool Area = 55 m2

120 1

100 1

Seasonal Electricity Savings [US$]

Phoenix  Austin Miami Atlanta  St.Louis Los Baltimore New York Madison Seattle
Angeles

Figure 6.11 Electricity savings for SPAC compared to a conventional system for a season from

May 1°' to October 1°' based on 0.075 $/kWh
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Figure 6.12 Natural Gas Savings for SPAC compared to a conventional system for a season

from May 1°' to October 1°' based on 0.02 $/kWh

6.3.4. Impact of Different Swimming Pool Sizes

In addition to the swimming pool invesigated above, the impact of varying pool
szes is examined. Starting with the base case pool size of 55 nf a smaler svimming pool
(27.5 nf) and a larger pool (110 nf) are investigated. Figure 6.13 and Figure 6.14 show
the effect on the economic andyss Since the building and the ar conditioning system
remained the same, the amount of rgected heat is congtant for the three cases.
Independent of the pool sizes the pool conditions can be adjusted without supplementa
hest from a gas pool hester in Phoenix, Augin, Miami and Atlanta. For locations that
require pool hedting to mantan the swimming pool a the comfortable svimming pool

temperature of 27 °C the natural gas consumption incresses for increasing pool area.
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Seasonal Operating Cost For Pool Heating Systems

Pool Area = 27.5 m2
Season : May 1st - October 1st

600 based on 0.075 $/kWh Electricity , 0.02 $/kWh Natural Gas
O Conventional Air Conditioner
500 B Gas Pool Heater
O sSwimmina Pool Air Conditioner
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Figure 6.13 Economic analysis for locations in different climates in the United States for a 27.5

2
m” pool.

Seasonal Operating Cost For Pool Heating Systems
Pool Area = 110 m2
Season : May 1st - October 1st
600 based on 0.075 $/kWh Electricity , 0.02 $/kWh Natural Gas
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Figure 6.14 Economic analysis for locations in different climates in the United States for a 110 m?

pool.
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Figure 6.15 Natural Gas Savings for different swimming pool sizes for a season between May

and November.

The seasond savings in naurd gas dso increase with increesng swimming pool
gze as shown in Figure 6.15. The largest impact of changing the swimming pool size can
be observed for Seditle, because the energy gains are by far not sufficient to meet the
energy demand of the swimming pool. Note that the maximum savings go dong with a

much higher cost. Thus, it cannot be concluded that alarger pool is more efficient.

6.3.5. Sensitivity of Deviation in Evaporation Calculation Methods

It is shown in Chapter 2 that evaporation is the mgor heeat loss from a svimming
pool. To account for the uncertainties in the examined evaporaion correations presented

by various researchers, the impact of changes in the evgporation heat loss on the
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amulaion results were invedigated. As can be seen in Fgure 6.16 an uncetanty of

+10% resultsin achange in the naturd gas cost of £10%.

Sensitivity for Deviation in Evaporation
70 T
60 1 —-SPAC
50 1
40
30 1
20 1
10 1

-=- Conventional

-1040 50 100 110 120 130 140 150 160
-20 A
-30 A
-40 1
-50 1
-60 1
-70 -

Fractional Natural Gas Cost [%]
o

Fractional Evaporation [%)]

Figure 6.16 Impact of uncertainties in evaporation calculation methods on the natural gas cost for

the SPAC and conventional systems.

6.3.6. SPAC Equipment Cost

Further invedtigations have been made to examine the extra budget that is
available to manufacture a swimming pool ar conditioner. The fact that SPAC is more
efficient than a conventiond ar conditioner provides the advantage for the manufacturer
to make it more expendve. The maximum possble additiona product cost is reached
when the life-cycle cost of the SPAC is the same as the conventiona system. Duffie and
Beckman (1991) provide a method to cdculate the life cycle cost for a sysem. The life

cycle cog (LCC) is the sum of dl the costs associated with an energy ddivery system
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over its lifetime or over a sdected period of andyss, in today's dollars, and takes into
account the time vaue of money. Life cycde savings is defined as the difference between
the life cycle costs of a conventiona ar conditioner and pool heating sysem and the life
cycle cogt for the swvimming pool ar conditioner sysem. Duffie and Beckman (1991)
have shown how al economic parameter can be cast in only two parameters, R and R.

Thus, the life cycle cost for the conventiona system and the SPAC can be written as

LCCqy = P,(Cocom +C

Conv — e,conv g,corw)

+ PZ >(:eq,oonv (6-1)

LCCqpc = P:I.(Ce,SPAC +Cg,SPAC)+ P, )Ceq,SPAC (6.2)

Where G is the dectricity cost for the first year of analyss, G, the natural gas cost

for the first year of the analysis and Ceq the equipment cost of the system.

The difference of equation ( 6.1 ) and equation ( 6.2 ) results in the an expresson
for the life cycle savings of the SPAC sysem. For a bregk-even cdculation the life cyde

savings are zero.
Lcs=PR[DC, +DC )- P,*DC,, =0 (63)
Since the savings DCe and DCgy are known, equation ( 6.3 ) can be solved for the

difference in equipment cost DCeg.

bc,, =—(pC, +DC,) (64)

The difference of the equipment cogt is the maximum money that can be charged
by the manufacturer for a swimming pool ar conditioner that has the same life cycde cost

asaconventiond ar conditioner plus pool hesting system.
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Figure 6.17 Incremental equipment cost for a SPAC system compared to a conventional system

because of better performance. Time period: May 1°" to October 1°".

Because the detalled sysem component cost and various economic parameters
especidly for the swimming pool ar conditioner, are not avalable an gpproximate vaue
for the ratio of R/P, can be obtained by the following assumptions: If the inflation rate of
fud (dectricity and gas) is of the order of the generd inflation rate, then R is of the order
of the period of the economic andyss P, is unity if the sydem is pad for in cash.
Therefore, the ratio of P1/P, equds the period of the economic andyss. For the present
work, a period of ten years has been chosen. Figure 6.17 shows the result of this
approach. The allowable costs are between about $600 and $1000 for most locations, with
higher vadues in the very hot dimates of Audin and Phoenix. A minimum is found for
Atlanta, which can be taken as additiond budget that is avalable to finance the redesgn

of the air conditioner.
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6.3.7. Air Conditioner Power Demand

An interesting aspect for power plant companies is the power demand for air
conditioners. Since ar conditioning consumes power mogly during the daytime where
the energy demand is high, a reduction would be beneficed to the power company. Figure
6.18 shows a comparison of the maximum power demand for a conventiond air
conditioner that uses ar as cooling fluid to a svimming pool ar conditioner. The air-
cooled power demand is dmost uniformly a about 6 kW. The SPAC sysem energy
demand is about 5 kW, which results in a demand saving of 1 kW compared to
conventiond ar conditioning sysems. Applying the swimming pool ar conditioner this

demand can be reduce by about 20%.

Air Conditioning Power Demand
10

Dair-cooled

Ewater-cooled

Power Demand [kW]
[62]
1
|
|

Atlanta Austin  Baltimore Los Madison Miami  New York Phoenix Seattle  St.Louis
Angeles

Figure 6.18 Power demand comparison for air conditioner systems.
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6.3.8. Summary

In this section it has been shown that water-cooled air conditioners that rgject heat
to a svimming pool work more efficiently than conventiond ar-cooled ar conditioners.
In some climates additiond swimming pool hesting is not necessary with the proposed
swvimming pool ar conditioner because the heeting demand is accomplished by the
rgjected heet. In warmer regions where swvimming pool heating is not necessary a dl, the
improved performance of a water-cooled air conditioner reduces the operation cost. For
most locations in the United States additiond pool heeting is necessary. Despite this fact,
the SPAC system dill performs better than conventionad methods according to the hest

reection to the pooal.

In concluson, the proposed swimming pool ar conditioner is shown to perform
better than conventiond solutions. The amount of savings is dependent of the location of

the customer but saves at least $60 per season.

