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Abstract

A lage amount of the operaing costs of a building is determined by the energy
requirements and the fud consumptions of its heating, ventilation and ar conditioning
sygtem (HVAC-sysem). Simulation programs ae used to determine the energy use in
buildings. These amulation programs are based on models for the type of HVAC equipment
used and modes for determining the internd and externa loads of the building. In this

project amode for rooftop packaged air conditioning units has been developed.

The modd uses gengdly avaldble manufecturer’s catdog data information to
determine the modd parameters. Thus, the modd is easy applicable. The system is modeled
by describing the performance of each component with mechanisic models. This method has
been successfully used to predict the peformance of rooftop packaged ar conditioning

systems and dlows certain extrgpolation of performance data.

The modd has been developed with the Engineering Equation Solver (EES) software
package. A program has been written that dlows determining the characterisic modd
parameters based on manufacturer’s performance data and also alows creating extragpolated
performance data for different operating conditions. Origindly developed with EES the

program can be dso cdled directly by TRNSY S, atrandent smulation program.
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Chapter 1

Introduction

1.1 TheNeed for Air Conditioning

Although some people might regard ar conditioning as a luxury, in certan aess
having ar conditioning is a must. One does not fed comfortable if the temperaiure and
humidity levd is too high. Air conditioning affects not only persond comfort, but aso
economics. If people fed comfortable, their productivity is generdly better than if they work
under uncomfortable conditions. Thus, air conditioning is and will be more and more needed

in our world.

1.2 Project Outline

When desgning an ar conditioning sysem for a new building or replacing an ar
conditioning sysem in an old building, it is necessary to know which ar conditioning sysem
or which products would operate best and be most cost effective. One convenient way to
figure out the best solution for the sysem design is to run computer Smulations, in which the
whole building with its equipment is modded. Therefore, models have to be avalable that

predict the performance of air conditioning equipment under different operating conditions.

The god of this project is to develop a modd of a rooftop packaged ar conditioning
gystem suitable for use in dmulaions. The modd uses available manufacturer’s catdog data
only. The modd should fit the catdog data accurately and alow a satisfactory extrapolation

over awide range of operating conditions.



To deveop the modd, the different components of the system such as compressor,
evaporator, condenser and expansion vave have to be modeled. Different gpproaches exis to

mode the behavior of those components.

One method for modding the performance of a component is to use a curve fit
approach usng a polynomia representation. It is easy to represent the characteristics of a
component, given that there are enough catalog points to get a good curve fit. The resulting
equations, however, have no physcd meaning, and a prediction of the component

performance outsde the range of the fitted data may be very inaccurate.

Another modding technique is to describe the behavior of a component using
mechanistic models. This requires a detaled knowledge of characteristic parameters such as
geometric  specifications, fin efficiencies, or other quantities. Such detailed information is

generdly not found in manufacturer’s catal ogs.

To avoid the problems of uncertain extrgpolation with a polynomid representation
and to accommodate the lack of specific information about the sysem’s components for a
complex modd, a semi-mechanisic modding technique is used in this project. The
characterigic performance parameters for each component will be firsg defined. Those
performance parameters contain al specific characteristics of the sysem’s components.
Parameter values are then obtained by fitting the modd to the catalog data The resulting

model should alow reasonable extrapolation over awide operating range.
Listed below are the steps that were followed to achieve the project god:

Performance data of rooftop packaged air conditioning units from different manufacturers

were collected. Available manufacturer’s data were checked for use in the modd. The



manufacturer’s data should be given over a wide range of operating condition to alow

performance prediction of the model and for the extrgpolation ability of the modd to be

checked.

The literature was searched for modding techniques for the whole system as wel as for

the single components used in a rooftop packaged unit.

Performance data were collected for the individua components (compressor, evaporators,

and condensers) used in rooftop packaged units. The developed modds for these

components were evauated by using these data Thus, modes could be used in the

rooftop packaged air conditioning unit mode!.

A generd mode for rooftop packaged units based on manufacturer’s catalog data to

predict performance was devel oped. Each of the system components is modeled.

The modd of the rooftop packaged ar conditioning unit was evauated over the whole

operating range and extrapolation ability of the model was tested.

The number of data points used to predict sysem’'s peformance accurately was

determined.

A software package was developed with the Engineering Equation Solver that dlows

easy computation of extrgpolated catdog data for rooftop packaged ar conditioning units
with different capacities. Also, it dlows this modd to be cdled by TRNSYS, which is a

trandent Smulation program to perform energy calculations.






Chapter 2

System description
2.1 Air Conditioning Systems

Air conditioning sysems can be divided into packaged ar conditioning sysems and
centrd ar conditioning sysems. Usudly, centra ar conditioning sysems are used for entire
buildings where the tota cooling load is very high. Packaged units are often used if cooling

demand islower and cooling is needed for just afew rooms.

In 1995, a survey was made by the Energy Information Adminigration of the
Depatment of Energy of the United States, in which the end-use equipment for space
cooling was recorded for commercid buildings. Figure 2.1 shows the end-use equipment for

gpace cooling as a percentage of the tota cooled floor areain commercia buildings.

[ [ [ [ [ [
Packaged AC Units | 373
Centra Chillers | | 239
Residentid-Type Central AC 10
Heat Punps 8.9
Individual Air Conditioners 7.8
Others | 121
! !
0 5 10 15 20 25 30 35 40

Percent of Cooled Floor Space

Figure 2.1: Survey of cooling equipment used in commercial buildings 1995



According to Figure 2.1, unitary packaged sysems are by far the most commonly
used ar conditioning equipment in commercid buildings in the United States. 1,242,000
buildings out of 3,381,000 buildings were cooled by packaged ar conditioning units. This
corresponds to 37.3 % of the tota cooled floor area of 3344 million square meters (36,001
million square fest) in commercid buildings. 239 % of the totad floor area was cooled by
centrd chillers. Only 96,000 commercid buildings had a centrd chiller as cooling
equipment, which reflects tha centrd chillers are mainly used if higher cooling capacity is

required.

2.2 Rooftop Packaged Units

A packaged ar conditioning unit is a sdf-contained air conditioner. It provides the
cooling, heating and the mation of the ar. Packaged units can be classfied into three generd
types of units, the indoor packaged units, the split packaged units and the rooftop packaged
units. The indoor and split packaged units differ from rooftop packaged units in arrangement
and kind of equipment used. They condst of two man modules, an indoor ar handling unit
and an outdoor condensing unit. The condensing units are often water-cooled. This project
is concentrated on rooftop packaged air conditioning units only. Thus, a generdized modd
can be developed for this type of unit, since the components used in rooftop packed units,

such as compressor or condenser types, are mostly the same types.

Rooftop packaged units come as one single package that is ready to be mounted on a

rooftop. All the components needed for cooling, heating, and ar movement are assembled in



a sted casing. Rooftop packaged units can be classified according to the type of heating they
supply. There are rooftop packed units with ether eectric heating or gas-fired heating. The
heating can dso be provided by a heat pump. However, dectric heat and gas-fired furnaces
ae manly used. The avalable cooling capacity of common packaged rooftop units ranges
from 10 kW (3 tons) to 850 kW (241 tons). The air flow rate covers a range from 400 |/s

(850 ft3/min) to 37,800 I/s (80,000 ft3/min).

Rooftop packaged units are equipped ether with a supply fan only or, if needed,
an additiond return ar fan. As the ar is delivered by the return fan, the ar is mixed with
outdoor ar. Then the mixed ar is drawvn through filters, which are usudly low or medium
efficency ar filters By passing through the cooling coils, the air stream is cooled down to
some set point temperature. Often dehumidification occurs. Then, the air enters the hesting
section, where it is heated up to the set point temperature, if needed. As mentioned before,
the heating is done by ether electric heating, gas fired heating or a heat pump. After drawn
through the heating section the supply ar stream leaves the packaged unit and enters the

ductwork of the building.

The cooling capacity is provided by a vapor compresson cycle, with reciprocating or
scroll compressors as the centrd component. The cooling coils are aways direct expansion
coils in rooftop packaged units. Units with a higher cooling capacity often have two separate
refrigerant circuits in the evaporator for better capacity control. The condenser is designed of

fin ar-cooled condensing coils in which the refrigerant vapor isliquefied.

Figure 2.2 illudrates the arrangement of the main components of a rooftop packaged

unit described above. Also, the air flow through the unit is shown scheméticaly.



Heating section Supply fan Filters Outdoor air Condenser fan

Supply air Cooaling cail Return fan Return air Condenser Compressor

Figure 2.2: Components of arooftop packaged unit and schematic air flow [Trane, 1981]

2.3 Available manufacturer data

Almogt dl large manufacturers of rooftop packaged ar conditioning units have
catadogs avalable for ther products. To build a modd that is generdly applicable, cataog
information from different manufecturers (Trane, Carier, AAON) was collected and

available inputs were determined.

In dl catdogs the totd cooling capecity as well as the sengble capacity is given as a
function of volume flow rate, ambient temperature and return ar conditions. Carrier aso
provides the compressor power draw for these operating points, which is a necessary
input for the model. In addition, the compressor type and its performance in form of a few
operating points or a compressor map has to be known. Knowing this information, the model

developed in this project can be agpplied to any rooftop packaged unit. Table 2.1 presents the



data that is used as input for the rooftop packaged air conditioning modd. Also, it shows the

availability of those data for three different manufacturers.

Table 2.1: Available catal og information on rooftop packaged units from different manufacturers

Manufacturer
Available Catalog Data Trane Carrier AAON
UNIT
Entering Wet Bulb (evaporator) X X X
Entering Dry Bulb (evaporator) X X X
Ambient Temperaure X X X
Tota Cooling Capacity X X X
Sensgble Cooling Capecity X X X
Comypressor Power Input X
COMPRESSOR
Compressor Type X X
Quantity X X X
CONDENSER FAN
Volume FHow Rate X X X
Power Input X X X
EVAPORATOR COIL
Face Area X X X
EVAPORATOR FAN
Volume Flow Rate (evaporator) X X X

Power Input X X X







11

Chapter 3

Compressor Modeling

3.1 Compressors

The refrigeration compressor is the centrd component of a vapor compression cycle.
It raises the pressure and provides the circulation of the refrigerant. In rooftop packaged units
either reciprocating compressors or scroll compressors are used. Thus, a model for these both
compressor types is necessayy. A compressor modd will be developed for reciprocating

compressors and will then be applied to scroll compressors.

3.1.1. Reciprocating Compresors

Reciprocating compressors are postive displacement compressors. They are used for
gpplications such as rooftop packaged units with a cooling capacity of up to about 210 kW
(60 tons). Reciprocating compressors are classfied as hermetic, semi-hermetic and open
compressors. The number of cylinders ranges from one up to eight or more cylinders. Often
more than one compressor is coupled together to achieve higher cooling capacities for large
sysems. If more than one compressor is used in rooftop packaged units, part load operation
can be achieved by turning off one or more compressors. Often, compressors with more than
one cylinder are aso equipped with an unloading mechanism, which permits the unloading of
one or more cylinders to achieve better part load performance. The unloading is done by

leaving the suction vave of the unloaded cylinders open.
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Figure 3.1 shows the three types of reciprocating compressors, (a) hermetic

compressors, (b) semi-hermetic compressors, and (C) open compressors.

Compressor
, Wonor
—— e
N "l

¥

I &

W .

- -1

Figure 3.1: Classification of reciprocating compressors [Wang, 1993]
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Most packaged units use semi hermetic compressors, which means that the motor and
compressor unit are mounted in one housing. The main difference between ahermetic and a
semi-hermetic compressor is that the semi-hermetic compressor can be taken gpart to do

maintenance work.

Discharge/& E
e = —
Suction i O
Vave ﬁ !
{ C b i
Peondenser  -1- '
Pevaporator ‘““E “““““ > :
! d ¥
> —< >
Vclearance Vdisplacement

Figure 3.2: Schematic indicator diagram for a reciprocating compressor

Figure 3.2 illustrates the compressor cycle occurring in a reciprocating compressor.
At point d the suction vave opens and vaporized refrigerant leaving the eveporator enters the
cylinder. While the pison moves down to its bottom dead center (point @), the cylinder
volume is filled with vapor. Reaching the bottom dead center the suction vave closes and the

compression process darts. At point b the pressure reaches a sufficient level to open the
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exhaugt vave and refrigerant is discharged to the ondenser. This process takes place till the
piston reaches its top dead center (point ¢). The volume that is now left is caled the clearance
volume. The gas expands as the pison moves to point d. The volume from the bottom to the
top dead center is cdled the displacement volume. These both variables, clearance volume
and displacement volume, are important parameters in the compressor modd used for
modeling the system. The pressures shown in the schematic indicator diagram above are not
the real condensing and evaporating pressures, since pressure drops occur through the suction
and exhaust vaves. These pressure drops, however, are redativedy smdl compared to the

dimension of the total pressure.

3.1.2. Scroll Compressors

Smilar to reciprocating compressors, scroll  compressors ae  dso  postive
displacement compressors. They are used in rooftop packaged units with a cooling capacity
in the range from 35 kW (10 tons) to 420 kW (120 tons), especidly in those systems with a
large cooling capacity. This is due to the fact that scroll compressors operate more efficiently
than reciprocating compressors do. Also, they are more reliable, operate more quietly and
smoothly, which makes them dso increasingly popular for smdler units. In Figure 3.3 a

scroll compressor is shown with its compression process.
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Figure 3.3: Scroll compressor with scroll compression process [Wang, 1993]

The scroll compresson process takes place between two scrolls. One scral is
dationary and fixed. The other scroll is assembled with a phase difference of 180° and moves
in an orbit around the center of the other scroll. The suction process takes place at the laterd
openings. Vapor refrigerant enters the space between the two scrolls. When the orbiting
scroll moves, the space between the two scrolls becomes seded off and the compression

process takes place. The space between the scrolls decreases continuously and by reaching
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the center of the dationary scroll, the compressed hot refrigerant is discharged through a

gmdl opening in the center. Intake, compression, and discharge occur Smultaneoudy in

scroll  compressors. Table 3.1 shows the characteristics of

compressors by comparison.

Table 3.1: Comparison of reciprocating and scroll compressors [Wang, 1993]

reciprocating and scroll

Reciprocating compressor s

Scroll compressors

Compression process characteristic

Refrigeration capacity
Refrigerants
Volumetric efficiency
Compressor efficiency
Capacity control
Reiability

Application to rooftop packaged

units

positive displacement
< 700 kW (200 tons)
HCFC-22, HFC-134a
0.921t0 0.68 (at Reom =110 7)
0.83t00.75 (at Recom = 4t0 7)
on-off, cylinder unloader
relicble

up to 200 kW (60 tons)

positive displacement
up to 200 kKW (60 tons)
HCFC-22
> 0.95 (at Reom = 4)
510 10 % higher
on-off, scroll unloader
morerelicble

35 kW (10 tons) up to
420 kW (120 tons)

3.2 Compressor Modeling

Many approaches for modding refrigeration compressors

have been developed.

Modding techniques for reciprocating and scroll compressors are of specid interest for this

project, since these are the types of compressors used in rooftop packaged units. Simple

compressor modds, which are found in thermodynamic textbooks such as Moran and
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Shapiro (1992), often assume the compressor to be adiabatic. Inefficiencies are taken into
account by defining an isentropic compressor efficiency. More detailed compressor models
such as presented by Shapiro (1995) dso teke heat transfer into account by developing

expressions for the heat loss of the compressor.

Ancther posshility to describe the performance of compressors is to use polynomid
expressions for the mass flow rate and the compressor power draw. Stoecker (1971) proposed
polynomia expressons for the compressor power draw and the cepacity. Each of these
expressons contans nine coefficients that have to be determined. Thus, an accurate
performance prediction is possble if one has enough data points to determine these
coefficients. However, extrgpolation outsde of the range of the data that were used for

determining mode parametersis uncertain with this method.

For this project a semi-empirical compressor model presented by Jéhnig (1999) is
used. This modd dlows certain extrgpolation outsde of the range of the fitted data, and is

described in the following section.

3.2.1. Mass Flow Rate

For predicting the mass flow rate of reciprocating compressors, a modd, known as
the volumetric efficiency model presented by McQuiston and Parker (1988), is used. The
volumetric efficiency is defined as the ratio of the actud mass flow rate of the refrigerant to

the theoretical possible mass flow rate of the compressor. Theoretica possble mass flow te
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means that the digolacement volume is fully filled with refrigerant vapor a the suction inlet

date. Thus, usng the notation of Figure 3.2, the theoretical mass flow rate can be written as.