6.4 Swimming Pool Water Level Calculations

Every water body has water losses due to evaporation. Thermodynamicdly, the

evaporation heat lossis proportiond to the amount of water that islost by the pool:

Qe,vap =r %/ xDh, ., (65)

Where Q is the evaporation energy, r is the dengty of water, Dh,,, is the

evap p

enthalpy of evaporation and V. is the volume of evaporated water, e.g. the water loss per
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unit time [nt/hr]. The enthdpy of evaporation is a function of the swimming pool

temperature and can be linearly approximated by

Dh,,,, =1602.652 - 6.659%T (66)

pool *

Where the Tyoo isthe pool temperature isin degree Celsius.

The water loss can be caculated from equation ( 6.6 ) by knowing the amount of

energy that is evaporated from the swimming pool surface.

Information for the monthly average precipitetion has been obtained from the
anua weather summay for Madison, WI (NCDC (1998)). The amount of ran per
square meter has been multiplied by the tota pool area to cadculate the totd amount of

water added to the swimming pool due to precipitation.

Applying the water loss cdculaion to the SPAC smulaion for Madison over a
season from May to October using the automatic cover control and heat reection to the
pool results in a water loss of 27.4 nf. This evaporaion about one third of the total pool
volume (825 nt). Precipitation adds 24.6 ni water to the pool. Therefore, in Madison
amost no water has to be replaced due to evaporation. This can only be an gpproximation

since other effects influence the water loss of a swimming pool.
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Chapter 7

Conclusions and Recommendations

The god of this project was to investigate the performance of an ar conditioner
that rgects energy to a swimming pool ingead of to the ambient air. Swimming pools and
ar conditioners have been examined separately in Ghapter 2 and 3. Both components are
available as TRNSYS types tha were implemented in the swvimming pool ar conditioner

smulation (SPAC).

Chapter 6 concludes that it is generdly possble to heat a pool and to keep the
building & a comfortable temperature usng a swimming pool ar conditioner sysem. In
some cdlimates a swimming pool hester is not necessary because the heat rgected by the
swimming pool ar conditioner done mantans a comfortable pool temperature. Due to
the fact that water is used as he cooling fluid, a svimming pool ar conditioner performs
better than conventiona air conditioners. Thus, the purchased energy for pool heating and
house cooling can be reduced. The manufecturer can most likely include higher
manufacturing costs into the firg cost while the cusomer enjoys the benefit of lower life

cycle cost.

The swimming pool ar conditioner smulation program provides a research tool
for swimming pool manufactures and customers. The program is suiteble for directly
estimating the economic impact of different scenarios. The SPAC program can be used to

invedtigate various configurations of a swvimming pool, a gas pool hedaer, an ar
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conditioner and a building for different time periods and locations. SPAC provides
information on the component performance as wdl as hourly information on system
parameters. The cost advantage of one dternative over the other can be determined. The
present systlem can be analyzed and the impact of an additionad device studied before an

investment is made.

Compared to a conventional system, the customer can save on seasona expenses
usng the swimming pool ar conditioner. Because of the better performance, the SPAC
saves dectricity. The seasond edectricity savings vary for different climaies but are
between $40 and $80 for most locations. Because the SPAC regects the heet to the pool
that is usudly rdleased to the ambient, the cost for swimming pool hesting is reduced.

The customer can save about $40 on naturad gas by using the SPAC system.

The dlowable incrementd equipment costs for a swimming pool heater system
compared to a conventional system configuration, are between about $600 and $1000 for
mogt locations, with higher vaues in the very hot cimates of Austin and Phoenix. The
SPAC system energy demand is about 5 kW, which results in a demand saving of 1 kW

compared to conventiona air conditioning systems.

The cooling requirements of a building and the pool heating demand ae
dependent on the cdimate. In warmer climates a swimming pool ar conditioner rejects
more hest to the svimming pool than in moderate climates. Thus, overhegting is possble.
In this work the swimming pool temperature was reduced by removing a pool cover from
the surface to dlow evgporation. An object of further investigation could be an air

conditioning device that hosts both ar and water-cooling. After determining if the
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svimming pool requires heating a control mechanism would then rgect the heat dther to

the pool or the environment.

The mathematica descriptions of the modeed components are considered to
produce results that are accurate enough for the task of this work. However, as with al
theoreticd dudies, dmulations can  only approximate redity. Thus, for further
invesigation a svimming pool ar conditioner has to be desgned and manufactured to

obtain measurements that can verify the results of this research.
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Appendix A

Description of TRNSYS Type 144

A.1 General Description

TRNSYS TYPE 144, developed & TRANSSOLAR in Germany, smulates both indoor
and outdoor swimming pools. The inputs and outputs as wdl as the parameters () are

described in this section.

Input

TambJ Amb Wamb Ecilob,H Tsky Twail Qsol moder Map Tiap topen teiose Nmax foov Min Tin

YY Y Y Yyvy v vvvyyvvvy

10 11

TYPE 144 Swimming Pool Simulation

12 13 14 15 16

Parameter
1 Tpo 3V 5 €ov 7 cov 9 hwo
2 At 4: modey 6: acov 8 dov 10: S
1 2 3 4 5 6 7 8 9 10 11
Tp Mevap Qevap Qeonv Qrad Qrtap Qs Qin DE Tp mi

Output

Figure A.1 Input and output for TYPE 144

A.2 Description of the Inputs

To smulate an outdoor or indoor swimming pool the following inputs are used:

Input no. | Symbol | Description

Unit

1 Tamb ambient air temperature

[°C]
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2 J Amb relative humidiity of ambient air [%]

3 Wamb velocity of ambient air [m/g]
4 Eciobn | globd radiation on horizontal surface [kJ/h-m?]
5 Ty sky temperature [°C]
6 Twall temperature of pool walls [°C]
7 Qsol window radiative energy gains [kJ/h]
8 Mode; water surface activity [-]

9 Mtap mass flow rate of tap water [ka/h]
10 Ttap temperature of tap water [°C]
11 Topen pool opening time [-]

12 Telose pool dlosing time [-]

13 Nmax daily maximum number of people in the pool [-]

14 feov fractiona coverage of water surface [-]

15 Min mass rate of incoming warm water [kg/h]
16 Tin temperature of incoming warm water [°C]

1. Ambient Air Temperature (Tamb)
For an outdoor pool this temperature should be the outside air temperature. For an indoor
pool room temperature shoud be used.

2. Rdative Humidity of Ambient Air (j amb)

Depending upon the ambient air temperature chosen above the reative humidity is taken
to be the rlative humidity of either the outdoor or theindoor air.

3. Veocity of Ambient Air (Wamb)

This input is used only for an outdoor swimming pool cdculaion. Because the wind
speed is a function of the height above ground and the microclimate around the pool, two
additiona parameters have been added to determine this value. (See Parameters)

4. Globa Radiation on Horizonta Surface (EciobH)

To cdculate the radiation heet gains to an outdoor pool the radiation on a horizonta
surface is needed.

5. Sky Temperature (Tsqy)
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To cdculate the exchange of long wave radiation a sky temperature is necessary. This can
be found using TY PE 609.

6. Temperature of Pool Walls (Twai)
To caculate the exchange of long wave radiation for an indoor pool an average wadll
temperature of the pool is needed.

7. Window Radiation Gains (Qsol)

Only of use for the cdculation of the energy gains of an indoor pool. The window
radiation gains ae energy inputs to the pool due to sunlight shining through windows.
Thisinput can be caculated by TY PE 56, output 21.

8. Water Surface Activity (mode;)
The motion of the water surface has a srong influence on evaporation and convection.

Therefore aswitch is used to set one of the following modes.

mode; =0 quiet water surface

mode; =1 slight surface motion (private pool)

mode; =2 slight surface motion (public pool)

mode; =3 moderate surface motion (recreational pool)
mode; =4 intense surface motion (wave pool)

mode; =-1 activity function

The activity function (node; = -1) computes a parabola between opening and closing time
of the pool. The maximum is located in the middle. Therefore it is necessary to use inputs
11, 12 and 13.

9. Mass Flow Rate of Tap Water (map)
Input 9 describes only the water rgjection for hygienic purposes. The loss of water due to

evaporation is compensated automatically.

10. Temperature of Tap Water (Tap)
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Temperature of incoming tgp water (input 9). Tap water flows for both hygienic and

evaporative compensation are assumed to have the same temperature.

11. Pool Opening Time (topen)
The time of day (0-24) when pool usage begins. (needed for the cdculation of the activity
function.)