(Ve - Vo)

a C

\Y

suc

M, = XRPM (3-1)

The actud massflow rateis given by equation ( 3-2):

_(Va'Vd)

mr,act - xRPM ( 3-2 )

a

Consequently, the volumetric efficiency can be written as:

h = m’th :(Va-vc)x‘/suc
Yom (Va_vd)wa

r,act

(3-3)

The compresson and the expansion can be described by equations ( 3-4 ) and ( 3-5)

as polytropic processes between two States:

Pae V' = Pis My’ (3-4)
Pae Ve = Pis V' (3-5)

The polytropic exponent n determines the process occurring between two states. For

n=0 the process is an isobaric, for n=1 the process is isotherma. For the compressor model

the compression process is assumed to be reversble and adiabatic. Thus, the exponent n can

be cdculated as the ratio of specific heat a congtant pressure and the specific heat at constant

volume,

Cor
n=—" (3-6)
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Knowing the displacement volume of the compressor

V, =V, -V (3-7)

isp~ Va c
and defining the clearance factor of the compressor as

Vv
C= c _
VIRY, (3-8)

a Cc

the definition of the volumetric efficiency can be written in terms of the clearance
fector, the polytropic exponent, and the pressure ratio as wel as the specific volume at inlet

and discharge conditions:

AT (3_9)

3.2.2. Compresor Power

The work per mass of refrigerant vapor required during compression process can be

caculated by the following equetion:

c

b
W, =ydp- ¢vdp (3-10)
d

Performing the integration for a polytropic process, the work per compressor cycle

per mass for polytropic processesis given by:

, : . u

w, =80 Op s x%—eepd‘s E 1V (3-11)
th Q psuc suc - -
en-lg € Psc o ld
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Then the compressor power can be calculated by:

@n o, 2Pu: 0 (3-12)

3.2.3. Parameter |dentification

The expressions above for the volumetric efficiency and the work per compressor
cycle can be used to determine the mass flow rate as well as the compressor power draw.
However, they do not take inefficiencies into account such as friction losses, heat loss, or
pressure drops. Consequently, using these eguaions for modeling the compressor
performance is not agpplicable to a sysem. By introducing parameters that account for
inefficiencies, the modd can describe the compressor performance accuratdy. Thus, the
compressor model can be used for syssem modding. Jéhnig (1999) proposed to introduce a
pressure drop parameter and parameters for the compressor efficiency. The following
parameters are used to modd the compressor performance. The values were determined by

fitting the mode to catalog data

C - clearance factor
Dp - pressure drop parameter for suction pressure
a - parameter for compressor efficiency

b - parameter for compressor efficiency
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The expression for the mass flow rate is written in terms of the clearance factor. The
clearance factor is a function of the geometry only and is therefore a fixed number for each
compressor. The clearance volume, however, is usudly not provided by the manufecturer

and was determined by fitting compressor performance data to the compressor model.

The pressure drop parameter accounts for pressure drops across the valves. Pressure
drops can be found on the suction line as wdl as on the discharge line. The following
expresson was found to work best. Although it accounts only for the pressure drop on the

suction line, it provides agood fit to the catdog data.

P = Pewsy {1~ DP) (3-13)

Jahnig (1999) defined a combined efficiency as the ratio of the theoretica required
compressor power draw to the actua power draw. It accounts for inefficiencies such as motor
inefficiencies, mechanical inefficiencies, and heat trandfer in the compressor. The combined

efficency is defined by the following equation:

P b

(3-14)

act p suc

where aand b need to be determined by fitting to catalog data.

3.3 Validation of the Compressor Model

Compressor data were collected from different manufacturers. The compressor model

was vdidated by usng the given manufacturer’s catdog data Having developed the modd
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originaly for reciprocating compressors, the capability of predicting the performance of

scroll compressors was aso tested.

3.3.1 Obj ective Function for Parameter Fitting Procedure

The parameter vadues are obtained by fitting the compressor modd to manufecturer’s
cadog data. The objective function is a mean weighted RMS error, which measures the
mean percent deviation of the calculated data points from the mean vaue of al caidog data

points used for fitting.

Thus, the objective functions for determining the parameters used to predict the mass

flow rate and the power are given by equation ( 3-15) and ( 3-16).

For mass flow rate:

'N

C’;l @hr cat = mr calc +
g i (3-15)
: My mean ;
OF = N 2
For compressor power:
.2
éN %)cat B Pcalc 9
i=1 I:)mean 6 ( 3- 16 )
OF, = : -

Firg the parameters for the mass flow rate were determined in the fitting process.
Having determined these parameters, they were used in the fitting process to determine the

parameters used in the modd for the power pediction. The four parameters could be fitted a
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the same time. Parameter values for the mass flow rate, however, dso affect the power
prediction. Parameter vaues for the mass flow rate could be found, which would yidd to a
better power fit, while the mass flow rate fit would be worse if dl parameters were fitted at

the sametime.

3.3.2. Modd Validation for Reciprocating Compresors

The collected compressor data for reciprocating compressors covers a capacity range
from 3.5 kW (1 ton) up to 53 kW (15 tons). Table 3.2 lists some of the compressors modeled

in this project to vaidate the compressor modd!.

Table 3.2 Compressor datafor five different reciprocating compressors

Compressor (1) 2 (3) 4 5)
Manufacturer Trane Trane Trane Calyle Calyle
16 BH 143 16 GH 673
Model No. 14CRHC 100 06DE8241 06 DE 5371
YZ1 LM1G
Type hermetic hermetic hermetic semi-hermetic semi-hermetic
Capeci
v 4(2) 18 (5) 35 (10) 33(9) 52 (15)

kW (tons)
Displacement

' 3.148 12.534 255 239 37.1
[ft3/min]
Motor speed
fmin] 3500 3500 3450 1750 1750
min

Cylinder 1 2 3 6 6
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For determining the compressor parameters C, Dp, a, and b compressor data were
used in which the compressor power draw and capecity were given as a function of the
evagporaing temperature and the condensing temperature. Available compressor data refer to
rating conditions according to ARI Standard 520. Thus, compressor performance data refer to
—9.4 °C (15 °F) subcooling and —6.7 °C (20 °F) superheat. Data of compressors (4) and (5)

refer to —9.4 °C subcooling and superhest.

Table 3.3 ligs the calculated modd parameters for compressors (1) to (5). Fourteen
data points covering the catalog range of evaporating and condensing temperature were
chosen for cdculating the model parameters. For these compressors, the clearance factor,
which is used as a curve fit parameter, is in the range of 0.071 to 0.121. Redigic vaues,
which are difficult to obtan from manufacturers, are probably around 0.05. Manufacturers
try to minimize the clerance volume as far as possble This is due to the fact that the
volumetric  efficiency increases  with  decressng cdearance  volume, which  means

consequently an enhanced compressor performance.
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Table 3.3: Compressor parameters for compressors (1) to (5)

Compressor (1) 2 (3) 4 (5)
Number of 16 16 14 14 14
data points

C 0.121 0.084 0.097 0.076 0.071
Dp 0.075 0.050 0.068 0.091 0.094
a 0.735 0.727 0.682 0.743 0.716
b -0.482 -0.257 -0.104 -0.261 -0.191
OFnm [%] 6.4 2.0 0.9 14 2.0
OFp [%] 10.6 31 4.3 2.0 29

3.3.21  Required Number of Data Points for Fitting

From Table 3.2, compressor (5) was chosen to andyze the effect of the number of
data points used in the fitting process on the compressor performance. Table 3.4 contains the
daa sats (a b, ¢ and d) used for determining the compressor parameter for four different
numbers of given operating points. Compressor parameters were determined using five, eight
and fourteen data points. Table 3.5 ligts the caculated compressor parameters for data sets a
to d. As a generd rule data points should be sdected as a combination of bw and high vaues
for each cataloged operating variable. In the case of the compressor, the operating variables
are the condendng and evgporating temperatures. Thus, a least four data points should be
sdlected for the fitting process to get a good curve fit. By using additiona data points in the

fitting process, modd prediction can be improved.
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Table 3.4: Datasetsato d used for determining compressor parameters for compressor (5)

Data Tevaporator  Tcondenser Massflow — Power Seta Setb Setc  Setd
pant  [°C] [°C] [kg/hr] [kwW]

1 -23.3 32.2 367.4 85 X X X

2 -23.3 40.6 328.9 8.8 X X

3 -23.3 48.9 277.2 8.9 X X X

4 -12.2 37.8 617.6 10.9 X X X

5 -12.2 60.0 505.2 12.5 X X X

6 -6.7 32.2 811 111 X X

7 -6.7 48.9 721.4 13.5 X X

8 -6.7 62.8 647.9 14.8 X X

9 -1.1 37.8 978.1 12.9 X X X

10 -1.1 60.0 873.4 16 X X X

11 4.4 32.2 1211 12.6 X

12 4.4 48.9 1123 16.1 X

13 4.4 62.8 1017 18.3 X

14 10.0 48.9 1347 17.1 X X X

Table 3.5: Compressor parameters for data setsato d

Parameters Seta Setb Setc Set d
Clearance factor C 0.0701 0.0702 0.0706 0.0694
Pressure drop coefficient Dp 0.1034 0.0948 0.09419 0.0912
Compressor efficiency parameter a 0.7046 0.7217 0.7160 0.7003
Compressor efficiency parameter b -0.1778 -0.2044 -0.1905 -0.0966
Objective function mass flow rate [%0] 2.1 2.7 2.0 0.5
Objective function power [%] 2.0 24 2.9 10
Objective function mass flow rate (14) [%] 2.4 2.0 2.0 2.2
Objective function power (14) [%0] 3.0 3.0 2.9 3.2
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The objective function in Table 3.5 shows the normaized RMS error as a result of the
parameter fitting procedure. The last two rows (objective function (14)) of Table 3.5 contain
the RMS erors as a result of predicting the compressor performance for dl 14 data points.
These vaues are dl bdow 3.2 %. Usng only five data points (set @ over a wide range of
operating conditions aready works wel for predicting the compressor performance and
results with a normaized RMS error of 3.0 %. The results of using set b (8 data points) or set
c (14 data points) are smilar. The compressor parameter as well as the resulting errors in
predicting the compressor performance are dmost the same. Consequently, for determining
the parameters of the compressor mode it is sufficient to use five data points with high and
low vaues of evaporating and condensing temperatures, though modd accuracy can be
improved by usng more data points. Figure 3.4 illustrates the predicted compressor

performance for the different sets of data points.
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Figure 3.4: Predicted mass flow rate for datasetsatod
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Figure 3.5: Predicted power draw for datasetsato d

3.3.22  Extrgpolaion Ability of the Compressor Model

The extrapolation ability of the compressor model was tested with compressor (5) and
data set d. Compressor data and caculated parameters are given in Table 3.2 to Table 3.5.
Data points used for determining the compressor parameter were picked in a limited range of
evaporating temperatures to test the extrgpolation ability of the compressor model. After
having determined the compressor parameters by using these five data points (data set d), the
mass flow rate prediction as well as the prediction of the compressor power draw was tested
for the whole operating range given in the catadog. Fgure 3.6 shows that the predicted
mass flow rate is in very good agreement with the catalog mass flow rate over the whole

operating range. The figure dso depicts the extrgpolation ability for the mass flow rae
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modd. The normaized RMS eror is 26 % for the mass flow rate and 3.9 % for the

compressor power draw:
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Figure 3.6: Predicted mass flow rate with extrapolated data points using dataset d
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Figure 3.7: Predicted compressor power draw with extrapolated data points

The extrgpolation ability of the compressor power modd is not as accurate as that for
the mass flow rate modd. However, the evaporating temperatures used for determining the
parameters of the compressor model were in a very narrow range of —12.2 to —6.7 °C, while
the catdog data range is from —23.3 to 10°C. Extrgpolation to data points with high suction
temperatures and low suction discharge pressure ratio results in a  consderable
underestimation of the compressor power draw, which can be seen in Fgure 3.7 and

Figure 3.9.

The following two grgphs show the predicted mass flow rate and the compressor

power draw as a function of the evaporator and condensing temperatures.
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3.3.3. Moded Validation for Scroll Compressors

Scroll compressors are often used in rooftop packaged units with high capacities.
Although, the compressor modd was developed origindly for reciprocating compressors, the

model may also be used for scroll compressors.

Table 3.6 ligts the scroll compressors that were used for vadidation of the compressor
mode. The capacities range from 35 kW (10 tons) to 70 kW (20 tons). Table 3.7 shows, that
the compressor modd can also be used to predict the compressor mass flow rate for scroll
compressors. The error for the mass flow rate prediction is lower than 2 %. The predicted
compressor power draw, however, is off by about 8 %. Figure 3.10 and Figure 3.11 show the
performance prediction for compressor (8) obtained with the compressor modd origindly

derived for reciprocating compressors.

Table 3.6: Scroll compressor data

Compressor (6) (7 €
Manufacturer Trane Trane Trane
Model No. CSHA 100 CSHA 150 CSHA 200
Type hermetic hermetic hermetic
Capacity [kW] ([tong]) 35 (10) 53 (15) 70 (20)
Displacement [ft3/mir] 20.60 30.89 41.20

Motor speed [1/min] 3500 3500 3500




Table 3.7: Scroll compressor parameters

Compressor (6) (7) (8)
Number of data points 14 14 14
Clearance factor C 0.028 0.033 0.034
Pressure drop coefficient Dp 0.000 0.000 0.000
Compressor efficiency parameter a 0.740 0.741 0.737
Compressor efficiency parameter b -0.376 -0.411 -0.408
Objective function mass flow rate [%0] 1.6 15 0.9
Objective function power [%] 75 7.1 7.6
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Figure 3.10: Predicted mass flow rate for scroll compressor (8)

33



30

25 -+

20 =+

++

10

Predicted power draw [KW]

0 5 10 15 20 25 30
Catalog power draw [KW]

Figure 3.11: Predicted compressor power draw for compressor (8)

For very low discharge suction pressure ratios, compressor power draw prediction
results in a condgderable underestimation of the compressor power draw. Therefore, a
different model was developed to predict more accurately the power draw of scroll

compressors, which is described below.

For different scroll compressors the dependence of the power draw and the discharge
suction pressure ratio was examined. For al compressors a strong linear dependence was
found between power draw and discharge suction pressure ratio for a fixed evaporating
temperature. The lines of congtant evaporating temperature, however, have different dopes.

Thisfact is shown for compressor (8) in Figure 3.12.
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Figure 3.12: Power versus pressure ratio for compressor (8)

In Figure 3.12 the catalog compressor power is shown as a function of the pressure
ratio. Fgure 3.12 illusrates that the compressor power draw increases with the growing
pressure ratio. The compressor power draw dso increases with higher eveporating
temperatures. This is due to the fact that the mass flow rate through the compressor increases
with higher evaporating temperatures or pressures due to a higher density of the refrigerant a
the suction inlet of the compressor. In Figure 3.13 the catalog mass flow rate is shown versus

pressureratio for different evaporating temperatures.
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Figure 3.13: Mass flow rate versus pressure ratio for compressor (8)

Figure 3.13 shows that the mass flow rate versus pressure ratio is dmost constant.
This fact can be used to account for the different dopes in Figure 3.12 and used to develop an
expression for the compressor power draw as the product of a proportiondity constant times
the product of the mass flow rate with the pressure ratio. The following expresson for the

power prediction for scroll compressors evolved from these circumstances:

F)compzzxﬁ-lrxh (3'17)

suc

where the parameter z is determined by fitting this expression to catalog compressor data.
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This expression was tested for a number of scroll compressors and was found to be

able to predict the compressor power draw accurately. Table 3.8 shows the errors for the

power draw prediction for the compressor (6) to (8) by using 14 data points for fitting.

Table 3.8: Resulted errorsin power draw prediction for compressors (6) to (8)

(6) () 8
Manufacturer Trane Trane Trane
Model No. CSHA 100 CSHA 150 CSHA 200
Capacity [KW] (tons) 35 (10) 53 (15) 70 (20)
Number of data points 14 14 14
Objective function power [%] 1.8 14 1.7

Compressor (8) was chosen as a reference compressor to show the effect of the
number of daa points used for fitting. Table 3.9 lids the results for this compressor. It
shows, that even with few fitting points the curve fit parameter z can be obtained, alowing

an accurate power draw prediction.

Table 3.9: Effect of number of fitting points on curvefit parameters and power draw prediction

Data set © ® @
Number of data points 5 8 14
Curve fit parameter z [KWhkg] 0.003855  0.003898  0.003933
Objective function power [%] 0.7 0.9 2.2

Objective function power (14) [%] 2.3 2.0 2.0
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The expression for the power draw of scroll compressors was vdidated with catalog
compressor performance data. However, this expresson was not tested in combination with
the modd for rooftop packaged ar conditioning units due to the lack of performance data for

packaged units with scroll compressors.

3.4 Conclusions

The performance of a vapor compression cycle depends strongly on the performance
of the compressor. Thus, for modeling a vapor compression cycle, a modd is required that

accurately describes the performance of the compressor.

For reciprocating compressors an exising modd was chosen for performance
prediction. This modd, which is based on the volumetric efficdency modd, dlows good
performance prediction over a wide range of operating conditions. For scroll compressors
however, which are often used in rooftop packaged units, this compressor model does not
predict the compressor power draw with sufficient accuracy. Thus, an dternate expresson

for the power draw of scroll compressors was devel oped.

Both models were evaluated with manufacturer’'s compressor data and found to
represent satisfactorily the compressor performance. The error for compressor performance
prediction, mass flow rate and power, can be expected to be generdly less than 5 % using the
compressor modd presented in this chapter. Also, the extrgpolation ability was tested and

found to alow certan extrapolation outsde the range of the fitted data In addition, the
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compressor model presented in this thesis requires fewer data points for determining model

parameters than polynomia modeling techniques.
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Chapter 4

Heat exchanger modeling

41 Introduction

Heat exchangers are used for a variety of engineering gpplications in ar conditioning,
gpace hegting, power production, chemica processng and waste heat recovery. Thus, it is of
great interest to predict the performance of heat exchangers. Many models have been
developed for predicting the performance of different kinds of heat exchangers by using

different modding methods.

A sdmple way of modding heat exchangers is to fit a polynomid expresson to
measured performance data. The form of these polynomid curve-fits depends on the type of
heat exchanger. Stoecker (1971) proposed polynomids for a variety of heat exchangers such
as condensars and cooling coils. Depending on the type of heat exchanger, the form of the
polynomia expresson and the number of curve fit paramees vaies sgnificantly. Usng
polynomid expressons often requires a large number of known operating points in order to
predict accurately the performance. In addition, performance prediction outsde the range of

the data used for fitting is often uncertain using polynomid models.

Common methods to describe heat exchanger performance are the log-mean
temperature-difference method and the effectivenessNTU method, which can be found in
most heat transfer textbooks such as Incropera and de Witt (1998). These methods can take

the design and the flow arangement of the heat exchanger into account. To predict
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performance, the overdl heat transfer coefficient is needed, which can be cdculated from

fundamenta heat and mass transfer relaions, knowing the geometry of the heat exchanger.

Often, when predicting the peformance with ether the LMTD method or the
effectivenesssNTU method, the overal heat transfer coefficient is assumed to be condtant.
This is done to dlow a heat exchanger performance prediction with a low computationa
effort. However, assuming the overdl heat trandfer coefficient to be congant leads to
condderable deviation in peformance prediction if mass flow rates in the heat exchanger
vay dggnificantly. Thus, modding approaches should be used that vary the overdl heat
transfer coefficient according to the operating conditions. In the HVACIKIT (1995) a
method for predicting heat exchanger performance assuming a constant overdl heat transfer
coefficient as well as a method that relates the overal heat trandfer coefficient to the mass

flow rates or capacitance rates are presented.

For modeling the heat exchanger in this thess, a modding technique was chosen that
was presented by Rabehl (1997). In this method, the overdl heat trandfer coefficient is
related to the mass flow rates or capacitance rates using the form of fundamenta heat and
mass transfer correlations. Knowledge of the heat exchanger geometry is required in order to
caculate the overdl heat trandfer coefficient with the fundamental heat and mass transfer
corrdations. However, avalable catdog information about the geometry of a heat exchanger
such as fin spacing, tube diameter or other variables, is often not detailed enough to caculate
the overdl hest trandfer coefficient based on fundamental heat transfer corrdations. Thus,
Rabehl (1997) proposed to modify the fundamental heat transfer corrdaions and introduce

heat exchanger pecific parameters. These parameters are condtants depending on  hest
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exchanger geometry and flow arangement. They are determined by fitting them to catalog
data Thus, the overdl hest transfer coefficient is determined and can be used in either the
effectivenessNTU or LMTD approach for the heat exchanger performance prediction. A
very good prediction of performance is obtaned with this method according to Rabehl’s
sudy (1997). Extrgpolation of performance data can be performed, since this modeling

technique uses generdly vdid fundamenta heat and mass transfer relations.

4.2 Heat Exchangersfor Refrigeration Applications

For modding a vapor compresson cycle, which is used in many refrigeration
gpplications such as in rooftop packaged units, models for the evaporator and the condenser
are required. Due to different heat transfer mechanisms in the condenser and the evaporator,

two different models were used for performance prediction of these two heet exchangers.

Evaporators operate a the lower temperature level of the vapor compresson cycle
and pick up the refrigeration load. Generdly, two kinds of evaporators are used in air
conditioning sysems. These two types are direct expanson coils and shel-and-tube water

chillers,

In ar conditioning sysems that are equipped with ar cooled direct expanson coils
the supply air is directly cooled down by flowing across the finned tubes in which refrigerant
evgporates. Two kinds of direct expanson coils exist. The flooded coil and the dry type. In

the case of a flooded coail, the verticd tubes of the coil are filled with refrigerant up to a



certain leve. Above this leve the vaporized refrigerant accumulates and is delivered to the
compressor. Dry type direct expanson coils are charecterized by a flow of refrigerant

through the horizonta tubes that evaporates continuoudy on its way through the coil.

Shdl-and-tube water chiller have refrigerant and water as working fluid. Just as for
the direct expandon coil, two different types exist. The refrigerant ether flows through the
tubes (direct expanson) or the shdl is filled with refrigerant (flooded type) and water passes

through the tubes that are flooded by the refrigerant.

Dry type direct expanson coils are used in rooftop packaged units. Fgure 4.1 shows

schematicaly adry type direct expanson coil.

C e~

> Refrigerant vapor

to compressor

Liquid refrigerant

from condenser ))

- ’ 1
\—/ Air stream passing the coil
Expansion device

Figure 4.1: Schematic drawing of adry type direct expansion coil

In these direct expanson coils the warm ar flows across the fins and tubes of the
direct expanson coil and is cooled down. Dependent on the coil surface temperature and
the ar entering conditions, dehumidification might occur. The refrigerant enters the cooling

coill through an expanson device This expanson device can be a capillay tube or a
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thermodtatic expanson vave. The latter is typicdly found in rooftop packaged units. The
thermodtatic expanson vave senses the temperature of the refrigerant as it leaves the
evgporator coil and it meters just the correct amount of refrigerant to mantain the
predetermined amount of superheet. In units with a low cooling capacity, the expanson vave
is replaced by the capillary tube. The refrigerant enters the direct expanson coil as liquid. As
it travels through the coil, picking up heat from the ar flowing across the tubes, more and
more refrigerant evaporates. Through the action of the expanson device, the refrigerant

leaves the coil dightly superheated and enters the compressor.

Condensers operate a the higher temperature level and reject the heat gained in the
vgpor compression cycle, which consists of the refrigeration load and the compressor power,
to the ambient. Condensers are ether water-cooled condensers, evaporative cooled
condensers or air cooled condensers. In rooftop packaged units air condensers are used with
few exceptions. Air cooled condensers are used due to the fact that the ar is readily

avallable, first costs are lower, and maintenance costs are reduced.

The refrigerant is discharged from the compressor a high pressure and temperature,
enters the condensing coil as vapor. As the vapor passes through the insde of the tubes, heat
is rgected to the ambient, which is a a lower temperature level, and condensation of the
refrigerant vapor occurs. Often, subcooling of the fully condensed refrigerant occurs in
condensing coils. To increase the heat trandfer rate between the air stream and the refrigerant

vapor stream, finned copper tubes are used as condensing coils.
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4.3 Heat Exchanger Modeling

The modd for the evaporator and for the condensr modd is based on the
effectivenessNTU method. However, different approaches are needed for these two heat
exchangers due to different heat trandfer mechanisms. For senshle heat exchangers such as
ar-cooled condensars an effectivenesssNTU method is used that is based on temperatures.
For heat exchangers where latent heat transfer occurs, such as in cooling coils, an
effectivenessNTU method is used that is based on enthdpies. Both methods are described in

the following sections.

4.3.1. EffectivenesssNTU Method for Dry Cooling Coilsand Condensers

Condensers as wel as evaporators for which water does not condense are modeled
usng an effectivenesssNTU method, which is usudly more convenient for heat exchanger
performance prediction than the log-mean-temperature-difference approach (LMTD). This is
due to the fact that the LMTD method requires the fluid inlet and outlet temperatures,
whereas the effectivenessNTU method can be goplied by just knowing the fluid inlet
temperatures. Consequently, obtaining the numericd solution usng the LMTD is often
difficult. The effectivenessNTU method as illustrated below is vdid for sensble hesat

exchangers, only.

The maximum possible heat transfer rate is defined as

Qmax :Cmin ><Th,i - Tc,i) (4'1)
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where the minimum capacitance rate is defined as C;, =rm, xc_ ., since the capacitance rate

of the air is dways smaler than the capacitance rate of the refrigerant for a condensing or a

direct expangon coil.

The effectiveness of the heat exchanger is defined as the ratio of the actuad heat

transfer rate to the maximum possible heet transfer rate.

e:—Qw (4-2)
Qmax
The capacitance rate ratio is defined as.
C.
Cr = min 4_
o (4-3)

max

For evaporators and condensers the capacitance ratio is zero, since the specific hedt is

infinite for an evgporaing or condensng fluid. The following expresson for the heeat

exchanger effectiveness for a cgpacitance ratio of zero is used:

e=1-e " (4-4)
This expresson for the heat exchanger effectiveness is generdly vaid for dl flow
configurétions. In the equation aove NTU dgands for number of trandfer units, which is a
dimengonless parameter. The NTU is cdculated by dividing the overdl heat trandfer area

coefficient product UA by the minimum capacitance rate.

UA
NTU=—" (4-5)

min
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The UA product can be cdculated by usng fundamenta heat and mass trandfer
relations. Findly, with the overdl heat trandfer area coefficient product determined the hest

exchanger performance can be predicted.

4.3.2. EffectivenesssNTU Method for Wet Cooling Coails

Dexcribing the peformance of cooling coils is of great interest, snce, in dl ar
conditioning systems, cooling coils ae used to cool a wam ar dream. If the surface
temperature of the cooling coil is lower than the dew point temperature of the entering ar
sream condensation occurs. In this case, the effectivenesssNTU method for sensble heat
exchangers that is based on temperature cannot predict the performance accurately, snce the

latent heat transfer due to condensation is not taken into account.

Different gpproaches exist to predict the peformance of cooling coils. Empirica
models, such as proposed by Stoecker (1971), as wel as fundamental models exist. Stoecker
(1971) proposed equations ( 4-6 ) to ( 4-8 ) for describing the performance of direct

expangon cooling coilswhere ¢, ¢z and ¢3 represent curve fit parameters.

Qtot :ma >4E)((ha,i - ha,sat) (4_6)
Q‘sens:maxEmp,a%Tdb,i - Trl) (4'7)

where
E=c, +c, \m, +c,xn’ (4-8)

The curve fit parameters ¢;, ¢, and ¢z are determined by fitting them to cataog data.
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In the HVACIKIT (1995), performance of direct expanson coils is predicted by
replacing the ar sream by a fictitious water stream. Two models are used. One modd
describes the coil peformance by tregting the coil as a heat exchanger where no
condensation occurs. The other model describes the performance of the wet coil where
condensation occurs. Both models use effectivenessNTU relaionships. The mode  that
predicts the higher heat transfer is chosen for actud performance prediction. For the dry coail,

the air stream isreplaced by awater siream, which is calculated by the equation below.

Cp.a

c

p,w

XM

m, = (4-9)

a

The fictitious water mass flow rate for the wet cail is given by equaion ( 4-10 ) and
equation (4-11) .

C ictitious _ .
m, — b fictitious X, (4-10)
Cp,w
— _ ha,i - ha,o
Cp, fictitious = To T (4-11)

Among the fundamentd modding approaches for cooling coils, a mechanidtic
method proposed by Braun et d. (1989) exids, which uses the formulation of the
effectivenessNTU method and gpplies it to cooling coils. The method is very accurate in
performance prediction for cooling coils. In addition, the computational requirements are
gonificantly less compared to methods where differentid equations have to be solved in
order to predict the cooling coil performance. This method will be referred to as the andogy
approach, and is oulined below as it is used for describing the direct-expanson coil

performance. A more detailed description of the method can be found in the work of Braun et
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a. (1989) and Mitchdl (1997). Fgure 4.2 shows schemdicdly the ar flow and refrigerant

flow for acooling cail.

I~
| I
AIR hy W, P: | P h,+dh, w, +dw,
[
_ l - Ts
Water Film SO\
|
Surface I :
| |
: I
T, < 1 :4 T, +dT, REFRIGERANT
| I
|
A < A +dA

Figure 4.2: Schematic of a counterflow cooling cail

Based on Fgure 4.2, differentid equations can be formulated for the heat-and mass

transfer. Assuming the Lewis number to be unity equations ( 4-12 ) and ( 4-13 ) are obtained.

dWa =- NTUO ><Wa -Vvasat s) (4'12)
dA "
dh, _ NTU, .
o ) (413)
dT
L=NTU. NT - T 4-14
= NTUAT - 7)) (4-14)
where
U
NTU, =— A (4-15)
rnr >Cp,r
h
NTU, =— A (4-16)
m. xc
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Equation ( 4-13 ) is written in terms of enthapies, whereas equation ( 4-14 ) is written
in terms of temperatures. By introducing an ar saturation specific heat ¢, (equation ( 4-18 )),
which is defined as the derivative of the saturated air enthalpy with respect to the temperature
evauated a the refrigerant temperature, equation ( 4-14 ) can be written in terms of saturated

ar enthalpy. Thus, equation ( 4-17 ) is obtained.

dh, ..., _m, >, {dhn, /dA)

4-17
dA m x, ( )
where
c N O 4-18
s dTr Br:T ( )

In equation ( 4-19 ) the ar saturation specific heet is determined as the ratio of the
saturated ar enthalpy difference to the temperature difference between the entering dew
point and the refrigerant temperature. This is a good gpproximation for the air saturation

specific heat used for the wet coil in the evaporator mode.

ha,sat - ha,sat

— T=Tgp T=Tri ( 4-19 )

° po - Tr,i
In contrast to the evaporator model presented in the HVACIKIT (1995) where the air

sream is replaced with a water stream, the andogy approach for wet cooling coils replaces

the refrigerant stream with a saturated air stream.

For the differentid equations on the refrigerant Sde and the ar Sde solutions can be

found that are dmilar to the effectivenessNTU reationships. Table 4.1 shows the anadogy
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between the characteridic variables of the effectivenessNTU method for sensble heat

exchangers and for heat exchangers with condensation.

Table 4.1: Effectiveness-NTU relations for sensible heat exchangers and wet cooling coils

Parameter Effectiveness NTU Method Effectiveness NTU Method
for Sengble Heat Exchangers for Wet Cooling Coils
Capacitance C = C.. \ m,
i m =j—).
raio Cmax m, Cp,r /Cs
Number of *
N NTU -UA NTU" _UA
transfer units Crin m,
Maximum . : .
Qmax :Cmin )<Th,i - Tc,i) Qmax :ma >(ha,i - ha,sat,r)
heat flow
Qact :e>Qm6X Qact :e>QmaX
Heat flow QaCt :mmpyh Xth’i B Tth ) Qact :ma x(ha,i - ha,o)

Qact :mmp,c >{JTc,i - Tc,o ) Q‘act :mr >{hr,o - hr,i)

Effectiveness e=1- e "™ e=1- g "V’

The capacitance rates and temperatures in the effectivenesssNTU method for sensble
heat exchangers are replaced in the andogy approach for wet coils by mass flow rates and

enthapies.

In the andogy approach the maximum possble heat trandfer is caculated smilar to
the effectivenessNTU for senshle heat exchanger. Thus, the maximum heat trander rae is

obtained as the product of the minimum capacitance rate, which is the mass flow rate of
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the ar, and the difference between the enthdpy of the entering ar and the enthdpy of

saiurated air a the refrigerant inlet temperature.

Qmax = ma >{ha,i - ha,sat,r ) (4_20)

Subsequently, the NTU™ and the effectiveness for the wet coil can be caculated by

using the effectiveness-NTU relationshipsfrom Table 4.1:

NTU" :U_—A (4-21)
ma
e=1- e "V’ (4-22)

The enthalpy of the outlet air can be calculated from the expresson for the actud hest
tranfer rate. However, this is not enough to completely determine the outlet Sate of the air.
Thus, a second andlyss is done usng the effectivenessNTU method for the heat transfer
between the condensate layer on the outsde of the evaporator coil and the ar. For this
computation the condensate layer is assumed to be at uniform temperature. Consequently, the
leaving dry bulb temperature is caculated and the humidity ratio, which fixes the date of the

leaving air, can be cdculated with the following equation:

h,,-h

a,o0 dryair
= e 4-23
Wa,o - h ( - )
water vapor
T=Ta,

Having determined the outlet state of the air leaving the eveporator, the sensble heat

transfer can be calculated by equation (4-24).