12. Pool Closing Time (tciose)
(seeinput 11 and 8)

13. Daily Maximum Number of Peoplein the Pool (Nimax)

Input 13 is adso used to cdculae the activity function (input 8). The input is the daily
maximum number of people n the pool. In a pool with an area of 100nT and 100 people a
day for example, the activity function has a maximum of 4 compared to an unused pool.

14. Fractiona Coverage of Water Surface (fov)
The percentage of time pool surfaceis covered (fcoy = 0..1)

15. Mass How Rate of Incoming Warm Water (min)
Mass flowrate entering pool from the heating system

16. Temperature of Incoming Warm Water (Tip)
Temperature of water entering the pool from the hesting system.

A.3 Description of Parameters

To smulate an outdoor or indoor swimming pool the following parameters are used:

Input no. | Symbol | Description Unit

1 Tpo initial temperature of pool water [°C]
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2 Acot total surface area of pool [m?]

3 V volume of pool water [m’]

4 Modey | switch between outdoor and indoor pool [-]

5 &ov emissvity of pool cover [-]

6 Acov Absorption of cover [-]

7 | cov heat transfer coefficient of cover [kJ/h-m-K]
8 Ckov thickness of cover [ m]

9 hwv.o height of wind messurement [ m]

10 Stac Shelter factor [-]

1. Initid Temperature of Pool Water (1p,0)

Temperature of the pool at the time when smulation starts.

2. Tota Surface Area of the Pool (Aot
Surface Areaof the svimming pool including the spillway.

3. Pool Water Volume (V)

4. Switch between outdoor and indoor pool (modey)

The parameter modey switches between the caculation of an indoor and an outdoor

svimming poal:

modey=0 Indoor Pool
modey=1 Outdoor Pool

5. Emissivity of Pool Cover (€v)

6. Absorption of Pool Cover (acov)

7. Heat Transfer Coefficient of Cover (I cov)

8. Thickness of Cover (deov)
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9. Height of Wind Measurement (hw0)
(See parameter 10)

10. Shelter Factor (Sac)

The heat loss of an outdoor swimming pool depends sirongly on the wind speed. In this
program a wind speed measurement height of 3n above ground is assumed. Because this
Is not necessxrily the height a which the wind speed was actually measured, a correction
term is included. The correction term depends on the sheter of the pool due to the
surroundings. Figure A.2 shows an example where the wind velocity measured is 5mi/s a
aheght of 10m.

10 /v

= 91 Height of Measurement

— 87

5 .

g - Sfac =2
5 67 Sfac = 4
§ S ) A 7/ A I R Sfac =6
?_ Height usp\d‘in Calculation Sfac =8
° —Sfac =10
<

(@)]

‘O

T

0 1 2 3 4 5
Wind Speed [m/s]

Figure A.2 The height as a function of wind speed. Measured wind velocity at the airport: 5 m/s at

a height of 10m

Thefollowing relation is used to compute the modified wind velocities



V=V hrel Sfac
airport h
0
S = 2 strong shelter

S = 24 normal shelter
S = 36 wooded area
S = 68 unsheltered
S« = 810 openwater

hreg = height of wind measurement

hg = 3m

A.4 Description of the Outputs
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Input no. | Symbol | Description Unit
1 Tp pool water temperature [°C]
2 Mevap meass flow rate due to evaporation [ka/h]
3 Qevap evgporation hest flux [kJ/h]
4 Qconv convection heat flux [kJ/h]
5 Qrad radiaion heat flux [kJ/h]
6 Qrap hest |oss due to tap water [kJ/h]
7 Qsol solar heat gain [kJ/n]
8 Qn added hest flux [kJ/h]
9 DE energy stored in the pool [kJ]
10 Tp pool water temperature [°C]
11 Min meass rate of incoming warm water [kg/h]

The component outputs are basicaly self-explanatory.
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Appendix B

SPAC Output Files

This section incdudes the description of the output of the swimming pool ar

conditioner smulation (SPAC). The output files can be found in CASPAC\.

B.1 General System Information

The file spac.oul provides generd system information on an hourly bass.

Output Parameter ~ Description

Time Hour of Year of Smulation

Tamb Ambient Dry Bulp Temperature [C]

Tpool Swimming Pool Temperature [C]

Thuild Building Temperature [C]

Qhouse Building Cooling Demand [kJhr]

Qcond Air Conditioner Energy Output [kJhr]
Power Air Conditioner Power Consumption [kJhr]

B.2 Swimming Pool Information

Output file spac.ou2 provides hourly vaues for the swvimming pool

Output Parameter ~ Description

Time Hour of Year of Smulation

Qevap Pool Evaporation Heat Loss [kJhr]

Qconv Pool Convection Hest Loss [kJ/hr]

Qrad Pool Radiation Heat Loss [kJhr]

Qsol Pool Solar Gains[kJhr]

Qheater Heat added to the pool by pool heater [kJ/hr]
Qcooler Energy removed from the pool by the cooler [kJhr]
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B.3

B.4

B.5

Weather Information

Weather information for the desired location is available in output file spac.ou3.

Output Parameter ~ Description

Time Hour of Year of Smulation

Ibeam Direct Norma Solar Radiation [kJhr]

Iglob Globa Solar Radiation on a horizontal surface [kJ/hr]
Tamb Ambient Temperature [C]

Humrat Humidity Ratio

Windve Wind Veocity [m/g]

Air Conditioner Information

Output file gpac.oud provides hourly information on air conditioner performance,

Output Parameter ~ Description

Time Hour of Year of Smulation

Teinw Condenser Inlet Temperature (Pool Water) [C]
COPwater Coefficient of Performance for Pool Water [-]
Wyyater Air Conditioner Power for Water- Cooling[kW]
Qcond,w Condenser Energy for Water-Cooling [kJhr]
Teina Condenser Inlet Temperature (Ambient Air) [C]
COPyi Coefficient of Performance for Ambient Air [-]
Wair Air Conditioner Power for Air-Cooling[kW]
Qcond,a Condenser Energy for Air-Cooling [kJhr]

Economics Information

Monthly information of the economic andysisis avallable in output file * .oub.

Output Parameter ~ Description

Time Hour of Year of Month
Costwater Cost for Water-Cooled Air Conditioning [¥/month]
Costair Codt for Air-Cooled Air Conditioning [$/month]

Costgas Cost for Gas Pool Heating [$/month]
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Costpumpheat Cost for Water Pump for Pool Heating [$Ymonth]
Costeool Cod for Water Cooling [$/month]
Costpumpcool Cogt for Water Pump for Pool Cooling [$/month]

B.6 Power Consumption Information
Monthly information of the power consumption of different devices is available in

output file spac.oub.

Output Parameter ~ Description

Time Hour of Year of Month

Pac,air Air-Cooled AC Power Consumption [k¥month]
Pacwater Water-Cooled AC Power Consumption [kd¥month]
Preat Power Consumption of Gas Pool Hegter [k¥month]
Pcool Power Consumption of Water Cooler [k¥month]
Poump, heater Heater Pump Power Consumption [kJmonth]
Poump, cooler Cooler Pump Power Consumption [k¥month]

B.7 Water Loss Information

Hourly information of the water loss and water gan is avalable in output file

Spac.ou’.

Output Parameter ~ Description

Time Hour of Year of Smulation
Waterloss Hourly Water Loss due to Evaporation [mnvhr]
SumWaterL oss Integrated Hourly Water Loss [mm)]

SumWaterGain Integrated Hourly Water Gain from Precipitation [mm]
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Appendix C

SPAC Source Code

This section contains the TRNSYS source code for the Swimming Pool Air

Conditioner Smulation Program (SPAC).

* TRNSED
Swi nmi ng Pool Air Conditioner Sinulation
- SPAC -
Sven- Eri k Pohl 1999
Mast er of Science Project
Sol ar Energy Laboratory
Uni versity of Wsconsin, Mdison

ASSI GN C: \ spac\spac. | st 6

L R R

* | *| <BACKGROUND> S| LVER
*| <BACKGROUND> \WHI TE

*| <ALl GN1> CENTER

*| <COLORL> NAVY

*| <S| ZE1> 16

*| <STYLE1> BOLD

*| <COLOR2> BLACK
*| <S| ZE2> 10
*| <STYLE2> NONE

*| <COLOR3> BLACK
*| <S| ZE3> 10
*| <STYLE3> | TALI C

*|* Swi mmi ng Pool Air Conditioner Simulation
*|* - SPAC-

*| <Sl ZE1> 8

*|* Sven-Eri k Pohl

*|* Sol ar Energy Laboratory 1999

*| <Pl CTURE> \ spac\ acpool | i nked. brmp

*|* Online Help: Cick on the input box and press F1
*| <APPLI NK1> TRNI NFO. bnp Brochure. pdf LEFT
*| <Sl ZE1> 14

*l*

*l*

Simul ati on Paraneters
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*| [ SI MULATI ON|

EQUATI ONS 10

STARTMONTH= 2880

*| <Month of the sinulation start | \'spac\ Mont hl.dat| 1] 2|1
DAY1= 1. 0000000000000E+00

*| Day of Month for Simulation Start [110]1]1]31]2
STARTDAY=( STARTMONTH) / 24+DAY1

*l *

STOPMONTH= 6552

*| <Mbnt h of the simulation Stop | \ spac\ Mont hl. dat| 1| 2| 3
DAY2= 1. 0000000000000E+00

*| Day of Month for Sinulation Stop [1]10]1]1] 314

STOPDAY=( STOPMONTH) / 24+DAY2

START=24* ( STARTDAY- 1) +1

STOP=24* ( STOPDAY- 1) +1

STADAY = (START+23)/24

TSTEP = 1

* Start tine End time Tinme step

SI MULATI ON START STOP TSTEP

* I ntegration Convergence

TOLERANCES 0. 001 0.001

* Max iterations; Max warnings; Trace limt;
LIMTS 40 40 40

* TRNSYS output file wi dth, nunmber of characters
W DTH 80

* TRNSYS nunerical integration solver method

DFQ 1

CONSTANTS 4
BI LDER = 1

GRIDNR = 12
ori =0

sl ope=0

11

* | [ GRNDREF]|

EQUATI ONS 1

GROUNDREF= 1.5000000000000E- 01

*| Gound Refl ectance [1]0.00]1.00]1]1.00]5

11

| (LOCATI ON| Weat her Data Mode

| TMY2 Weat her Data | TMY] _GENERATOR
| Weat her Generator | _TMY| GENERATOR
I

)
K il DATA READER -cc--cemmmcammcaamaaa-

*| #*| [ TMY| Location: TMY2 Weat her Data

*| #ASSI GN C: \ spac\ weat her\ madi son_wi . tn2 13
*|#*| <City for Sinulation

| c:\'spac\weat her.dat| 1| 4| 6

*
*
*
*
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* | #EQUATI ONS 2

*| #LAT= 43.13

*| #*| <Latitude of City

| c:\'spac\weat her.dat| 0| 2|7

*| #DevSol ar= 0. 670

*|#*| <Shift in solar time hour angle (degrees)
| c:\'spac\weat her.dat| 0| 3| 8

*l #

*|#UNIT 1 TYPE 9 DATA READER

* | #PARAVETERS 2

*|# -3 13

*l #

*| #EQUATI ONS 10

*| #month= [ 1, 1]

*| #1=[ 1, 4]

*| #l b=[ 1, 3]

*| #1 d=[ 2, 5]

*| #Tanb=[ 1, 5]
*| #hunRat =[ 1, 6]

*| #Ti mel ast= [ 1, 19]
*| #Ti menext = [ 1, 20]
*| #wi ndVel =[ 1, 7]

*| #*/from psychonetrics:
*| #rel hume[ 3, 6]

| #] ]

*| [ GENERATOR| Location: Wather Generator
ASSI GN C: \ spac\ WVEATHER\ WDATA. DAT 10
EQUATI ONS 3

Cl TY= 127

*|<City for Sinulation

| C:\spac\weather\Cities2.dat| 2| 1|6

LAT= 43. 13

*| <Latitude of City

| C:\'spac\weather\ Cities2.dat| 0| 3| 10
DevSol ar= 0. 67

*|<Shift in solar time hour angle (degrees)
| c:\spac\weather\Cities2.dat| 0| 4| 11

UNI T 54 TYPE 54 WEATHER GENERATOR

PARAMETERS 6

* UN'TS LU CITY# TEMP-MODEL RAD- CORR RAND
1 10 Gity 1 1 1

EQUATI ONS 10
mont h=[ 54, 1]
| =[ 54, 7]

| b=[ 54, 8]

| d=[ 54, 9]
Tanb=[ 54, 4]
rel hume[ 54, 6]
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Ti mel ast =[ 54, 19]
Ti menext =[ 54, 20]
wi ndVel =[ 54, 10]
hunr at =0. 005

]

UNIT 3 TYPE 33 PSYCHROVETRI CS PRESI M TYPE 233
PARANS 4
* 1 drybul b->HR Press[atn] WBMODE EMODE
4101
I NPUTS 2
* 1 Tanmb 2Hunr at
Tanb hunr at
* | NPUT | NI TI AL VALUES
* 1 2
20 0. 0028
*/OUTPUT 3,6 : rel. humdity

A eeeieiiiiiiiiiia PRECI Pl TAT!I ON--ommmomaaaaaoo

*| (precipitionnode| Precipitation Mde

*| Provide Precipitation Data in a File

| prefile| _pretabl e| rai nmaker | waterl ossprint

*| Enter Data in a Table
_prefile|pretabl e| _rai nmaker | waterl ossprint

| Don't Cal cul ate Water Loss

norain| _prefile|_pretable| _rai nmaker|_waterl ossprint
I

)

*| [ PREFI LE| Monthly Average Precipitation
ASSI GN C: \ spac\ WVEATHER\ mad. pre 11

*|? Precipitation Data File Location | 12
*| <ALI GN1> LEFT

*| <COLOR1> BLACK

*| <SI ZE1> 10

*| <STYLE1> PLAIN

*l*

*|* File has to contain one row and 12 colunms with nonthly average
precipitation separated by a space

*l*

*| <ALI GN1> CENTER

*| <COLOR1> NAVY

*| <SI ZE1> 14

*| <STYLE1> BOLD

11

*| #*| [ PRETABLE| Monthly Average Precipitation
*| #EQuati ons 13

*| #Qevap=[ 6, 3]

*| #Jan= 2. 7180000000000E+01

*| #*| January

| rm nont h| | 0. 00| 1. 00| 1| 1000. 00| 13

*| #Feb= 2. 7430000000000E+01

*
*



*| #*| February

| mm nmont h| | 0. 00| 1. 00| 1| 1000.
*| #mar= 5. 5120000000000E+01
*| #*| Mar ch

| m nont h| | 0. 00| 1. 00| 1] 1000.
*| #apr= 7. 2640000000000E+01
*| #*| Apri |

| rm nont h| | 0. 00| 1. 00| 1] 1000.
*| #may= 7. 9760000000000E+01
“| #*| May

| mm nmont h| | 0. 00| 1. 00| 1| 1000.
*| #j un= 9. 2960000000000E+01
*| #*%| June

| m nont h| | 0. 00| 1. 00| 1| 1000.
*| #j ul = 8.6110000000000E+01
*|#* | July

| rm nont h| | 0. 00| 1. 00| 1] 1000.
*| #aug= 1. 0260000000000E+02
*| #*| August

| mm nmont h| | 0. 00| 1. 00| 1| 1000.
*| #sep= 8. 5600000000000E+01
*| #*| Sept enber

| mm nont h| | 0. 00| 1. 00| 1] 1000.
*| #oct = 5. 5120000000000E+01
*| #*| Cct ober

| rm nont h| | 0. 00| 1. 00| 1] 1000.
*| #nov= 5. 3090000000000E+01
*| #*| Novenber

| mm nmont h| | 0. 00| 1. 00| 1| 1000.
*| #dec= 4. 6740000000000E+01
*| #* | Decenber

| mm nont h| | 0. 00| 1. 00| 1] 1000.
| #] ]