Qsenszrha >Cp,a ){Ta,i - Ta,o) (4’24)



Using the effectiveness rdationships given in Table 4.1, a performance prediction can
be performed knowing the inlet states and mass flow rates of the fluids entering the heet
exchangers as well as the overdl heat transfer area coefficient product of the heat exchanger.
Dependent on whether there is sensble heat transfer only or sensble and latent heat trandfer,
the effectivenessNTU method for sensble heat exchanger or the andlogy approach for wet

coilsisused for predicting the cooling coil performance.

Determining the overdl conductance area product is required to predict the coil
performance. Figure 4.3 shows the theema circuit for a coil, which congsts of three thermd
ressdances. Ingde the tube, where the refrigerant passes through, the heat transfer
mechanism is convection. The same is true for the ar that flows across the finned tubes. The
therma resstance due to conduction through the tube will be neglected in caculating the UA
product. This is a reasonable assumption, snce heat exchanger coils are manufactured of
materids with a high therma conductivity such as copper to decrease the thermd resistance

due to conduction.

1
(hohA),

Thermal resistance on air side:

Thermal resistancein tube: Rube
(neglected in heat exchanger model)

Thermal resistance on refrigerant side:

hA),

Figure 4.3: Generalized thermal circuit for acoil
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If the coil surface temperature is higher than the dew point temperature of the air
entering the evaporator, there is sensble heat transfer only in the eveporator and the
effectivenesssNTU method for sensble heat exchangers is used. The UA product can then be
cdculaed by the following equation:

1

1 .1 (4-25)
(hoha),  (ha),

UA=

The heat trander coefficients will be obtaned by fundamentd heat trandfer

relationships for the refrigerant Sde and for the air sde.

Condensation will occur if the coil surface temperaiure is below the dew point
temperature of the air entering the evaporator. Consequently, there are two cases to consider;
gther the coil surface is patidly wet or it is totdly wet. In the case of a partidly wet cail, the
heat exchanger could be treated as a sensible heat exchanger up to the point where the coil
surface temperature equals the dew point temperature. From then on, the coil is treated as a
wet coil and the wet coll andogy approach is used. However, to determine the point where
the coil surface temperature is equal to the dew point temperature requires a detaled
andyss. A ampler gpproach is to trest the coil either as totaly dry (effectivenessNTU
method for sensble heat exchangers) or as totaly wet coil (effectivenessNTU method for
wet coils). Both methods dightly underpredict the actud heat transfer rate. Therefore, the
higher heat trandfer rate is used as the predicted performance. According to Braun et d.

(1989), the error associated with this method is generdly less than 5 %.

Using the wet coil andlogy approach, the U™ A product used in the wet coil andysis is

cdculated as shown below.
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U’ A=
Coa_, G (4-26)
(hO hA)a (hA)r

Thus, the enthdpy based overdl heat trandfer area coefficient product can be
cdculated if the heat trandfer coefficients for the refrigerant Sde and the air Sde are known.
Subsequently, the heat exchanger performance can be performed by using the effectiveness

NTU relationships of the andlogy approach for wet coils.

4.4 Conductance Area Product for Direct Expansion Coil

Direct expangon coils ae manufectured out of materid with a high themd
conductivity, such as copper, and have fins on the outsde of the tubes. For flow across a
bank of tubes the following equation can be found in Incropera and de Witt (1996), which

was empiricaly found by Zhukauskas:

..0.25
Nup = C, XRep>Pr® eGP (4-27)
S

This equation is generdly vdid for a flow across a bank of tubes independent of the
fluid type. For direct expanson coils the ar is this fluid. In the equation aboveC, and m are
congtants that depend on the heat exchanger configuration and the flow regime. A correction
factor C, for the equation above was introduced by Brandemuehl (1992) to account for

condensation occuring on the outsde of the finned tubes. This correction factor accounts for

the additiona therma resstance due to the water film and the wet fin efficiency.



57

C, =0.626>u**, u_ in[ftmir] (4-28)

Thus, the Nussdt corrdation becomes:

..025
Nu, =C, >C, xRe[" ><Pr°-36>§%,r % (4-29)
S

Equations ( 4-28 ) and ( 4-29 ) have to be written in terms of the thermd resstance to
make use of the heat trandfer corrdations in the effectivenessNTU methods. These equations
can be written in terms of fluid properties, heat exchanger geometry and flow conditions

using the dimensionless numbers.

Nu, = h"th (4-30)

Re, =D (4-31)
n

Pr= ”:f (4-32)

The resulting expresson could be used to determine the overdl heat transfer area
coefficient product if varidbles such as the heat exchanger geometry are known. However,
most often these varigbles are not known and the overdl heat transfer coefficient area
product cannot be determined. This problem can be overcome by introducing new specific
heat exchanger parameters. These parameters contain information about the heat exchanger
such as the geometry and flow arrangement or conditions for a specific heat exchanger. Thus,

the following expresson is obtained for the ar 9de of a dry coil with C; and C, as heat

exchanger specific parameters.
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) ('jc2 ,.025
(), =Gy, 2 >Pra°'36>§§)r %ra g (4-33)

Parameter C, is a function of geometry only. Thus, it is a condant that is usudly not
known. Parameter C, is a function of flow conditions that is dependent on the heat
exchanger tube configuration and the fluid velocity. The range of parameter C, according to
Incropera and de Witt (1996) is between 0.4 for laminar flow to 0.84 for turbulent flow. The
arflow is predominantly turbulent in evaporators to enhance heet transfer. Thus, operating in

a turbulent flow regime, it is reasonable to assume C, to be congtant. The vaues of C, and

C, can be determined by fitting them to heat exchanger performance data.

While passng through the ingde of the tube the liquid refrigerant is evgporating.
Finding a single corrdation that can describe the heat trandfer over the full quaity range is
difficult. In ASHRAE Fundamentads (1997) a table with heat transfer correlations for forced
convection evgporation in tubes can be found. However, most of these eguaions are
customized to certain fluid types, qudity ranges, ranges of evaporating temperatures and tube
geomdries. Thus, it is difficult to develop a genera vdid expresson for the heat transfer
coefficient on the refrigerant dde. In the work of Rabehl (1997) a refrigerant side hesat
trandfer coefficient area product was found to work best by combining an empirical hest
transfer correlaion of the Trane Company with a corrdation developed by Pierre (1955),
which can be found in ASHRAE Fundamentds (1997). The following expresson was
developed and used for cdculating the overal heat transfer area coefficient product for the

evaporator:



59

, . 045

o
(W), =C, %, {?‘ 0N, (4-34)

B M g 1]

Agan, C, is a parameter for the evaporator mode, which is a function of geometry

only, and will be determined in thefitting process.

45 Conductance Area Product for Condenser Coll

The condenser can be modeled by using the effectivenesssNTU method for senshble
heat exchangers. Two modeling approaches are used which differ in modeing the refrigerant

side of the condenser.

Insde the condenser tubes the superheated refrigerant vepor discharged from the
compressor is cooled down and starts condensing when it reaches the dew point temperature.
Often the fully condensed refrigerant is subcooled afterwards. In Figure 4.4, the three
different regions of a condenser are shown schemdticdly. The sensble heat trander in the
superhested region is usudly smdl and can be taken into account by overestimating the
ovedl heat trandfer area coefficient product. However, having sgnificant heet transfer in the
subcooled region, a more accurate performance cdculation can be peformed if the
condenser is split up into two or three different condenser regions. A separate heat exchanger

caculation would be required for each of these regions (superheated, saturated and subcooled
region).
In this thess the refrigerant sde was assumed to be isotherma which means the heat

transfer occurs in the saturated region of the condenser only. Thus, the log mean temperature



60

and the dffectiveness are Sgnificantly underestimated and have to be compensated by an
increesed overdl heat trandfer coefficient. According to ASHRAE Systems and Equipment
(1992) this assumption is reasonable, snce condensing takes place in approximately 85 % of

the condenser area.

refrigerant side

i/i

|
|
|
ar d9de |
|
|
|
1

Temperature

subcooled region  saturated region  superheated region

| ! ! !
— < i

Heat exchanger length

Figure 4.4: Different heat transfer regionsin a condenser

The ovedl heat transfer coefficient can be cdculaed as function of the thermd

resstances shown in Figure 4.3.

The same heat trandfer corrdation can be used for determining the air sSde heat
transfer area coefficient product as for the direct expansion coil with a dry surface. Thus, the

expression below is used.

..Cs ,.0.25
(), =C, ok, LS or AL 9 (4-35)
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For condensation a relation needs to be developed. Rohsenow’s book (1998) contains
a corrdation for condensation in horizonta tubes such as in air-cooled condensars, which is

of the following form:

é ) 3 lJO.25
g><rfr><rfr ))kfr)hfg,rlfj (4_36)

e Dm ><condr- sr) Q

In the expresson above F is a coefficient, which is a function of the area of the tube

crcumference that is dratified. By assuming the coefficdent F congtant, the equation above
can be modified and an expresson can be developed, in which case a parameter C; is

introduced. This parameter contains the congtants from equation ( 4-37 ) for the heat transfer
coefficient.

0.25
r. - 2 h, U
fr>< fr' ) f,r fg,rl,J (4_37)

hA
( )f m >{Tcondr - s,r) Q

cu»cfﬁ

For comparison in syssem modeling, a more detailed condenser model was developed
in which the desuperhesting region was taken into account. Thus, the condenser was split up
and treated as two separate heat exchangers. In the firs heat exchanger, the superhested
vapor is cooled down to the point where condensation starts. The second heat exchanger
covers the condensation range. By splitting the condenser up into two parts two separate heat
exchanger cdcuations need to be performed, one for the desuperheating and one for the
condensing region. The heat exchanger performance cdculaion for the saturated region was
shown above. The overal heat transfer area coefficient product can be determined by
equation ( 4-35 ) and ( 4-37 ). The UA product for the desuperhegting region can be

cdculated by usng equation ( 4-38 ) for the outer conductance area product.
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(h,hA), =C, %, >§—g pr 036,887 Aasg (4-38)

However, for the indde conductance area product a heat transfer corrdation different
from equation ( 4-36 ) must be used. In the ASHRAE Fundamentals Handbook (1997) a
Nussdt-correlation can be found for turbulent flow for gases indde tubes. This corrdation is

recommended for cooling as well asfor heating and is of the following form:

Nu, =0.023 xRe® XPr 4 (4-39)
By modifying this corrdaion an expresson for the inner conductance area product

can be obtained that is represented by the equation below:

2N

(ha). C’k”é_ %8 (4-40)
!3 /]

The fluid properties in equation ( 4-39 ) and ( 4-40 ) are based on the bulk
temperatures. Consequently, the more detailed condenser model conssts of Sx parameters

ingtead of three. In Chapter 5, both condenser models will be used for modding the system.

4.6 Heat Exchanger Model Validation

For the evaporator and condenser, the heat exchanger models were validated with
manufacturer’s catalog data. Performance prediction was tested within the range of the fitted
data as wdl as outsde the fitting range to determine the extrapolation capability of the

modéds.
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4.6.1. Obj ective Function for Parameter Fitting Procedure

The heat exchanger models for the condenser and the evaporator each contain three
congant parameters that are obtained by using the method of least squares. The errors
between the measured and calculated hest transfer rate are normdized by dividing each error
by the mean of dl measured vadues. Thus the objective function for the heat exchanger

parameter fitting procedure can be written as:

.2
& : 0
3 chat- Qcalc -
¢ — ¢ (4-41)
= Qcat,mean ﬂ
OF, =
N

4.6.2. Validation of the Evaporator Modd

The evaporator modd was vdidaied with data from the Trane Coil-DS-1 cataog
(1985), which contains data for heating and cooling coils. As a sample direct expanson cail,
a PRIMA-FLO cooling coil was chosen. The catalog provides coil capacities as a function of
suction temperature, face velocity as wel as entering dry bulb and wet bulb temperature. Coil
types and sizes are specified by the number of rows of tubes and the number of fins per
length. Table 4.2 ligs the characteridtics of the direct expanson coil that was chosen for the

evaporator modd vaidation.



Table 4.2: Direct expansion coil used for model validation

DX-cail characteristics

Number of rows 4
Fins per meter (fins per foot) 390 (120)
Face area [T (ft2)] 1.6 (17.4)

Catadlog data for the direct expansion coil in Table 4.2 were available in a flow range
from 2 to 3.6 nis (400 to 700 ft/min), in a suction temperature range from 1.7 to 7.2 °C (35
to 45 °F), and in a ar entering temperature range from 21.1 to 35 °C dry bulb and 15.6 to
23.9 °C wet bulb (70 to 95 °F dry bulb and 60 to 75 °F wet bulb). For dl data sets the

condensing temperature was 40.6 °C (105 °F).

The three parameters (C; and C, from equaion ( 4-33 ) and C; from equation
( 4-34 )) were obtained for three different sets of catalog data to determine the effect on

the heat exchanger parameter and to check the extrapolation capability of the modd.

Each data st congdts of twelve operating points. The data points of set ain Table 4.3
have a suction temperature of 4.4 °C and cover the full flow and entering arr temperature
range. Data set b contains data for a fixed ar entering temperature of 26.7 °C dry bulb and
19.4 °C wet bulb, whereas data set ¢ contains data in the flow range from 25 to 3 m/s
(500 to 600 ft/min) only. Table 4.3 ligts the heat exchanger parameters and the error for the
fitting process as well as the eror as a result of the modd vdidation for dl cataog data

points. For dl data sets the error in predicting the sensble heat trander was smdler than

0.05 %.
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Table 4.3: Heat exchanger parametersfor direct expansion coil for datasetsato c

C1 Cs Cs Error for fitting [%0] Error for validation [%0]

Seta 1358 05 1211 0.25 0.3578
Setb 1333 05 1231 0.19 0.41
Setc 9593 05 1670 1.17 1.75

Parameter C, in Table 4.3 was set to be congtant. As described in Chapter 4.4 the
parameter C, is within the range of 04 to 0.84. However, parameters C; and C, affect
each other condderably and make an optimization for the heat exchanger parameter difficult.
Thus, by sdting C, to a fixed number, this problem can be overcome. Figure 4.5 shows the

effect of parameter C, on the error in thefitting process for the three data sets.
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Figure 4.5 Effect of parameter C, on the error in thefitting procedure

From Fgure 4.5 it can be seen tha 0.5 as a fixed vaue for C, is a reasonable
goproximation and yields very smal erors. Optimization of the heat exchanger parameters in
the fitting procedure is difficult and depends drongly on darting guess vaues used for the
parameter optimization. Most likely, a different set of C; and G could be found for data set ¢

that yieldsto an error of Smilar Sze as the error obtained for C,=0.45 and C,=0.55.

The coefficients presented in Table 4.3 for data sets a to ¢ were used to determine the
extrapolation capability of the direct expanson coil modd. Figure 4.6 to Figure 4.8 show the
predicted heat exchanger performance for the three data sets. Figure 4.6 shows the
extrgpolation to lower and higher suction temperatures (data set @), whereas Figure 4.7 show
the performance prediction for different entering air temperatures (data set b). Both figures

show that the model alows confident extrapolation.
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Figure 4.7: Extrapolation of data set b to lower and higher air entering temperatures

67



68

In direct expanson coils different mass flow rates on the air and the refrigerant side
are often encountered. This results in different fluid velocities and affects the overdl hesat
transfer coefficient. The variation of the overdl heat transfer coefficient is taken into account
by usng fundamentd equations for the heat transfer coefficients on the air and the refrigerant
dde. Figure 4.8 shows the predicted coil performance with extrapolaion to lower and higher

face velocitieson the air Sde.
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Figure 4.8: Extrapolation of data set ¢ to higher and lower face velocities

4.6.3. Validation of the Condenser M odd

The three parameter condenser mode was vaidated by usng Bohn condensng coil
cataog data (1988). The vdidation of the condenser modd was made for a condensing coil

with the following characterigtics
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Table 4.4: Condensing coil used for model validation

Condensing-coil characterigtics

Number of rows 6
Fins per meter (fins per foot) 51 (168)
Face area [n? (ft%)] 0.17 (1.8)

The peformance information for the condensng coil was given in the form of a coil
capacity curve that alowsthe creation of performance data in the range of 1 to 4 m/s (200 to

800 ft/min) for different condenang and air entering conditions.

Ten cataog data points were chosen with an air inlet temperature of 35 °C (95 °F)
and a condensing temperature of 51.7 °C (125 °F). The face velocity was in the range from 2
to 3.3 m/s (400 to 640 ft/min) for the fitting points. The following vaues of the three

parameters C, and Cs from equation ( 4-35 ) and Cg from equation ( 4-37 ) were determined.