#*| [ NORAI N|

#Equations 13
#Jan=0

L S WI

*| *Swi nm ng Pool Paraneters

00| 14

00| 15

00| 16

00| 17

00| 18

00| 19

00| 20

00| 21

00| 22

00| 23

00| 24

MM I

NG POOL

125
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*| [ POCOL

EQUATI ONS 12

*|* General Information

pool area= 5. 5000000000000E+01

*| Pool Area | n2| | O] 1] O] 1000. 00| 25
pool dept h= 1. 5000000000000E+00

*| Pool Depth | M | O] 1] O] 20. 00| 26
Tpool start= 1. 2000000000000E+01

*| Pool Start Tenperature | Cl | O] 1] O] 40. 00| 27
sfac= 3

*| < Shel ter nopde
| \'spac\ shel t ernode. dat | 1] 2| 28
node= 1

*| < Water Surface Activity | \ spac\ pool node. dat | 1| 2| 29

*|* Swi mmi ng Pool Cover |nformtion

covt hi ck= 1. 0000000000000E- 02

*| Thi ckness | m | O] 1] 0]1.00]30
condcov= 1. 8000000000000E- 01

*| Conductivity | kJ/ h-m K| | 0] 1] 0] 1. 00| 31
pool eni s= 6. 0000000000000E- 01

*| Emittance/ Absorption |1]10]1]0]1.00] 32

topen = 1.1000000000000E+01

*| Pool Cover Opening Tinme | 24h| | O] 1] O] 24. 00| 33
tclose = 1.4000000000000E+01

*| Pool Cover Closing Tinme | 24h| | O] 1| O| 24. 00| 34

pool vol =pool ar ea*pool dept h
Fcover = [143,1]
]

*| { SETTEMP
*| Enable Autonmatic Pool Cover Controller | SET1|_SET2

*1'}

*| [ SET1|

EQUATI ONS 1

Tset = 2. 6000000000000E+01

*| Pool Set Tenperature ||]0] 1| O] 40. 00| 35

11

*| #*| [ SET2|

*| #EQUATI ONS 1
*| #Tset =0

[ #]]

*/*| { SETTEMP

*/*| Connect a Building to the Swi mm ng Pool ?| Al R-COND| HOUSE| _AC-
OFF| 56BUI LDI NG AC- ON1| AC- ON2

*/*l }

LT GAS POOL HEATER SYSTEM--cccoomeeo--

*|* Gas Pool Heater System



127

*| {heater|
*| Connect Gas Pool Heater to the Pool ?|Pool heater| _noheater

*1'}

*| [ Pool heat er
CONSTANTS 7

*|* Gas Furnace

QmaxkWs 4. 4000000000000E+01

*| Maxi mum Heating Rate | KW | O] 1] 0] 20000000. 00| 36
Tset gas= 2. 5000000000000E+01

*| Set Pool Tenperature | Cl'| O] 1] O] 40. 00| 37
cp=4.176

UA= 0. 0000000000000E+00

*/*| Overall Loss Coefficient | kJ/ hr-C| | O] 1| O] 40. 00| 38
eta= 7.0000000000000E- 01

*| Efficiency | -11]0] 1] O] 40. 00| 39

*l* PUfT'p

m max= 1.4732000000000E+04

*| maxi mum fl owr ate | kg/ hr|] 0] 1] 0] 100000. 00| 40
PmaxkWs 3. 8000000000000E- 01

*| maxi mum Power Consunption | KW | O] 1] 0] 10000. 00| 41

EQUATI ONS 2
P_max=PmaxkW 3600

Qmax=QraxkW 3600

UNIT 82 TYPE 2 Controller
PARAMETER 4

*NSTK DThi gh DTl ow Trax
5 Tsetgas TSetgas 40

I NPUTS 4

6,1 0,0 0,0 82,1

*| NI TI AL VALUES

12000

EQUATI ONS 1
onof f=1-[82, 1]

UNIT 81 TYPE 3 PUWP
PARAMETERS 4

*m_ max cp Pmax fpar
m max cp P_max O

| NPUTS 3

*T_in mo onoff

6,1 81,2 onoff

*| NI TI AL VALUES
000

EQUATI ONS 2
m_ i n=[ 81, 2]
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Q_punp=[ 81, 3]

UNIT 80 TYPE 6 GAS POOL HEATER
PARAMETERS 5
Qmax Tsetgas cp UA eta
I NPUTS 4
*T_in min onoff Tanb
6,1 min onoff Tanb
*1 NI TI AL VALUES
120000

EQUATI ONS 2
| ui dheat =[ 80, 5]
Qaux_gas=[ 80, 3]

11

*| #*| [ noheat er
*| #EQuati ons 3
*| #QF | ui dheat =0
*| #Qaux_gas=0
*| #Q_punp=0

| #] ]

M POOL COOLI NG SYSTEM-------
*|* Pool Cooling System

*| {cool er|
*| Connect Pool Cooling Systemto the Swi mm ng Poo
?| Pool cool er| _nocool er

1}

*| [ Pool cool er
CONSTANTS 7

*|* Cooling System
Qmaxcool kw= 4. 4000000000000E+01

*| Maxi mum Cool i ng Rate | KW | O] 1] 0] 20000000. 00] 42
Tset cool = 2. 5000000000000E+01
*| Set Pool Tenperature | Cl' | O] 1] O] 40. 00| 43

cp_cool =4. 176
UA cool = 0. 0000000000000E+00
copcool = 2. 0000000000000E+00

*| Coefficient of Performance | -11]0] 1] O] 10. 00| 45

*l* PUfT'p

m_max_cool = 1. 4732000000000E+04

*| maxi mum fl owr ate | kg/ hr|| 0| 1] 0] 2100000. 00| 46
Pmaxcool kw= 3. 8000000000000E- 01

*| maxi mum Power Consunption | KW | O] 1] 0] 10000. 00| 47

equation 3



et acool =1/ copcool
Qmaxcool =Qmaxcool kw* 3600
P_nmax_cool =Pmaxcool kw3600

UNIT 72 TYPE 2 Controller
PARAMETER 4

*NSTK DThi gh DTl ow Tmax
7 Tsetcool TSetcool 40

| NPUTS 4

6,1 0,0 0,0 72,1

*| NI TI AL VALUES

12000

EQUATI ONS 1
onof f cool =[ 72, 1]

UNIT 71 TYPE 3 PUW

PARAMETERS 4

*m nmax cp Pmax fpar

m max_cool cp_cool P_max_cool O
| NPUTS 3

*T_in mo onoff

6,1 71,2 onoffcoo

*| NI TI AL VALUES

000

EQUATI ONS 2
m.in_cool =[ 71, 2]
Q _punp_cool =[ 71, 3]

UNIT 70 TYPE 92 POOL COOLER
PARAMETERS 4
Qmaxcool cp_cool UA cool etacoo
| NPUTS 5
*T_in m.in onoffcool Tsetcool Tanb
6,1 m.in_cool onoffcool Tsetcool Tanb
*| NI TI AL VALUES
1200000

EQUATI ONS 2

&l uidcool =[ 70, 5]
Qaux_cool =[ 70, 3]
]

*| #*| [ nocool er

*| #Equations 3

*| #QF | ui dcool =0

*| #Qaux_cool =0

*| #Q_punp_cool =0

1 #]]

M T Al R CONDI
*|* Air Conditioner

T I

ONER

129
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*| (Al R- COND|

*| No Air Conditioner installed | _AC ON1| _AC- ON2| AC- OFF| _VARCOP-

PRI NT| _f | ui d| _HOUSE

*| Constant COP nodel | AC-ON1| _AC- ON2| _AC- OFF| _VARCOP- PRI NT| f | ui d] HOUSE
*| Variable COP nmodel |_AC-ON1| AC- ON2| _AC- OFF| VARCOP- PRI NT| f | ui d] HOUSE

*1)

*|[fluid]

equations 1

flui dnmode= 1

*|<Heat is rejected to |\spac\fluid.dat]|1|2|48

11

*| #*| [ AC- ON1| Const ant COP npde

*l#

*| #*| <Pl CTURE> \ spac\ acsi npl e. bnp
*| #CONSTANTS 1

*| #COP= 3. 0000000000000E+00

*| #*| Coefficient of Performance |1]0] 1] 0] 10.00] 49
* | #EQUATI ONS 11

*| #Qcond=[ 56, 3] *(1+1/ COP) *f | ui dnode
*| #Qdenmand= [ 56, 3]

*| #Tbui l d = [ 56, 1]

*| #Qack = 0

*| #Power =Qdenmand/ COP

*| #W wat er =Power

*| #W ai r =Power

*| #DT_w=0

*| #DT_a=0

*|#T_c_in_w=e[ 6, 1]

*| #T_c_i n_a=Tanb

*| #Qac=Qcond

| #] ]

*| [ AC-on2| Variable COP Air Conditioner Mdde
EQUATI ONS 3

T c_in_we[6, 1]

T c_in_a=Tanb

Qdemand= [ 56, 3]

CONSTANTS 4

*| <SI ZE1> 10
*|* Air cooled System Information from Manufacturer Data
*l*

Cap_air= 1. 8600000000000E+01

*| Capacity at Tcin=35 C (ARl -Condition) | KW | 0. 00| 1. 00| 0] 100. 00| 50
COP_ai r= 3. 0400000000000E+00
*| COP at Tcin=35 C (ARI-Condition) | kW | 0. 00] 1. 00| O] 100. 00| 51

~k|~k
*/*|* Tenperature Approach

dT_a= 1.0000000000000E+01
/% dT_air | C| | 0.00] 1. 00| 0] 100. 00| 52



dT_w= 5. 5000000000000E+00
*[*| dT_wat er
*| <SI ZE1> 14

UNIT 44 TYPE 140 AC
PARAMS 4
COP_air

I NPUTS 3
T c_in_a T c_in_w Qdenmand
*INtial VAl ues

12 12 0

CAP air dt_w dt_a

Equations 8

*ac outputs

W wat er =[ 44, 4]

W ai r =[ 44, 5]
QcondWs[ 44, 2]

*m sc

Qback=0

Power =f | ui dnode* W wat er +(
*Qond=0 for air, no heat
Qcond=f | ui dnode* QcondW
Tbhuild = [56, 1]

Qac=f | ui dnode* QcondW( 1- f
]

| #* | [ AC- OFF|

| #CONSTANTS 10
| #Qac=0

| #Qcond=0

| #Tbui | d
| #Power =0
| #Qback=0
| #T_c_out _wat er =45
| #T_c_i n=25
|#VVmater
|

|

*
*
*
*
*
*
*
*
*
*
*
*
*
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| C|] 0.00] 1. 00| 0] 100. 00| 53

1-fluidmode)*Wair
is rejected to the pool..

| ui dmode) *[ 44, 3]

*| [ HOUSE| Bui | di ng Par anet ers

ASSI GN c:\spac\bid\lib\w4-

ASSI GN c: \ spac\ myhouse\ ho
*| <Bui | di ng Type
| c:\'spac\buil di ngs. dat| 1]
ASSI GN c: \ spac\ myhouse\ ho
*| <Bui I di ng Type

i be.dat 43
use. bl d 41

2| 54
use.trn 42

| c:\'spac\ bui |l di ngs. dat| 0] 3] 55

Constant 1

ROOMTEMP= 2. 5000000000000

E+01
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*| Confort Room Tenperature (25 C ASHRAE) | Cl | 0.00] 1. 00| O] 100. 00| 56
UNIT 56 TYPE 56 MULTI ZONE BUI LDI NG
PARAMS 5
* 1 BuildDescr. 2 WAllTrns 3 WnLib 4 T _node 5 WeightingFac
41 42 43 0 1
| NPUTS 25

* Tamb rh Tsky
Tamb relhum 4,1

* NRad SRad ERad WRad HRad Nsl opRad SSI opRad
91,14 91,6 91,17 91,11 2,6 92,11 92,6

* NBeanRad SBeanmRad EBeanmRad WBeanRad HBeamRad Nsl opBeanmRad SSI opBeanRad
91,15 91,7 91,18 91,12 2,7 92,12 92,7

* NI ncAng Sl ncAng El ncAng W ncAng HI ncAng Nsl opl ncAng SSI opl ncAng
91,16 91,9 91,19 91,13 2,8 92,13 92,9

* Set Room Tenperature

ROOMTEMP

[eoNe)
[eoNe)
[eoNe)
[eoNe)
[eoNe)
[eoNe)
o o
o o
o o
o o

* INPUT I NI TI AL VALUES
*1.2 3 4 5 6 7 8 9 10 12

* 13 14 15 16 17 18 19 20 21 22 23 24
1]
*| #* | [ NOHOUSE

| #] ]

R ECONOMI CS ----mmmmmmmm e
UNI T 39 TYPE 24 | NTEGRATOR

PARAMETERS 1

* nmonthly out put

-1

I NPUT 6

Wwater Wair Qaux_gas Q punp Qaux_cool Q punp_coo
*| NI TI AL VALUE
000O0OO

*| [ Econ| Economi cs

EQUATI ONS 8

ecost= 7. 5000000000000E- 02
*| Electricity Cost

| $/ kwh| | O] 1| O] 1. 000| 57
gcost= 2. 0000000000000E- 02



133

*| Natural Gas Cost

| $/ kwh| | 0] 1] O] 1. 000| 58

cost wat er =[ 39, 1] / 3600* ecost
cost ai r=[ 39, 2] / 3600*ecost

cost gas=[ 39, 3]/ 3600*gcost

cost punp=[ 39, 4] / 3600* ecost
cost cool =[ 39, 5] / 3600* ecost
cost punpcool =[ 39, 6] / 3600* ecost
Equations 1

del t acost =cost ai r - cost wat er

“I]
M OUTPUT I NFORMATI ON-=-------------
*|* Qutput |Information

*| { PRI NTERMODE| Pri nter Mode
*| Show Online Printer ? | ONLI NEPRN
*|

}

*| { Qut put node| Qut put Mode

*| General Information (Qutput 1 : SPAC QULl) | BuildingPrint

*| Energy Information (Qutput 2 : SPAC. OU2) | Pool energyPrint

*| Weat her Information (Qutput 3 : SPAC OU3) | Weat herprintl

*| Air-Conditioner Information (Qutput 4 : SPAC. OU4) | Varcop-Print

*| Economic Information (Qutput 5 : SPAC. OU5) | Econ| Printecon

*| Syst em Power Consunption Information (Qutput 6 : SPAC. OU6) | Power Pri nt

“1'}

*l*

*|* Press F8 to RUN sinmulation

*oo===============T R NS Y S- ONL Y ================
M RADI ATl ON------mmmmmaeaa -
UNIT 2 TYPE 16 RADI ATl ON PROCESSOR FOR SW MM NG POCL
PARAMS 9
*1 Mode 2 Tracking 3 Rad.npde 4 start_day
7 1 1 STADAY
*5 Latitude 6 Sol ar_const
Lat 4871.1
*7 Shift in solar time hour angle (degrees)
DevSol ar
*8 Rad_node 9 simtine
2 1
I NPUTS 9

* 1 globrad 2Beamrad 3 Tinme_| ast_reading 4 Ti me_next_reading
| Ib Ti meLast Ti meNext
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* 5 & _reflect 6 Slope/axis 7 AziAngle 8 | _next 9 Ib_next
gr oundr ef 0,0 0,0 0,0 0,0

I NPUT | NI TI AL VALUES
* 1 2 3 4 5 6 7 8 9
0 0 0 1 0.2 SLOPE ORI O 0

UNI T 91 TYPE 16 RADI ATI ON PROCESSOR FOR HOUSE
PARAMS 9
*1 Mode 2 Tracking 3 Rad.npde 4 start_day

7 1 1 STADAY

*5 Latitude 6 Sol ar_const
Lat 4871.1

*7 Shift in solar time hour angle (degrees)
DevSol ar

*8 Rad_snooth 9 simtine
1 1

I NPUTS 15
* 1 dob_rad 2 Beamrad 3 Tinme_last_reading 4 Tine_next_reading 5
G _reflect

| I b Ti nel ast Ti menext
groundr ef

*6 SI-S 7 Azi-S 8 SL-W 9 Azi-W 10 SI-N 11 Azi-N 12 SI-E 13 Azi-E

0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0

* 14 | _next 15 |b_next

0,0 0,0

I NPUT | NI TI AL VALUES

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

0 0 0 1 0.2 O 0 0-90 O 180 O 90 0 0
UNI T 92 TYPE 16 RADI ATI ON PROCESSOR FOR ROOF
PARAMS 9
*1 Mode 2 Tracking 3 Rad.npde 4 start_day