Table 4.5: Heat exchanger parameters for condensing coil

Cq Cs Cs Error for fitting [%0]

1358 05 1211 0.67

Figure 4.9 shows the performance prediction of the condenser modd for the data
points used in the fitting process as well as the predicted performance for higher and lower
flow rates (1 to 4 m/s, (200 to 800 ft/min)), ambient (29.4 to 40.6 °C (85 to 105 °F)) and
condensing temperatures (46.1 to 57.2 °C (85 to 105 °F)). The extrapolation of the flow rate,

however, is not as important as for the evaporator. The fluid velocity on the ar-dde is
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generdly congant, since the condenser fans run at constant speed, whereas on the refrigerant

sdethefluid velocity changes, sinceit isrelated to the actud capacity.
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Figure 4.9: Performance prediction with the condenser model

Table 4.6 ligs the mean weighted erors for the predicted condensng cail

performance shown in Figure 4.9.

Table 4.6: Errorsfor performance prediction for the condensing coil

Mean weighted error for performance prediction (%]
Extragpolation of flow rate 0.7
Extrapolation of flow rate and condensing temperature 3.9

Extrapolation of flow rate and ambient temperature 19
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4.7 Conclusions

Two heat exchanger models were presented for performance prediction of the
evaporator and condenser. Both models are based on effectiveness-NTU reationships. The
overdl heat transfer area coefficient product UA (UA”) that is required for the performance
prediction is based on fundamental hest transfer corrdations. Thus, the UA product is
adjusted according to the temperature level and the flow conditions in the heat exchangers.
Consequently, the extrapolation ability of both models is very good as shown for the two hesat

exchanger models.

The fundamental heat trander corrdations were modified and heat exchanger specific
parameters were introduced, which can be determined by fitting them to performance data of
the heat exchanger. Thus no detaled knowledge of the geometry of the heat exchanger is
required. This alows the heat exchanger modds to be used for sysem modding where the

specific heat exchanger geometry is not known.
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Chapter 5

System Modedling

5.1 Introduction

The vapor compresson cycle is widdy used for ar conditioning and refrigeration
goplications. 1t is used in smdl applications such as household refrigerators as wel as in
large refrigeration gpplications with a cooling cgpacity of a couple of 100 kilowatts.
Bascdly, two different kinds of approaches exist for modeling the performance of a whole

System such as a vapor compression cycle.

Polynomia expressions can be used for the prediction of the compressor power draw,
the tota capacity, and sensble capacity of a vapor compresson cycle. The performance of a
vapor compresson cycle, however, is a function of four input parameters at least, Snce the
performance depends on the entering air dry bulb temperature, the wet bulb temperature, the
volumetric flow rate on the evaporator sSde and the ambient temperature. Thus these
polynomid expressions contan many curve fit parameters that have to be determined.
Stoecker (1971) presented polynomia expressons for the capacity and power requirement
of a centrifugd chiller, where 18 coefficients have to be determined in order to predict the
sysem’s performance. Also, as mentioned in Chapter 3 and 4, extrgpolation of performance

data usng these polynomia expressonsis often uncertain.

Consequently, methods for modding primary sysem equipment are used that are
based on fundamental physicad principds rather than on polynomia expressons. Thus,

confident extrgpolation of performance data can be performed. In these cases, the sysem is
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modded by usng semi-mechanigic modds as presented for the single components in
Chapter 3 and 4. These component models are then interconnected according to the system

layout.

52 TheVapor Compression Cycle

Badcdly, the smplest vapor compresson cycle conssts of two heat exchangers, an
expanson device, and a compressor. Often vapor compresson systems have multiple stages
to improve the cycle's efficiency. Rooftop packaged ar conditioning units, however, use a

ample sngle dage refrigerdion cycdle. Fgure 5.1 shows such a sngle sage vapor

compression cycle with its components.

Heat Rejection

3 0 « CONDENSER 2
Y
Power
X EXPANSION compressor| <=
VALVE
A\ 4
4 o—» EVAPORATOR

ﬁ Cooling Load

Figure 5.1: Single stage vapor compression cycle
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For a rooftop packaged unit these components are a direct expanson coil as the
evaporator, a reciprocating or scroll compressor, and an ar-cooled condenser. These

components are described earlier in Chapter 3 and Chapter 4.

The vepor compresson cycle operates between two temperaiure levels. The
evaporator operates a the lower temperature leve. In the evaporator a warm ar stream is
cooled down to the desred temperature. The cooling load depends on the ar entering
conditions and the flow rate. In the eveporator the cooling load is picked up by the
refrigerant that is used as the working fluid in the vapor compresson cycle. The refrigerant
entering the evgporator is liquid and is a low temperature and pressure. Thus, heat can be
transferred from the warm ar dream to the cold refrigerant. Idedly, the refrigerant
evaporates in the tube at constant pressure and reaches state point 1 as shown in Figure 5.2.
The liquid refrigerant is now fully evgporated and dightly superheated through the action of
the expanson device (point 1'). The refrigerant vapor is superhested to prevent the
compressor  from liquid dugging. The dightly superhested refrigerant vepor is then
compressed to a high-pressure level. At a high pressure and temperature the refrigerant is
discharged from the compressor and enters the condenser. In the condenser the heat, which
conssts of the cooling load and the power supplied to the refrigerant during the compression
process, is regected to the ambient. Thus, the superhested refrigerant is cooled down and
condenses. Often, the fully condensed refrigerant is subcooled when leaving the condenser.
Leaving the condenser the refrigerant is adiabaticaly expanded and enters the evaporator.
The thermodynamic date points of this idedized vapor compresson cycle are shown in
Figure 5.2. In redity pressure drops occur on the condenser and eveporator Sde insde the

tubes. Thus, condensing and evaporating temperatures decrease with pressure drop.
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Figure 5.2: Vapor compression cycle in pressure-enthal py diagram

53 System Modeling

For modding the system, the component models described in Chapters 3 and 4 are
used for the vapor compression cycle modd. The models have to describe the performance of
each dngle component used in the rooftop packaged unit in order to predict the overdl
performance of the system. Performance data for the condenser and evaporator are generdly
not available to determine the hest exchanger parameter directly. The compressor type is
usualy given and compressor performance data can be obtained. Thus, the parameters of the

compressor model can be obtained by fitting the compressor model to the compressor
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performance data. Having determined these parameters the compressor modd is available for

caculdion of the thermodynamic state points of the vapor compression cycle.

The cadog information for rooftop packaged units provided by most manufacturers
gives the capacity (sensble and total) and the compressor power draw as a function of the ar
temperature entering the condenser, the dry and wet bulb ar temperature entering the
evaporator, and the air flow rae through the evaporator. Available cataog information for
different operating conditions, however, does not specify any thermodynamic State points of
the vapor compresson cycle. Thus, certain assumptions have to be made in order to specify

the state points of the vapor compression cycle and determine the rate equations.

The cycle that is used for modding the packaged unit is an idedized vapor
compression cycle such as shown in Figure 5.2. In this case the assumption was made that
the refrigerant leaving the evaporator is saturated vapor (point 1). Also the refrigerant leaving
the condenser was assumed to be saturated liquid (point 3). The thermodynamic dtate points
and the rate equations can then be cdculated for the vapor compresson cycle. This leads to
the following computation scheme for the assumed vapor compresson cycle in a rooftop

packaged air conditioning unit.

The total evaporator heat transfer rate and the compressor power draw are given as

catdog information for the different operating points.

Qevep =known (51)

P.omp =known (5-2)

comp
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The energy balance for the evaporator and the compressor can be written as:

Qwap:m ><(h],r - h4,r) (5'3)
Pcomp = mr >(h2,r - hl,r ) ( 5_4)
The expansion from gtate point 3 to point 4 is assumed to be adiabatic and is therefore
isenthdpic:
h3,r = h4,r ( 5-5 )

The mass flow rate as well as the power draw of the compressor is obtained from

the compressor mode as afunction of the condensing and evaporating pressures.

mr: f(pcond’ pevap) (5-6)

Pcomp =f (mr ' pcond’ pevap) ( o-7 )

Assumptions for the idedlized vapor compression cycle:

h,, = ENTHALPY(p,,, x=1) (5-8)
h, , = ENTHALPY/(P_ne, X=0) (5-9)

The 9 equations above containing 9 unknowns dlow the thermodynamic dtate points
of the idedized vapor compresson cycle to be cdculated. Also, the refrigerant mass flow
rate is determined by the set of equations above. Thus, the state points of the thermodynamic

cycle as well as the rate eguations needed for the heat exchanger modeing can be

determined.

The equations above contain no direct information about the temperature levels of the

heat exchangers in the rooftop packaged unit, but the catalog information given as a function
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of the return air temperature, the outdoor ar temperature and the evaporator ar flow rate
contains indirectly the information to determine the temperature or pressure level in the
evaporator and condenser. This can be best shown by plotting the thermodynamic state points
of the assumed vapor compresson cycle in a p, h-diagram. In the graph below the Sate
points are shown as well as a sketch of the temperature levels of the ar in the condenser and

evaporator.
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Figure 5.3: Schematic pressure-enthal py diagram

For a specific operating point the outdoor temperature and return air temperature are
fixed numbers. The cataog provides the power draw and eveporator heet transfer rate. The
szes of the heat exchangers used in the unit are reflected in the power draw for this operating

point. With decreasng heat exchanger sze the temperature difference DT increases to DT .

Since the return ar temperature is a fixed vaue, the evaporating temperature has to decrease
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4 ® 4 and 1 ® 1), which is reflected in a higher compressor power draw

(2® 2).In Fgure5.3 thisfact is shown in aP-h diagram by the dashed line.

54 Modd Validation

The rooftop packaged ar conditioning modd was validated for three different rooftop

packaged ar conditioning units with cooling capacities from 15 ton to 30 ton. All models use

R-22 asthe refrigerant.

Table 5.1: Rooftop packaged units

(1) (2) (3)

Manufacturer Carrier Carrier Carrier
Unit type 48 TJ016 48 TJ024 50 EJ 034
Cooling Capecity 53 kKW (15 tons) 70kW (20tons) 106 kW (30 tons)
Compressor Type 06DES371 06DES8241 06DES371

(reciprocating) (reciprocating) (reciprocating)
Quantity 1 2 2
Evaporator face area 1.7nmf (17.9ft%) 1.7nf (17.9t)  3.0n? (3L7ft?)

The vdidation of the modd included the following steps:

1. Cdculation of the parameters of the compressor modd to predict the mass flow rate (C,

Dp)
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2. Cdculation of the parameters of the compressor model to predict the compressor power
draw (a, b)

3. Cdculation of the thermodynamic dtate points and rate equations of the assumed vapor
compression cycle

4. Parameter fitting for the evaporator modd by using the data obtained in step three (Cy1, C;
and Cs)

5. Parameter fitting for the condenser model by using the data obtained in step three (C4, G5
and Cs)

6. Using the coefficients that were obtained in seps 1 to 5 in the rooftop packaged air
conditioning modd to predict the compressor power draw, the senshble capacity and
the total capacity

It should be noticed that steps 3 to 5 could be peformed a the same time. The
parameters for the heat exchanger, however, were not fitted a the same time. Primarily, this
was not done because the optimization problem is highly nonlinear and an optimization even
for only three parameters a one time as done in sep 4 and 5 is difficult. In addition,
parameter vaues for the heat exchanger models affect each other. Parameter vaues for the
condenser mode could be found that would yield a better condenser fit, while the evaporator

fit would be worse if dl parameters werefitted at the same time.

The modd vaidation will be shown for the rooftop packaged unit ( 3 ) in Table 5.1.
This rooftop packaged unit was chosen, since the data range given in the catadog was the
broadest. Thus, it dlows the best opportunity to check the extrgpolation ability of the

complete model. The modd resultsfor units (2) and ( 3) can befound in Appendix B.
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First, the compressor parameters C and Dp were fitted to the avallable compressor
performance data. Next, the compressor parameters a and b for the power prediction were
fitted. Thus, the following compressor parameters were obtained by using 14 catdog data

points:

Table 5.2: Compressor parameters for packaged unit ( 3)

Compressor type 06DES371
Clearance Factor C 0.071
Pressure drop parameter Dp 0.094
Parameter for compressor efficiency a 0.716
Parameter for compressor efficiency b -0.191
Error for mass flow rate [%] 2.0
Error for power draw [%] 2.9

The compressor used in this rooftop packaged unit is identical to the compressor (5)
in Chapter 3. In this chapter, the performance prediction and the extrapolaion ability of the

compressor model was demonstrated by using this compressor as a sample compressor.

The compressor model was then used in the cdculation scheme for the rooftop
packaged unit (equations ( 5-1 ) to ( 5-9 )). Different data sets were chosen to dlow the

extrapolation ability of the modd to be checked. These data sets are shown in Table 5.3.
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Range of
Ambient Dry bulbreturnar ~ Wet bulb return air
Data Flow rate
temperature temperature temperature
et [I/s (ft%/min)] . . o
[°C, (°F] [°C, (°F [°C, (°F)]
(a) 4248-5663 23.9-46.1 26.7 16.7-22.2
a
(9000-12000) (75-115) (80) (62-72)
(b) 2832-7079 29.4-40.6 26.7 16.7-22.2
(6000-15000) (85-105) (80) (62-72)
(c) 2832-7079 23.9-46.1 26.7 19.4
c
(6000-15000) (75-115) (80) (67)
(d) 2832-7079 23.9-46.1 26.7 16.7-22.2
(6000-15000) (75-115) (80) (62-72)

Each of the data set (a) to ( d) condsts of eight data points. All data points refer to a

dry bulb return ar temperature of 26.7 °C (80 °F). For the flow rate, the ambient temperature

and the return air wet bulb temperature, the extreme vaues for each range shown in Table 5.3

were picked. Data st ( d ) reflects the full range of performance information given in the

catadog. Data st ( a ) dlows the extrapolation ability to be checked for the supply ar flow

rate, whereas data set ( b ) dlows the extrgpolation ability to be checked for the ambient

temperature. Data sets ( ¢ ) and ( d ) dlow extrapolation for the entering air dry and wet bulb

temperatures.



54.1. Validation for Idealized Vapor Compresson Cyde

Based on the idedized vapor compresson cycle shown in Figure 5.3 the
thermodynamic state points were caculated for data sets ( a ) to ( d ). Thus, the heat
exchanger parameters could be fitted. Table 5.4 shows the heat exchanger parameter values
that were obtained in the parameter fitting procedure for the evaporator. It dso shows the
eror for the sensible and total heat trandfer rate prediction as a mean weighted RMS-error.

The errorsfor al four data sets were baow 6 %.

Table 5.4: Evaporator model parameters for rooftop packaged unit ( 3) for datasets(a)to(d)

(a) (b) (c) (d)
Outer hesat transfer parameter C; 1536 1695 1613 1650
Outer hesat transfer parameter C, 0.5 0.5 0.5 0.5
Inner heat transfer parameter Cs 3588 3246 3599 3607
Error for sengble hesat transfer rate [%0] 0.6 4.4 3.3 4.0
Error for total heat transfer rate [%0] 15 5.2 5.8 5.8

In Chapter 3 it was shown that it is a reasonable assumption to set the heat exchanger
parameter G to a congtant vaue of 0.5. Thus, for the evaporator parameter fitting procedure
this parameter was adso set to this vaue. Figure 5.4 shows the error of the tota heat transfer
prediction for different vaues of C,. An optimization where al three parameters are fit was
found to be very difficult. Due to the three-dimensond optimization problem, parameter
vaues were found that do not lead to the globa minimum of the eror for the totd hest

transfer rate prediction. Thus, setting the heat exchanger parameter C, smplified the
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optimization problem and ill led to reasonable results for the mode parameters. Setting G
to fixed vadue of 0.5 did not lead to the globad minimum for dl data sets. However, a vdue of
0.5 is physcdly reasonable as shown in Chapter 3 and a good performance prediction can be

achieved for the whole system as it is shown later.
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Figure 5.4: Effect of parameter C, on error in optimization

Fgure 5.5 to Figure 5.8 show the predicted sensible and tota evaporator heat transfer
rate versus the heat trandfer rate that was caculated based on the idedized vapor
compresson cycle. Figure 5.5 and Figure 5.6 show the predicted hest transfer rate versus the
catalog heat transfer rate for data set ( a) with the lowest error in heat transfer prediction of
al four data sets, whereas Figure 5.7 and Figure 5.8 show the same graphs for data set ( d)

with the highest error in heat transfer prediction.
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Figure 5.7: Predicted versus catal og total evaporator heat transfer rate for dataset (d)
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In contragt to the heat exchanger performance prediction in Chapter 3, the predicted
performance for the heat exchanger used in the rooftop packaged unit is not as good. Since
for both parameter fitting procedures the same heat exchanger modd was used, the difference
in performance prediction is due to the different data sets used in the fitting processes. In
Chapter 3 catalog heat exchanger performance data were used. For the rooftop packed unit
moddl, there were no catdog performance data avalable for the evaporator aone. Thus, for
the parameter fitting procedure, data sets were used that were calculated based on the
assumptions for the idedized vapor compresson cycle. Consequently, the caculated data set
performance deviates from the catalog performance of the rooftop packaged unit and its
components. The calculated data set not only deviates due to the assumptions that there is no
superheat a the exit of the evaporator and no subcooling at the exit of the condenser, but aso
because the compressor model, which dso had some eror in its performance prediction, had

to be used to determine the state points of the vapor compresson cycle.

Table 5.5 shows the parameter vaues for the condenser model for the rooftop

packaged unit ( 3) obtained by using dataset (a) to(d).

Table 5.5: Condenser model parameters for rooftop packaged unit ( 3) for datasets(a)to(d)

(a) (b) (c) (d)

Outer hesat transfer parameter C4 5549 6203 5783 5581
Outer hesat transfer parameter Cs 0.5 0.5 0.5 0.5
Inner heat transfer parameter Cg 31893 36315 33304 32015

Error for condenser hesat transfer rate [%0] 9.6 4.8 74 9.5
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Figure 5.9: Predicted versus catalog condenser heat transfer rate for data set (a)
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As shown in Figure 5.9 and Figure 5.10 the condenser fit is not as good as the fit for
condenser data as presented in Chapter 3. The errors for data sets (a ) to ( d ) were in the
range of 4.8 to 9.6 %. This is dso due to the assumptions of the idealized vapor compression
cycle. However, the error in the heat trandfer prediction is dso larger because the hesat
trandfer in the condenser was assumed to occur only in the saturated region. Thus the
effectiveness is condderably underestimated and the overdl heat transfer coefficient has to
compensate. By taking the desuperheating into account, the performance prediction with the

condenser model can be improved by about 3 % on average as shown in Table 5.6.

Table 5.6; Parameters for detailed condenser model for rooftop packaged unit ( 3) for datasets(a) to(d)

(a) (b) (c) (d)
Outer heat transfer parameter Cy4 3585 3694 3619 3590
Outer heet transfer parameter Cs 0.5 0.5 0.5 0.5
Inner heat transfer parameter Cg 19031 19802 19171 19027
Error for heet transfer in

_ 5.6 2.8 4.2 54

saturated region [%0]
Outer hesat transfer parameter C; 329.5 296 296 330.9
Outer hesat transfer parameter Cg 0.5 0.5 0.5 0.5
Inner heat transfer parameter Cy 479.2 475.7 475.7 479.9
Error for heat trandfer in

8.7 4.5 6.7 8.6
superheated region [%]
Error for condenser heat transfer

59 3.0 4.5 5.8

rate [%0]
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Figure 5.11 and Figure 5.12 show the predicted condenser heat transfer rate with the

detailed condenser modd for dataset (a) and (b).
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Figure 5.11: Predicted versus catal og condenser heat transfer rate for data set ( a) using detailed model
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Figure 5.12: Predicted versus catalog condenser heat transfer rate for data set ( d ) using detailed model
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After having determined the modd parameters for the compressor, the evaporator and

the condenser, the parameters can be used for the performance vadidatiion of the rooftop

packaged ar conditioning unit. Figure 5.13 shows the input varigbles and the parameters that

have to be provided to the program as well as the output variables of the rooftop packaged

unit modd.

Input ——>
Entering dry and wet bulb
temperature

Ambient temperature

Volumetric flow rate

Rooftop
packaged
air
conditioning
model
(RTPU)

I

Parameters

Compressor (C, Dp, a, b)
Evaporator (C1, Cy, Cs)

Condenser (C4, Cs, Ce)

——> Output

Compressor power draw
Tota capacity

Sensible capacity
(leaving dry and wet

bulb temperatures)

Figure 5.13: Input variables, output variables, and parameters used in rooftop packaged air conditioning model

Table 5.7 shows the errors in performance prediction for the four data sets(a) to (d)

with the three parameter condenser model and with the more detailed six parameter modd,

where hegt transfer coefficient for the desuperhesting region is modeled.
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Table5.7: Performance prediction of the rooftop packaged air conditioning model

Error (fitting process) (a) (b) (c) (d)
normal/detailed normal/detailed normal/detailed normal/detailed

Power draw [%] 2.6 1.6 15 1.4 2.0 14 25 1.7

Total capacity [%] 2.3 15 21 1.9 26 22 29 24

Sensible capacity [%0] 1.2 0.9 3.2 31 14 11 2.5 21

Error (validation for

whole catalog range)
Power draw [%0] 1.9 1.2 1.9 1.3 1.9 1.3 2.0 1.3
Total capacity [%] 2.0 1.6 1.9 15 1.9 15 2.0 1.5

Sensible capacity [%4] 17 15 20 19 19 18 18 19

The mean weighted RMS erors for the predicted performance are dl bdow 4 % in
the fitting process. One sees that the rooftop packaged air conditioning modd using the more
detalled condenser model improves the performance prediction for the power draw prediction
and the total capacity by about 0.5 % on average. The effect on the performance prediction of

the sensble capacity isvery smal.

Fgure 5.14 to Fgure 5.16 show the performance prediction for the rooftop packaged
ar conditioning unit usng the model parameters caculated with data set ( a ) and the smple
three parameter condenser modd. Shown are the eight data points that are used for fitting as

well as the extrapolated data points, which cover the whole catalog range.
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Figure 5.14: Predicted compressor power draw for model parameters calculated with data set (a)
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Figure 5.15: Predicted total capacity for model parameters calculated with dataset (a)



95

140 T
extrapolated points

iy
N
o

O fitted points

100

80 )
) ;/9/(

40

Predicted sensible capacity [kW]

20

0 20 40 60 80 100 120 140
Catalog sensible capacity [kW]

Figure 5.16: Predicted sensible capacity for model parameters calculated with data set ( a)

Figure 5.14 to Figure 5.16 show that the extrapolation ability for the flow rate is in
good agreement with the catdog performance. These results were obtained even though the
evaporator modd and the condenser model showed rdative high erors in predicting the
performance. This is due to the fact that the trends in peformance prediction for the
evaporator and condenser compensate each other, so that the error in overal performance
prediction for the rooftop packeged ar conditioning mode is lower than for the single

components.

Figure 5.17 to Fgure 5.19 show the peformance prediction with the modd
parameters caculated by using data set ( d ), which condsts of eight data points covering a

amall range of ambient temperatures.
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Figure 5.17: Predicted compressor power draw for model parameters calculated with dataset (d)
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Figure 5.19: Predicted sensible capacity for model parameters cal culated with dataset (d)

Figure 5.17 to Figure 5.19 show that the extrgpolation ability of the modd for the
ambient temperature is adso in good agreement with the catalog data for the compressor
power draw, for the totd capacity and for the sensgble capacity. The plots for the

performance prediction for dataset ( ¢ ) and ( d) areincluded in the gppendix.

54.2. Effect of Number of Data Points

To determine the effect of the number of data points used in the fitting process three
data sats were used. All three data sets covered the same range of vaues for the air entering

conditions, the ambient temperature and the volume flow rate. The data st with only eght
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data points (data set ( d )) covered only the extreme values, whereas the other two data sets
with twelve and fourteen data points dso covered points within the range of the extreme
values. Having determined the coefficients, the mode was used to predict dl operating

points given in the catalog. The resulting errors are shown in the table below.

Table 5.8 Effect of number of data points on performance prediction

Error for fitting process 8 data 12 data 16 data
points points points
Power draw [%] 2.53 2.56 2.59
Total capacity [%] 2.98 2.81 2.72
Sensible capacity [%)] 2.46 2.03 1.89

Error for prediction catalog vaues

Power draw [%] 1.99 1.97 1.93
Total capacity [%] 1.95 1.96 1.97
Sensible capacity [%] 1.77 1.74 1.83

It can be seen that the effect of the number of data points on the performance
prediction is very smdl. Usng only eight data points that are spread over the whole operating
range in the fitting process dready yields an accurate performance prediction. As a generd
rule data points for the fitting process should be chosen as a combination of high and low

vauesfor each cataloged operating varigble.
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54.3. Effect of Superheat

In the preceding section the modd was vdidated for an idedized vapor compression
cycle in which the refrigerant was assumed to leave the evaporator coill a saturated
conditions. For red systems this, however, is not true since compressors need superhest to
prevent them from liquid dugging. The amount of superheat that leads to the optimum
performance prediction could be determined if heat exchanger parameters for condenser and
evaporator, as well as the superheat were fitted at the same time. Optimization even for each
heat exchanger separately, however, is very difficult, and in this case, seven parameters
including the superheat needed to be fitted a the same time (three parameters for each hest
exchanger and the superheat). Thus, an andyss was made in which the effect of different
vaues of superheat on the performance prediction was examined for the three rooftop

packaged unitslised in Table 5.1.

Fgure 5.20 to Figure 5.22 present the results of this andyss. The parameters for the
system model were obtained by using data sets with eight data points, which cover the whole

catalog data range for each rooftop packaged unit.

From Fgure 5.20 and Figure 5.21 one sees that there is dmogt no effect of superheat
on the performance prediction for the compressor power draw. The eror in tota capacity

prediction decreases by about 0.2 to 0.3 % at high vaues of superhesat for dl three units.
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Figure 5.21: Effect of superheat on total capacity prediction
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Figure 5.22: Effect of superheat on sensible capacity prediction

Figure 5.22 shows the effect of superhest on the sensble capacity prediction. The
peformance prediction for al three units is different. Performance prediction for unit ( 1)
becomes better with increasing superheat, whereas the performance prediction for unit ( 2 ) is

not affected by the amount of superheat. In contrast to unit ( 1) and ( 2 ), the performance

prediction for unit ( 3) hasaminimum at 2.8 °C (5 °F).

Generdly spesking, components prediction can be improved by teking superheat into
account. However, from the figures above it is not possble to make a generd suggestion for
the vaue of superheat that leads to best results in modeing rooftop packaged units.
According to vaues found in the Trane Air Conditioning Manud (1979), the amount of

superheat a the evaporator outlet is usualy about 5 to 6 °C (10 °F), which would be a
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redigic assumption for the vapor compression cycle. Assuming that there is no superhesat is a
vaid assumption snce the effect on performance prediction is very smdl as it is shown in

thisandyss

5.4.4. Effect of Subcooling

In Section 5.4.1 the vapor compresson cycle was modded with the assumption
that the refrigerant leaving the evaporator is saturated refrigerant. Section 5.4.3 takes
superheating into account, which is more redigtic assumption for the sysem. Both cases use
the assumption that the refrigerant leaving the condenser is saturated liquid. However, in red
systems the condensed liquid is often subcooled to increase the refrigeration cepacity. The
term subcooling describes the temperature difference between the condensing temperature
and the temperature a which the refrigerant enters the thermodaic expanson device. The
effect of subcooling a the condenser outlet on the performance prediction of the modd was
examined based on the assumption of 5.6 °C (10 °F) superheated refrigerant a the evaporator

outlet. Thus, Figure 5.23 to Figure 5.25 were obtained.
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Figure 5.25: Effect of subcooling on sensible capacity prediction

For smdl vaues of subcooling, the performance prediction for the power draw, the
total and sensble capacity is improved. The error in power draw prediction noticesbly
decreases for values up to about 11 °C (20 °F) subcooling, where the eror for the
performance prediction reaches a globad minimum. The errors for total and sensble capacity
prediction also tend to decresse as subcooling increases to about 11 °C (20 °F). This

behavior, however, is by far not as distinctive as for the power prediction.

Generdly spesking, the performance prediction of the mode can be improved by
introducing subcooling in comparison to the mode, where the State of the refrigerant leaving
the condenser is assumed to be saturated. An optimization for those vaues would be difficult

due to the fact that the optimization problem is highly non-linear and multi dimensond. For



105

the model with superheat and subcooling at leest six parameters (C1, G, Gy, Gs, amount of
subcooling and superhest) had to be determined smultaneoudy if the heat exchanger
parameter C, and Cs are set to a condant vaue. This problem can be avoided by usng
reasonable assumptions for the superheat and subcooling. Based on the results of the analyss
shown above, for values of superheat of 5.6 °C (10 °F) and subcooling up to about 11 °C (20
°F) mode peformance prediction for the three rooftop packaged units was improved. A
generd suggestion for the amount of superheat and subcooling on the basis of this andyss,
however, is difficult, Snce only three units were examined and dl of them are from the same
manufacturer. Thus, the assumption of 0°C superheat and subcooling was used for modeling

the vapor compression cycle in rooftop packaged units.

5.45. Fans

In the previous section the performance of the vapor compression cycle in rooftop
packaged ar conditioning syssems was modeled. The modd dlows the prediction of the
sensble and total capacity as well as the compressor power draw. A sgnificant amount of the
total power of the unit, however, has to be supplied to the condenser and supply fans. The
power draw of the condenser fans is available in the manufacturer’s catalogs. The condensng
fans operate at congtant speed. Thus, the compressor power draw is for full load conditions
a fixed number given in the catalog. In contrast to the power draw of the condenser fans, the
power input to the supply fans changes according to the operating conditions. The power
input to the supply fans is a function of the motor speed of the fan, the volumetric flow rate

and the gtatic pressure of the zone and is available as tabulated datain the catal og.
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5.4.6. Heating

Often packaged units are not only used for space cooling but also for space hesting.
Generdly, the heating section is equipped with an eectric resstance heater or a gas fired
furnace. The power draw of the eectric resstance heater is given directly by the required
heating demand. For the gas-fired furnace the manufecturers provide a steady-sate furnace
efficiency, s0 that the required gas input can be determined by dividing the required hesting

demand by the furnace efficiency.

54.7. Part load modding

The modd presented in the preceding sections of this chapter was evauated for full
load data only. However, ar conditioning systems often operate at part load conditions.
Thus, it is of interest to ds0 have a pat load modd. Bascdly, usng the model developed
above dlows controlling sysematicadly the single components. During part load operation
often a certain number of cylinders are unloaded or a complete compressor is turned off in
larger equipment. Thus, part load performance can be modded by introducing a function that
describes the unloading behavior of the compressor. Part load performance data, however, is
required to develop such a function and to vdidate the part load performance mode. Part
load modeing based on compressor unloading was not attempted in this project due to the

lack of information on part load performance deta available from the manufacturers.
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5.4.8. Condusons

A modd for rooftop packaged air conditioning units was developed that is based on
manufecturer’s catdog data only. Thus, it can be easly used without any additiond specific
information about the system’s components that need to be obtained from the manufacturer.
The modd uses a semi-mechanigic modeing technique. The sysem is modded by using
models for the single components, which are connected together. The modes for these
components are based on semi-empirical equations that describe the component’s physica
behavior. The modd developed for rooftop packaged units can accurately predict the
performance in the range of the fitted data and alows confident performance prediction to be
made outdde of the range of the fitted data The errors in performance prediction for the
three different rooftop packaged units modeled in this project were below 3.5 % compared

with catalog data
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

In this study, a modd for rooftop packaged ar conditioning equipment was
developed. For this type of equipment the modd predicts the full load performance of this
type of equipment such as power draw, totd capacity, and sensble capacity for different

operating conditions.

The rooftop packaged unit modd is based on semi-mechanisic component models
for eech system’s component, which are interconnected together to form the sysem model.
Usng manufecturer performance data for each specific component, component models were

vaidated and extrapolation ability was checked.

The compressor is modded by usng a semi-empiricd modd for reciprocating and
scroll  compressors  containing four parameters that are obtained in a fitting process to
compressor performance data. The modes were found to generdly predict the compressor

performance within an accuracy of 5 % to manufacturer’ s catalog data.

The heat exchanger modes for the condenser and evaporator are based on the
effectivenessNTU method. Ingead of assuming a congtant UA-product, fundamenta hesat
trandfer relations are used to cdculate the UA-product teking the different operating
conditions into account. Each heat exchanger modd contains three characteristic parameters
that are obtained in the fitting process to performance data. Heet exchanger models can be

used without specific knowledge of the heat exchanger geometry, Snce the geometric terms
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are included in the characteristic parameters. The extrapolation ability of the modds is very
robust. Fitting the characteridic parameters with only a portion of the cadog daa <,
performance data could be predicted accuratedly over the entire catdog data range. The
condenser model predicted the peformance with an accuracy of 3.9 %, whereas the
evgporator model predicted the performance with an accuracy of 1.8 % for the whole range

of operating points given in the catdog.

The parameter fitting process for the heat exchanger models is difficult and depends
srongly on the firs guess for the characterisic parameters due to the highly nonlinear
optimization problem. To overcome this problem, heat exchanger parameters C, and G can

be ==t to afixed value of 0.5.