7 1 1 STADAY

*5 Latitude 6 Sol ar_const
Lat 4871.1

*7 Shift in solar time hour angle (degrees)
DevSol ar

*8 Rad_snpoth 9 simtine
1 1

I NPUTS 11



* 1 glob_rad 2 beamrad 3 Tine_last _reading 4 Tine_next_reading 5

G _reflect

I I'b Ti meLast
gr oundr ef
* 6 SI-S 7 Azi-S 8 SL-N 9 Azi-N

0, O 0, O 0, O 0, O

* 10 | _next 11 1b_next
0,0 0,0

I NPUT | NI TI AL VALUES
* 1 2 3 4 5 6 7 8 9 10 11
0 0 0 1 0.2 14 O 14 180 O 0

UNIT 4 TYPE 69 Sky Tenperature
PARAMS 2
* nmode hei ght
0 450
I NPUTS 5
* Ta Tdp Ib Id
Tamb 3,8 Ib 1d 0,0
* | NPUT | NI TI AL VALUES
0O 0 0 0 O

LT SWI MMI NG POOL --

EQUATI ONS 1
Qool i n=¢F | ui dheat +Qcond- ¥ | ui dcool

UNI T 143 TYPE 143 PREPOCL - FCOVER
PARAMETER 3

* topen tclose settenp

topen tcl ose Tset

| NPUTS 2
* Tpool fcover
6,1 143,1

*I NI TI AL VALUES
Tpool start O

UNIT 6 TYPE 144 SW MM NG POOL SI MJLATI ON
PARAMS 10

* 1 pooltenp_start 2 poolarea 3 poolvo
Tpool start pool ar ea pool vol 1

* 6 absorbt 7 Cond_cover 8 Thick _cover 9
pool eni s condcov covt hi ck 10

* 10 Shelter_factor
sfac
I NPUTS 15

Ti meNext

4 MbdeN 5 epsilon_cover
pool emi s

Hei gt h_wi ndspeed

135
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* 1Tanb 2rel hum 3w ndspeed 4RadHori 5Tsky 6Tpoolwall 7Heat Trans
Tamb rel hum wndvel 2,4 4,1 0,0 0,0

* 8nbde 9m dot Tab 10Ttab 1lopen 12close 13nmaxpeople 1l1l4cover%

Qpoolin
node 7,1 0,0 0,0 0,0 0,0 Fcover Qpoolin

*nmPool Tpool I n

* I NPUT I NI TI AL VALUES
*1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
2060 0 0 0 0 0 O 0 12 O 0 0 0 0 12

R TAB WATER -------
UNIT 7 TYPE 14 FORCI NG FUNCTI ON PRESI M TYPE 1014
PARAMS 12

00

48 0

*/ 48 1000

48 0

58 0

*/58 1000

58 0

168 0

*| [ RAI NMAKER|

UNIT 29 TYPE 9 DATA READER - THE RAI NMAKER !
PARAMVETER 41

* node #of val ues tinmestep

2 12 1

*val ue mult add

-1
-2
-3
-4
-5
-6
-7
-8
-9
-101 0

-11 10

-12 10
*unit# formt
11 0

PRRPRRPRRRRRER
[eNeoloNolNolNoNoNolNo

EQUATI ONS 13
j an=[ 29, 1]
feb=[ 29, 2]
mar =[ 29, 3]



apr=[ 29, 4]
may=[ 29, 5]
jun=[ 29, 6]
jul =[ 29, 7]
aug=[ 29, 8]
sep=[ 29, 9]
oct =[ 29, 10]
nov=[ 29, 11]
dec=[ 29, 12]
Qevap=[ 6, 3]

UNIT 31 TYPE 130 Cal cul ates hourly precipitation

I NPUTS 12

jan feb mar apr may jun jul aug sep oct nov dec

*1I' NI TI AL VALUES

jan feb mar apr may jun jul aug sep oct nov dec

EQUATI ONS 3
prewat er =[ 31, 1]
* wat erl oss=Qevap/ (rho*dh)*3.6 [nB/hr]

wat erl oss = 0.27777*3. 6*Qevap/ (997. 9*(1602. 652- 6. 659528*[ 6, 1]))

wat ergai n = prewat er/ 1000*pool ar ea

UNIT 30 TYPE 24 | NTEGRATOR
I NPUT 2

wat erl oss wat ergai n

*| NI TI AL VALUE

00

*ooeaaa-- OUTPUT ------------

*| [ Bui I di ngPrint |

ASSI GN C: \ spac\spac. oul 31

UNIT 19 TYPE 25 PRINTER OUTPUT 1 Genera
PARAMS 5

*STEP START STOP LOG CAL-UNIT UNITS
1 Start Stop 31 1

I NPUTS 6

Tanb 6,1 Thuild Qdemand Qcond Power

Tanb Tpool Tbuild Ghouse Qcond ACPower

C C C kJd/hr kJ/ hr kJ/hr

11

*| [ Pool ener gyPri nt |

ASSI GN C: \ spac\ spac. ou2 32

UNIT 99 TYPE 25 PRINTER PRESI M TYPE 1125
PARAMS 5

*STEP START STOP LOG CAL-UNIT UNITS
1 start stop 32 1

I NPUTS 7

6,3 6,4 6,5 6,7 Qac flui dheat QI ui dcool

I nformati on

OUTPUT 2 Energy

137
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Qevap onv Qrad sol Qac Gheater Qcool er
kJ/ hr kJ/hr kJ/hr kJ/hr kJ/hr kJ/hr kJ/hr

11

*| [ WVEATHERPRI NT1|

ASSI GN C: \ spac\ spac. ou3 33

UNIT 100 TYPE 25 PRI NTER OQUTPUT 3 Weat her
PARAMS 5

*STEP START STOP LOG CAL-UNIT UNITS

1 START STOP 33 1

| NPUTS 5

Ib | Tamb hunrat wi ndvel

I'b Iglob Tamb hunrat w ndVel

kd/hr-m2 kJ/hr-n2 C % ms

11

*| [ VARCOP- PRI NT|
ASSI GN C: \ spac\ spac. ou4 34
UNIT 101 TYPE 25 OUTPUT 4 AC
PARAMS 5
*STEP START STOP LOG CAL-UNIT UNITS
1 0 10000 34 1
*T_c_in COP_water Wwater QondW COP_air Wair QondA
| NPUTS 8
6,1 44,6 44,4 44,2 Tanb 44,7 44,5 44,3
T c_in_ w COP_water Wwater QcondWT_c_in_a COP_air Wair QcondA
C- kWkJ/hr C- kWKkJ/hr
“I]

*| [ PrintEcon]|
ASSI GN C: \ spac\ spac. ou5 35

UNIT 102 TYPE 25 Qutput 5 Econonics

PARAMETERS 5

*STEP START STOP LOG CAL-UNIT UNITS

-1 Start STOP 35 1

I NPUTS 6

costwater costair costgas costpunp costcool costpunpcool
ac_water ac_air cost_heating punpheating pool cooling punpcooling
$$$5$$S

]

*| [ Power Print |
ASSI GN C: \ spac\ spac. oub6 37

UNIT 104 TYPE 25 Qutput 6 |Integrated Power Consunption
PARAMETERS 5

*STEP START STOP LOG CAL-UNIT UNITS

-1 Start STOP 37 1

I NPUTS 6

39,1 39,2 39,3 39,5 39,4 39,6

P_AC water P_AC air P_heating P_cooling P_punp_heat P_punp_cool
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kJ kJ kJ kJ kJ kJ
| ]

*| [wat erl ossprint |

ASSI GN C: \spac\spac.ou7 36

UNIT 103 TYPE 25 PRINTER CQutput 7 Waterl oss
PARAMS 5

*STEP START STOP LOG CAL-UNIT UNITS

1 START STOP 36 1

I NPUTS 3

wat erl oss 30,1 30,2

wat erl oss sumM oss sumagai n

nB/hr m3 nB

*| ]

R ONLI NE PRI NTER ------------------
*| [ ONLI NEPRN|
UNIT 20 TYPE 65 ONLI NE PLOTTER
PARAMS 14
* 1#l eft 2#right 3m nylef 4maxylef 5minyrig 6maxyrig 7updatepl ot
8updat enum
3010400011
* Qunits 10Npic 1ligrid 12stop 13synbols 14on/ of f
3 BILDER GRIDNR 2 2 0
| NPUTS 3
* 1Ta 2Tpool 3Tbuild
Tanb
6,1
Tbui l d
*]1 NPUT | NI TI AL VALUES
*1 2 3
Tanb Tpool
Thouse

LABELS 4

aC

aC

Tenperatures [ @C]

11

END
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Appendix D

EES Air Conditioner Model

The source code for the EES program is shown below. Various inputs can be

modified in the diagram window.