The effect on system’'s performance prediction was examined usng a more detailed
condenser modd in which the desuperhegting region in the condenser is separately modeled.
The performance prediction for the condenser could be improved up to about 4 %, which
resulted in an improvement for the sysem’s performance prediction of about 0.5 %. Since
this is only a rdaively smal improvement, the smpler condensr mode with only three heat

exchanger parameters was used for system modeling.

The sngle components used for modding the sysem ae generdly applicable to
different refrigerants. Thus, the modd should dso dlow the peformance prediction for
refrigerants other than R-22. This, however, needs to be vaidated by modding rooftop

packaged units operating with a different refrigerant type.

In order to use the sysem modd for peformance prediction, ten characterigtic

parameters have to be determined, which is a smal number compared to detailed modes and
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consequently requires fewer data points in the fitting process. The need for knowledge of the
system specific parameters such as heat exchanger geometry and compressor geometry was
minimized to dlow an easy use of the modd based on manufacturer catalog information. For
al three rooftop packaged units modeled in this project, the model performance prediction
was within an accuracy of 3.3 % to catalog data The error for the power prediction was in
the range of 1.6 to 3.3 %. The performance prediction of the total capacity was in the range
of 20 to 23 % for the three rooftop packaged units, whereas the error for the sensble
capacity was in the range from 1.8 to 3.2 %. The extragpolation ability for the complete
gysgem is in good agreement with the catdog data and dlows confident performance

prediction outside of the range of the fitted data.

The sdection of catdog data points used to fit the characteritic parameters for the
system mode is critica. These data points should be chosen as combinations of high and low
caaoged vaues for each of the operating point parameters such as flow rae and
temperatures. Thus, having four operating point parameters 16 data points should be used at
minimum to alow confident extrgpolation for al four operating parameters. Usng more data
points within the range of low and high vaues does not dSgnificantly improve modd’s

performance prediction.

The mode for the rooftop packaged ar conditioning is based on an idedized vapor
compresson cycle. The effect of superheat and subcooling was examined. For the three
rooftop packaged units used for mode vdidation, the effect of superhest on performance
tuned out to be negligible In contrast, the amount of subcooling a the condenser

consderably affects the performance prediction. A generd suggestion for a certain amount of
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subcooling that generdly leads to best performance prediction of the mode, however, can
not be made based on the anadlyss done in this project. Thus, for sysem modeing it was
assumed that there is no superheat a the evaporator outlet and no subcooling a the

condenser outlet.

The modd was developed with the Engineering Equation Solver (EES). A user-
friendly software package was developed that can be used to determine the model parameters
based on manufecturer’'s catdog information for the rooftop packaged unit and the
compressor performance (Appendix C to J). Having these parameters determined, the
program cdculates the rooftop packaged unit's peformance for different operating

conditions such as supply flow rates, ambient temperatures and air entering temperatures.

6.2 FutureWork

The software program developed in this study was developed with the Engineering
Equation Solver. The EES program can be caled by TRNSYS. However, smulation speed is
very dow. Writing a TRNSYS type in Fortran for the rooftop packaged modd would

consderably increase smulation speed.

In this study the performance was modded for full load operation of rooftop
packaged units. However most of the time air conditioning systems operate under part load
conditions. Thus, it is necessary to develop a pat load model. The modd presented in this

work dlows implementing control mechanisms for pat load operation such as cylinder
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unloading, since each component is modeed separately. For this purpose pat load
performance data and information on the control mechanisms have to be avalable from
manufacturers, which is difficult to get. A smpler part load model could be developed in the

form of a curve fit that uses the full load performance data and corrects those values for part

load conditions.
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Appendix

Appendix A: Model Resultsfor Rooftop Packaged Unit 50 EJ 034

Data set

(a) (b)  (c) (d)
Ci 1536 1695 1613 1650
Co 0.5 0.5 0.5 0.5
Cs 3588 3246 3599 3607
Error (sensble) [%0] 0.6 4.4 3.3 4.0
Error (tota) [%] 15 5.2 5.8 5.8
Cs 5549 6203 5783 5581
Cs 0.5 0.5 0.5 0.5
Ce 31893 36315 33304 32051
Error [%0] 9.6 4.8 7.4 9.5
Vdidation for 8 fitting points
Error (power) [%] 2.6 15 2.0 25
Error (total capacity) [%0] 2.3 2.1 2.6 3.0
Error (sensible capacity) [%0] 12 3.2 14 25
Vdidation in catdog range
Error (power) [%] 1.87 1.88 192 1.99
Error (total capacity) [%0] 2.03 1.89 1.94 1.95

Error (sensible capacity) [%0] 1.68 1.95 1.92 177
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Appendix B: Model Resultsfor Rooftop Packaged Unit 48 TJ 016 and
48 TJ 024

Data sats used for parameter fitting conssted of eight data points with extreme vaues

for the volume flow rate, ambient temperature and air entering temperature.

Unit
(1) (2)
483 TJ016 48 TJ024

C1 1026 1025
C 0.5 0.5
Cs 1909 1343
Error (sensible) [%] 3.85 6.23
Error (total) [%] 4.78 2.72
Ca 987.9 5904
Cs 0.5 0.5
Cs 31191 14482
Error [%] 8.85 0.164
Vdidation for 8fitting points
Error (power) [%0] 1.87 4.22
Error (total capacity) [%0] 3.00 2.82
Error (sengble capacity) [%0] 2.78 1.94
Vdidation in catalog range
Error (power) [%] 1.55 3.3
Error (total capacity) [%0] 2.27 2.07

Error (sensible capacity) [%0] 1.87 3.23
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Appendix C: EES-code for compressor model (mass flow rate)

"Conpressor mass flow rate nodel "

"This program cal cul ates the conpressor paraneter for the mass
flow rate nodel based on manufacturer's catal og data."

$OPENLOOKUP ' par aneter. |kt
$SAVELOOKUP ' paraneter. | kt'

FUNCTI ON wri t eLOOKUP( C, DELTAP, N_dot _di agr, V_dot _di sp_par
N_cy, nc, uni tfl ag$, capor massfl ag$, T_sub_di agr, T_sup_di agr, LKT$)
LOOKUP( 1, " N dot'):=N_dot diagr
LOOKUP(1,'V dot _disp'):=V_dot _disp_par
LOOKUP( 1, N cy'):=N_cy

LOOKUP(1,' C):=C

LOOKUP( 1, ' DELTAP' ) : =DELTAP

LOOKUP( 1, ' nc'): =nc

LOOKUP( 1, 'uc'):=unitflag$

LOOKUP( 1, ' norc'): =capor massfl ag$
LOOKUP(1,"' T _sub_diagr'):=T sub_diagr

LOOKUP(1,"' T_sup_diagr'):=T_sup_di agr

LOOKUP( 1, 'file_conp'):=LKT$

wr i t eLOOKUP: =1

END

PROCEDURE capor mass(capor massfl ag$, unitfl ag$, LKT$,i,h_1r",
h_4r: Cap)
| F capormassfl ag$=' Capacity' THEN

| F unitflag$="SI' THEN "SI systent

Cap: =LOOKUP( LKTS$, i, "' Capacity')*convert (kW Bt u/ hr)
ELSE "English systent

Cap: =LOOKUP( LKTS$, i, "' Capacity')

ENDI F

ELSE

| F unitflag$="SI' THEN "SI systent

massf |l owr at e: =LOOKUP( LKTS$, i, ' mr')*convert (kg/ hr,| bm hr)
ELSE "English systent

massf | owr at e: =LOOKUP( LKTS, i, ' mr')

ENDI F

Cap: =massfl owrate*(h_1r -h_4r)

ENDI F

END
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PROCEDURE uni t conv(unitflag$, V_dot _di sp_di agr, T_sub_di agr,
T sup_diagr:V_dot _disp, T_sub, T _sup)

| F unitflag$="SI' THEN "SI systent

V_dot _di sp = V_dot __disp_diagr*convert(l/s,ft”3/hr)

T sub = T sub_diagr*1.8

T_sup = T_sup_diagr*1.8

ELSE "English systent

V_dot _di sp = V_dot _disp_diagr*convert(ft~3/mn,ft"3/hr)
T sub = T sub_di agr

T _sup = T_sup_di agr

ENDI F

END

PROCEDURE uni t convarray(unitflag$, T _condenser, T_evaporat or:
T cond, T_evap)

| F unitflag$="SI' THEN "SI systent

T cond T condenser*1. 8+32

T evap T _evaporator*1. 8+32

ELSE "Engl i sh systent

T cond = T_condenser
T evap = T _evapor at or
ENDI F

END

"Capacity or mass flow rate:™

DUPLI CATE i =1, nc

CALL capormass(capormassfl ag$, unitflag$, LKTS$,i,h_1r [i],
h_4r[i]:Cap[i])

END

"Unit conversion:"”

CALL unitconv(unitflag$, V_dot_disp_diagr, T_sub_di agr,

T sup_diagr:V_dot _disp, T_sub, T _sup)

DUPLI CATE i =1, nc

CALL unitconvarray(unitflag$, T_condenser[i], T_evaporator[i]:
T cond[i], T evap[i])

"Conpressor input data:"

T condenser[i] =LOOKUP(LKTS$,i,' T_condenser')

T evaporator[i] =LOOKUP( LKTS$, i ,' T_evaporator')
END

"Error cal culation:"

Error _nmass =SQRT(SUM error_mass[i]”"2,i=1,nc)/nc)

RMS mass=SQRT(SUM (m r[i]-mr _calc[i])”"2,i=1,nc)/nc)
DUPLI CATE i =1, nc
Error_mass[i]=(mr[i]-mr_calc[i])/ mr_nmean

END

mr_mean=SUM mr[i],i=1,nc)/nc
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"Data range:"

lower mEM N(m r[1..nc])/ mr_nean

upper _mEMAX(mr[1..nc])/ mr_nean

"Gas constant:”

R me1. 986

R=R_m M R22

M R22=MOLARMASS( R22)

"Cal cul ated mass flow rate:™

DUPLI CATE i =1, nc
mr_calc[i]=(1+CC((P_r_cond[i]/P_r_suction[i]))"(1/K[i]))*
V_dot _disp/v_suction[i]

"Volumetric efficiencies:”

eta V[i]=mr_calc[i]*v_suction[i]/V_dot_disp

eta V nmeasured[i]=mr[i]*v_suction[i]/V_dot_disp
"Capacity and mass flow rate:"
Cap[i]=mr[i]*(h_1r [i]-h_4r[i])

"Pol ytropi c exponent:"

k[ i] =SPECHEAT(R22, T=T_r _suction[i], P=P_r_suction[i])/ ( SPECHEAT
(R22, T=T_r _suction[i],P=P_r _suction[i])-R)
"Ent hal pi es: "

h_1r[i]=ENTHALPY(R22, P=P_1r[i], x=1)

h _1r [i]=ENTHALPY(R22, P=P_1r " [i], T=T_1r [i])
h_3r[i]=ENTHALPY(R22, P=P_3r[i], x=0)

h_3r [i]=ENTHALPY(R22, P=P_3r[i],T=T_3r [i]-0.001)
h_4r[i]=h_3r [i]

"Tenperatures:"

T 1r[i] =T _evap[i]

T 1r [i]=T_evap[i]+T_sup

T r_suction[i]=T evap[i]+T_sup

T 3r[i]=T_cond[i]

T 3r [i]=T_cond[i]-T_sub

T 4r[1]=T_evap[i]

"Pressures:”

P_r _cond[i]=PRESSURE(R22, T=T_cond[i], x=0)
P r _evap[i] =PRESSURE( R22, T=T _evap[i], x=1)
P_r_suction[i]=P_r_evap[i]*(1- DELTAP)
P_dis\P_suc[i]=P_r_cond[i]/P_r_evap[i]

P 1r[i]=P_r_evap[i]

P 1r [i]=P_r_evap[i]

P 2r[i]=P_r_cond[i]

P_2rs[i]=P_r_cond[i]

P 3r[i]=P_r_cond[i]

P 3r [i]=P_r_cond[i]

P  Ar[i ] =P_r evap[l]

"Speci fic vol unes:
v_suction[i]=VOLUME(R22, T=T _1r [i],P=P_r _suction[i])
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"Wites data to LOOKUP table:"

dummy[i]=writelLOOKUP(C, DELTAP, N dot di agr,V_dot _disp_par, N _cy,
nc, unitfl ag$, capor massfl ag$, T_sub_di agr, T_sup_di agr, LKT$)

END

V_dot di sp_par=V_dot _di sp*convert(ft~3/hr,ft*3/ m n)



Appendix D: EES-code for compressor model (power)

"Conpressor power nodel"

$OPENLOOKUP ' par aneter. | kt'
$SAVELOOKUP ' paraneter. | kt'

FUNCTI ON wri t eLOOKUP( a, b)
LOOKUP(1,' a'): =a
LOOKUP(1,"'b'): =b

wr i t eLOOKUP: =1

END

PROCEDURE capor mass(capor massfl ag$, uni tfl ag$, LKTS, i, h_1r ",
h_4r: Cap)

| F capormassfl ag$="' Capacity' THEN

| F unitflag$="SI"' THEN "SI systent

Cap: =LOOKUP( LKTS$, i, ' Capacity')*convert (kW Bt u/ hr)

ELSE "English systent

Cap: =LOOKUP( LKT$, i, ' Capacity")

ENDI F

ELSE

| F unitflag$="SI' THEN "SI systent

massf |l owr at e: =LOOKUP( LKTS$, i, ' mr')*convert (kg/ hr,| bm hr)
ELSE "Engl i sh systent

massfl owr at e: =LOOKUP( LKTS,i, ' mr')

ENDI F

Cap: =massflowrate*(h_1r -h_4r)

ENDI F

END

PROCEDURE uni t conv(unitfl ag$, V_dot_di sp, T_sub_di agr,

T sup_diagr:V_dot _disp_diagr, T_sub, T_sup)

| F unitflag$="SI' THEN "SI systent

V_dot di sp_di agr:=V_dot _disp*convert(ft~3/hr,1/s)
T sub: =T _sub_diagr*1.8

T sup: =T_sup_diagr*1.8

ELSE "English systent

V_dot _di sp_di agr: =V_dot di sp*convert (ft~3/hr,ft”~3/ mn)

T sub: =T_sub_di agr
T _sup: =T_sup_di agr
ENDI F

END

139
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PROCEDURE uni t convarray(unitfl ag$, T_condenser, T_evapor at or:
T cond, T_evap)

| F unitflag$="SI' THEN "SI systent

T cond: =T_condenser*1. 8+32

T evap: =T_evaporator*1. 8+32

ELSE "English systent

T cond: =T_condenser

T _evap: =T_evapor at or

ENDI F

END

"Reads information fromthe paraneter table:"
LKT$=LOOKUP$( 1, ' file conp')
nc=LOOKUP(1, "' nc')
uni tfl ag$=LOOKUPS$( 1, ' uc')
capor massfl ag$=LOOKUPS$( 1, ' norc')
"Capacity or mass flow rate:"
DUPLI CATE i =1, nc
CALL capormass(capormassfl ag$, unitflag$, LKTS$,i,h_1r [i],
h_4r[i]:Cap[i])
END
"Unit conversion:"”
CALL unitconv(unitflag$, V_dot_disp, T_sub_di agr,
T sup_diagr:V_dot _disp_diagr, T_sub, T_sup)
DUPLI CATE i =1, nc
CALL unitconvarray(unitflag$, T_condenser[i], T_evaporator[i]:
T cond[i], T evap[i])
"Conpressor input data:"
T condenser[i] =LOOKUP(LKTS$,i,' T_condenser")
T _evaporator[i] =LOOKUP(LKTS$,i,"' T_evaporator')
Power [ i ] =LOOKUP( LKTS$, i , ' Power ')
END
V_dot _di sp
=LOOKUP( 1,"' V_dot _disp')*convert(ft~A3/mn,ft~3/hr)
N _dot di agr=LOOKUP( 1, ' N _dot")
N_dot =N_dot _di agr*convert (1/ mn, 1/ hr)
N cy=LOOKUP( LKTS$, 1, N cy')
C=LOOKUP(1,'C)
DELTAP=LOOKUP( 1, ' DELTAP" )
"Rating conditions:"
T sub_di agr=LOOKUP(1,' T_sub_di agr"') "F, Subcooling”
T sup_di agr=LOOKUP(1,' T _sup_diagr"') "F, Return gas
t enper at ur e"
"Error cal culation:"
Error _nass =SQRT(SUM Error_mass[i]”"2,i=1,nc)/nc)
RMS mass=SQRT(SUM (mr[i]-mr _calc[i])”"2,i=1,nc)/nc)
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Error _power =SQRT( SUM Error _power[i]”"2,i=1,nc)/nc)