R T Air Conditioner Mdel --------------- "

FUNCTI ON f 1 ui dnode (fl ui d$)
{det erm nes condenser cooling fluid set in diagram w ndow}
IF fluid$ = "water' THEN

fl ui dnode=1
ENDI F
IF fluid$="air' THEN
f I ui dnode=0
ENDI F
END
R$="' R22
"1 Basis: Fixed conpressor displacnent”
{D_dot =0. 0016 "nB/s conpressor displacenent rate: "}
V_dot =D dot*Eta_volunetric
Eta _volumetric=1-C(v[1]/v[2]-1)
C =0.03 "ratio of clearance volune to displacenent”
"1 Conmpressor "
{eta_conp =0. 5}

"First determine isentropic conditions at state 2 designated with the °
symbol "

h2® =ent hal py(RS$, P=P[ 2], s=s[ 1])

Wid =(h2 -h[1])*n_dot "ideal conpressor worKk"
w =W.id/ Eta_conp "actual conpressor work"
w =(h[2]-h[1])*n_dot "energy bal ance to deternine enthal py
at conpressor outlet"

T[ 2] =Tenper at ure( R$, H=h[ 2] , P=P[ 2] )

v[ 2] =vol ume( R$, H=h[ 2], P=P[ 2])

X[ 2] =qual i ty(R$, H=h[ 2], P=P[ 2])

"1 Condenser”

P[ 2] =P[ 3]

h[ 3] =ent hal py(R$, P=P[ 3] , x=0)

T[ 3] =t enper at ur e( R$, P=P[ 3], x=0)
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Q cond =(h[2]-h[3])*(n_dot) "heat transfer from condenser from an
ener gy bal ance"

Q cond =epsilon_cond*C _m n_cond*(T[3]-T_C_in) "heat transfer rate
equati on"

epsilon_cond =1-exp(-NTU cond) "effectiveness with Cr=0 (constant
t enper ature condensation)"

NTU cond =UA cond/ C_m n_cond "condenser NTU"

C mn_cond =C waterair

Q cond=C waterair*(T_C out-T_C_in)"Pool wat er punp- massf | owr at e=const "
c_p =SPECHEAT(Wat er, T=T_c_i n, P=101. 3)

n_dot _cond=m dot _cond/ MOLARMASS(f | ui d$)

c_air = SPECHEAT(Ai r, T=T_C_i n) "[ kJ/ kol e- K] "
c_water = SPECHEAT(Wat er, T=T_c_i n, P=101. 3) "[ kJ/ knol e- K]

C waterair = (1-
fl ui dnmode(fl ui d$))*n_dot_cond*c_air+fl ui dnode(fl ui d$)*n_dot _cond*c_wat er
epsilon_c[1] =epsilon_cond

NTU c[ 1] =NTU_cond

"I Throttle - isenthal pic flashing"

X[ 4] =qual i ty(R$, P=P[ 4], h=h[4])

h[ 4] =h[ 3]

T[ 4] =t enper at ur e(R$, P=P[ 4] , h=h[ 4])

"1 Evaporator"

P[1] =P[ 4]

h[ 1] =ent hal py(RS$, P=P[ 1], x=1)

v[ 1] =vol unme( R$, P=P[ 1], x=1)

s[ 1] =entropy(RS$, P=P[ 1], x=1)

T[ 1] =Tenper at ure(R$, P=P[ 1], x=1)

V_dot =v[1l] *n_dot "this statenent deternines n_dot, the
refrigerant nolar flowate"

m dot =n_dot * MOLARVMASS( R$)

C m n_evap =Q evap/ (T_E_in-T_E out) "mininum capacitance rate is the
air"

Q evap =epsil on_evap*C_mi n_evap*(T_E_in-T[4]) "heat transfer rate
equati on”

Q evap =(h[1]-h[4])*n_dot "evaporator heat transfer rate from an
ener gy bal ance"

NTU evap =UA evap/ C_nin_evap "NTU of evaporator"

epsilon_evap =1-exp(-NTU evap)

epsilon_e[1l] =epsilon_evap

NTU e[ 1] =NTU_evap

Q evap =n_dot _evap*c_air_e*(T_e_in-T_e_out)

m dot _evap =n_dot _evap* MOLARMASS( Ai r)

c_air_e =SPECHEAT(Ai r, T=T_e_in)

m dot _cond=( 1-f | ui dnode(fl ui d$))*m dot _ai r +f | ui dnode(fl ui d$) *m dot _wat er
" TEMPERATURE APPROACH"
T[ 3] =T c_i n+DELTAT cond

DELTAT_cond =DELTAT_wat er *f | ui dnode(f | ui d$) +DELTAT_ai r*( 1-
fl ui dnode(f1 ui d$))
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T e _out =DELTAT_evap+T][ 1]

"Vol umetric Fl ows"

V_dot _cond=m dot _cond/ DENSI TY(f 1 ui d$, T=T_c_i n, P=101. 3) / MOLARMASS( f | ui d$)
V_dot _cond_cfmeV_dot _cond*convert(m3/s, cfm

V_dot _evap =m _dot _evap/ DENSI TY(air, T=T_e_i n, P=101. 3) / MOLARVMASS( ai r)
V_dot _evap_cf nrV_dot _evap*convert(m3/s, cfm

"lend of ac-nodel"

"1 Systent

corP =Q_evap/ (WW dot _fan+W dot _punp+W dot _fan_evap)
W t ot al =WW dot _f an+W dot _punp+W dot _fan_evap

EER =q_evap*convert (KW Btu/ hr)/

((WW dot _fan+W dot _punp) *convert (KW W)

"I FAN-tastic"
{N_ref =2800 "[rpm "}
{d =28*convert (inch, m "Im"}
{W.dot _ref =0. 345
"[kW"}
{V_dot _ref =2800*convert(cfm mt3/s) "[m3/s]"}
V_dot _ref =V _dot _ref_cfntconvert(cfm nt3/s)
W dot _ref =C w(N_ref*convert(rpm rps))”3*d*5*rho*convert (W kW
V_dot _ref =C v*N_ ref*convert(rpm rps)*d"3
rho =DENSI TY( ai r, T=20, P=101. 3) * MOLARMASS( ai r) "[kg/ m3]"
"Fanl aws"
W dot _fan =C_ w*(Nconvert(rpm rps))"3*d*5*rho*convert (W kW *(1-
fl ui dnode(f1 ui d3$))
V_dot _fan =C v*N-convert (rpm rps)*d”*3
V_dot _fan =V_dot cond

Wdot fan_evap=C w*(N2*convert(rpm rps))”3*d*5*rho*convert (W kW
V_dot _fan_evap=C v*N2*convert(rpm rps)*d"3
V_dot _fan_evap=V_dot _evap

"1 PUMP- asti c"

rho_pump =DENSI TY(wat er, T=T_C_i n, P=101. 3) * MOLARMASS( wat er)
"[kg/ m3]"

W dot _punp=DELTAp_v*V_dot punp*convert (W kW /eta punp

DELTAp_v =cet a*rho_punp/ 2*v_punp”2 "[kg/ msnh2] "

ceta =1

vV_punp =V_dot _cond/ A_pi pe "[ms] velocity of

wat er "

A_pi pe =d_pi pen2*pi /4 "[Tm2]"

{d_pi pe =0. 015 "I}
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V_dot _punp =V_dot _cond*f |l ui dnmode(f I ui d$)