RMS power =SQRT(SUM (Power[i]-P_comcalc[i])”™2,i=1,nc)/nc)
DUPLI CATE i =1, nc

Error_mass[i]=(mr[i]-mr _calc[i])/ mr_nean
Error_power[i]=(Power[i]-P_comcalc[i])/P_comnean

END

mr_mean=SUMmr[i],i=1,nc)/nc

P_com nmean=SUM Power[i],i=1,nc)/nc

"Data range:"

lower _ MFM N(m r[1..nc])/ mr_nean

upper _mFMAX(mr[1..nc])/ mr_nean

| ower P=M N(Power[1..nc])/P_com nmean

upper _P=MAX(Power[1..nc])/P_com nmean

"Gas constant:"

R _mr1. 986

R=R_m M _R22

M _R22=MOLARMASS( R22)

"Cal cul ated mass flow rate:™

DUPLI CATE i =1, nc

mr _calc[i]=(1+C-C((P_r_cond[i]/P_r_suction[i]))"(1/k[i]))*
V_dot _di sp/v_suction[i]

"Volumetric efficiency:"”

eta V[i]=mr _calc[i]*v_suction[i]/V_dot _disp

eta V. _neasured[i]=mr[i]*v_suction[i]/V_dot _disp

"Capacity and mass flow rate:"

Cap[i]=mr[i]*(h_1r [i]-h_4r[i])

" Power : "

P comi]=mr[i]*(h_2r[i]-h_1r"[i])
P_confi]=P_comcalcl[i]*eta_conb[i]*convert (kW Bt u/ hr)
P_comcalc[i]*eta _conmb[i]=convert( WkW*mr _ calc[i]*convert(lb
m hr, kg/s)*(k[i]/(Kk[i]-

1))*P_r_suction[i]*convert(atm Pa)*(v_suction[i]*convert(ft"3/
I bm m3/kg))*((P_2r[i]/P_r _suction[i])~((k[i]-1)/k[i])-1)
eta_conb[i]=a+b/P_r_evap[i]

"Pol ytropi c exponent:"

k[ 1] =SPECHEAT(R22, T=T_r _suction[i],P=P_r_suction[i])/ ( SPECHEAT
(R22, T=T_r _suction[i],P=P_r_suction[i])-R)
"lsentropic efficiency:"

eta S[i]=mr[i]*(h_2rs[i]-h_1r [i])/P_conii]
"Entropies:"”

s_1r [i] =ENTROPY(R22, P=P_1r " [i], T=T_1r [i])
s 2rs[i]=s_1r [i]

"Ent hal pies:"

h_1r[i]=ENTHALPY(R22, P=P_1r[i], x=1)

h_1r [i]=ENTHALPY(R22, P=P_1r "[i], T=T_1r [i

1)
h_2rs[i]=ENTHALPY(R22, P=P_2rs[i],s=s_2rs[i])
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h _3r[i]=ENTHALPY(R22, P=P_3r[i], x=0)

h 3r [i] =ENTHALPY(R22,P=P_3r [i],T=T_3r [i]-0.001)
h 4r[i]=h_3r [i]

"Tenperatures:"”

T 1r[i]=T_evap[i]

T 1r [i]=T _evap[i]+T_sup

T r_suction[i]=T _evap[i]+T_sup

T 3r[i]=T_cond[i]

T 3r [i]=T_cond[i]-T_sub

T 4r[1]=T_evap[i]

"Pressures: "

' r_cond[ i ] =PRESSURE( R22, T=T_cond[i ], x=0)

P suc[i]:P_r cond[i]/P_r_evap[i]

| e | Bl [
I Il
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P_4r[i]=P_r_evap[i]

"Speci fic volunes: "
v_suction[i]=VOLUME(R22, T=T _1r [i],P=P_r _suction[i])
"Wites data in LOOKUP table:"
dummy[i] =writ eLOOKUP( a, b)

"Unit conversion for plot w ndows:"

mr _SI[i]=mr[i]*convert(lbm hr, kg/hr)
mr_calc_SI[i]=mr_calc[i]*convert(lbm hr, kg/hr)
END
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Appendix E: EES-code for vapor compression cycle

“Cal cul ates thernmodynam c state points and rate equations for
t he assuned vapor conpression cycle”

$OPENLOOKUP ' par aneter. | kt'
$SAVELOOKUP ' par aneter. | kt'

PROCEDURE uni tconvarrayl(unitfl ag$, Q evap_cat, SHC cat,
T db_anb _cat, T _db_1 cat, T _wb 1 cat: Q evap, SHC, T_db_anb, T _db_1,
T wo_1)

| F unitflag$="SI' THEN "SI systent

Q evap: =Q evap_cat *convert (kW Bt u/ s)

SHC: =SHC cat *convert (kW Bt u/ s)

T db_anb: =T _db_anb_cat*1. 8+32

T db_1:=T _db_1 cat*1.8+32

T wh 1:.=T wb_1 cat*1.8+32

ELSE "English systent

Q evap: =Q evap_cat *convert (MBt u/ hr, Bt u/ s)

SHC. SHC cat *convert (MBt u/ hr, Bt u/ s)

T db_anb: =T_db_anb_cat

T db_1:=T _db_1 cat

T wh 1:.=T wb_1 cat

ENDI F

END

PROCEDURE uni t convarray2(unitflag$,V circ_cat,V _cat_cat,
A evap_cat, Powerdraw comp_cat:V circ, V_cat, A evap,
Power dr aw_conp)

| F unitflag$="SI' THEN "SI systent

V circ:=V_circ_cat*convert(l/s,ft~3/ mn)
V_cat:=V_cat _cat*convert(l/s,ft*3/ m n)

A evap: =A _evap_cat *convert(m2,ft"2)

Power dr aw_conp: =Power dr aw_conp_cat

ELSE "Engl i sh systent

V circ:=V_circ_cat

V_cat: =V_cat _cat

A _evap: =A evap_cat

Power dr aw_conp: =Power dr aw_conp_cat

ENDI F

END

FUNCTI ON writ eLOOKUPL1(i, | ength, CT, ST, vel , EDB, EWB, LDB
LWB, T air_in, T air_out, T cond, mr,ma, Qcond, N conp, A evap)
LOOKUP( 1, ' Length'): =l ength
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LOOKUP(i ,' CT'): =CT
LOOKUP(i ,' ST'):=ST

LOOKUP(i , "vel ") :=vel

LOOKUP(i , " EDB') : =EDB

LOOKUP(i , " EWB') : =EVB

LOOKUP(i , ' LDB") : =L DB

LOOKUP(i , " LWB') : =LW\B
LOOKUP(i,"T_air_in") =T air_in
LOOKUP(i,"T air_out'):=T air_out
LOOKUP(i,"T_cond'):=T_cond
LOOKUP(i, " mr") C=mr
LOOKUP(i,"ma') :=m. a

LOOKUP(i,"'Q cond'):=Q cond
LOOKUP(1," N _conp'):=N_conmp
LOOKUP(i," A evap'):=A evap
wr it eLOOKUPL: =1

END

FUNCTI ON wri t eLOOKUP2( m r oof t op$, uni t fl ag$)
LOOKUP( 1, ' nu'):=m

LOOKUP( 1, ' file unit'):=rooftop$
LOOKUP( 1, 'uu'):=unitflag$

wri t eLOOKUP2: =1

END

n=1

"Wites information to the paranmeter table:"”

DUPLI CATE i =n, m
dummyl[i]=writeLOOKUPL1(i,length, T _3r[i], T 1r[i],FPMi],

T db_1[i],T_wb_1[i],T_db_2[i], T _wb_2[i], T_db_anb[i], T_db_co[i]
, T 3r[i],mr[i],mcond _al[i],Qcond[i], N conp, A evap[i])
END

dummy2=wri t eLOOKUP2( m r oof t op$, uni t fl ag$)

"Knowns from catal og: "

P_anmb=14.7

DUPLI CATE i =n, m

CALL unitconvarrayl(unitflag$, Q evap_cat[i], SHC cat[i],

T db_anb _cat[i], T db_1 cat[i], T wb 1 cat[i]: Q. evap[i],SHCi],
T db_anb[i], T _db_1[i], T _wb_1[i])

CALL unitconvarray2(unitflag$,V circ_cat[i],V_cat_cat[i],
A evap_cat[i], Powerdraw conp_cat[i]:V_circ[i],V_cat[i],

A evap[i], Powerdraw conp[i])

END

DUPLI CATE i =n, m

Q evap_cat[i] =LOOKUP( Roof t op$, i, #Q tot)

SHC cat[i] =LOOKUP( Roof t op$, i , #SHC)
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T db_anb _cat[i] =LOOKUP( Roof t op$, i , #TDB_anb)
T db_1 cat[i]=LOOKUP( Rooftop$,i, #TDB i)

T wb 1 cat[i]=LOOKUP(Rooftop$,i,#TWB i)

V circ_cat[i]=LOOKUP( Rooft op$,i,#V_ air)

V_cat _cat[i]=LOOKUP(1, #V_dot cond_f an)

Power draw_conp_cat [ i ] =LOOKUP( Roof t op$, i , #Power)
SHR[i]=SHC[i]/Q evap[i]

END

A evap_cat =A evap_cat[ 1]

DUPLI CATE i =n, m 1

A evap_cat[i]=A_evap_cat[i +1]

END

"Evaporator (air-side):"

DUPLI CATE i =n, m
Qevap[i]l=mali]*(h_1[i]-h_2[i])
mali]=rho_1[i]*V_a[i]

rho_1[i]=DENSI TY(Ai r H20, T=T_db 1[.] B=T wb_1[i],P=P_1[i])
w_1[i ] =HUMRAT( Ai r H20, T=T_db_1[i], P=P_anb, B=T_wb_1[i])
w_2[ i ] =HUMRAT( Ai r H20, T=T_db_2[i ], P= anb, B=T_wb_2[i])
h_1[i ] =ENTHALPY( Ai r H20, T=T_db_1[i], P=P_1[i], w=w_1[i])
h_2[i ] =ENTHALPY( Ai r H20, T=T _db_2[i ], P_2[ i1, w=w 2[i])

V_a[i]=V_circ[i]*convert(ft~"3/mn, ft~"3/s)
P_1[i]=P_anb

Q evap_sen[i]=Q evap[i]*SHR[ I ]

Q evap_sen[i]=mali]*c_pl[i]*dT[i]

Cc_pl[i] =SPECHEAT( Ai r H2O, T=T_mean_evap_a[i],
B=T_wb_nean_evap_al[i],P=P_1[i])
dT[i]=T_db_1[i]-T_db_2[i]

T mean_evap_al[i]=(T_db_1[i]+T_db_2[i])/2

T wb_nmean_evap_a[i]=(T_ wb_1[i]+T_wb _2[i])/2

P 2[i]=P_1[i]

FPMi]=V_circ[i]/A evap[i]

END

Lengt h=SQRT( A _evap[ n] *convert (ft"2,in"2))
"Condenser (air-side):"

DUPLI CATE i =n, m
Qcond[i]=mcond_a[i]*c_P_cond[i]*(T_db_co[i]-T_db_anb[i])
c_p_cond[i]=SPECHEAT(Ai r, T=T_nean_cond_a[i])

m cond_a[i]=V_cond_a[i]/vol _cond_a[i]
V_cond_a[i]=V_cat[i]*convert(ft*"3/ mn,ft"3/s)
vol _cond_a[i] =VOLUME(AI r, T=T_db_anb[i], P=P_anb)
T mean_cond_a[i]=(T_db_anb[i]+T_db_co[i])/2
END

"Conpressor data:"

N _dot =LOOKUP( 1, " N_dot")*convert(1/ mn, 1/ hr)
V_dot _di sp =LOOKUP( 1,"' V_dot disp')*convert(1/mn, 1/ hr)
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a=LOOKUP(1, " a")

b=LOOKUP(1,"'b")

C=LOOKUP(1,' C)

DELTAP=LOOKUP( 1, ' DELTAP" )

V_di sp=V_dot _di sp/ N_dot

DUPLI CATE i =n, m

P_r_suction[i]=P_r_evap[i]*(1- DELTAP)

“Speci fic volunes: "

v_suction[i]=VOLUVE(R22, T=T_1r[i],P=P_r _suction[i]-0.1)
"Pol ytropi c exponent:"

k[i] =SPECHEAT(R22, T=T_41r[i], P=P_r_suction[i]-0.1)/( SPECHEAT
(R22, T=T_1r[i],P=P_r _suction[i]-0.1)-R)

END

"Cal cul ation of the power:"

DUPLI CATE i =n, m
P_conmp[i]=N_conmp*(1-k | oss)*P_comcalc[i]*eta _conb[i]
*convert (W Btu/s)
P_comcalc[i]*eta_conb[i]=mr_calc[i]*convert(lbm hr, kg/s)
*(k[i]/(k[i]-21))*P_r_suction[i]*convert(psia,Pa)*(v_suction[i]
*convert (ft~3/Ibm m3/kg))*((P_r_cond[i]/P_r_suction[i])
MOCk[TT-1)7k[i])-1)

eta_conb[i]=a+tb/ (P_r_evap[i]*convert(psia,atm)
"Volumetric efficiency:"

eta V[i]=mr _calc[i]*v_suction[i]/V_dot _disp

"Cal cul ated mass flow rate:"
mr_calc[i]=(1+CC*((P_r_cond[i]/P_r_suction[i]))™(1/k[i]))
*V_dot _disp/v_suction[i]

"Qut put of conpressor nodel:"

Power draw_conmp[i ] =Power _r_conp[i]*convert (Btu/s, kW

Power r_conp[i] =N_conp*P_com cal c[i] *convert (W Btu/s)
Power r _conp_kWi]=N _comp*P_com cal c[i]*convert (W kW
mr[i]=N_conp*mr_calc[i]*convert(lbm hr,|bms)

END

"l deal gas constant:"

R mr1. 986

R=R_m M R22

M R22=MOLARMASS( R22)

"Refrigeration cycle:"

DUPLI CATE i =n, m

"Ener gy bal ance:"

Q evap[i]+P_conmp[i]=Q cond[i]

"Heat transfer at the evaporator:™
Qevap[i]=mr[i]*(h_1r[i]-h_4r[i])

"Power relationships for the conpressor:"

P comp[i]=mr[i]*(h_2r[i]-h_1r[i])

"Ent hal pi es: "
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h_1r[i]=ENTHALPY(R22, T=T_1r[i], x=1)

h_2r " [i]=ENTHALPY(R22, T=T_3r[i], x=1)
Qcond_real[i]=mr[i]*(h_2r [i]-h_3r[i])
h_3r[i]=ENTHALPY(R22, T=T_3r[i], x=0)
h_4r[i]=h_3r[i]

"Tenperatures:"

T 2r[i] =TEMPERATURE( R22, h=h_2r[i],P=P_r_cond[i])
T 2r [i] =TEMPERATURE( R22, P=P_r _cond[i], x=1)

T 4r[i] =TEMPERATURE( R22, h=h_4r[i], P=P_r __evap[i])
"Pressures:"
P_r_cond[i] =PRESSURE( R22, T=T_3r[i], x=0)

P_r _evap[i] =PRESSURE(R22, T=T_1r[i], x=1)

END
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Appendix F: EES-code for direct expansion coil model

“Cal cul ates the heat exchanger paraneters used for the direct
expansi on coil nodel”

$OPENLOOKUP ' par aneter. | kt'
$SAVELOOKUP ' par aneter. | kt'

PROCEDURE DryCoil (Length,ma, mref, EDB, EWB, CT, ST, C 1,C 2, C 3:
Qdry,LDB dry, LMB dry, hA o dry, hA i _dry)

LDB dry: =EDB "assuned | eaving dry bulb tenperature”
w_i : =HUMRAT( Ai r H2O, T=EDB, B=EWB, P=14. 7) "entering

hum dity ratio"

10: MDB _dry: =(EDB+LDB_dry)/2 "mean dry bulb tenperature”
MST_dry: =ST+(MDB_dry-ST)/ 10 "mean surface tenperature”
cp_b_a dry: =SPECHEAT( Ai r, T=MDB_dry) "specific
heat "

mu_b_a_dry: =VI SCOSI TY(Ai r, T=MDB_dryvy) "mean bul k
dynam c viscosity of air"”

k b _a dry: =CONDUCTI VI TY(Ai r, T=MDB_dry) “mean bul k

t hermal conductivity of air"

cp_s_a_dry: =SPECHEAT( Ai r, T=MST_dry) "specific
heat "

mu_s_a_dry: =VI SCOSI TY(Ai r, T=MST _dry) "dynam c
viscosity of air at mean surface tenperature”

k_s_a_dry: =CONDUCTI VI TY(Ai r, T=MST_dry) "t her mal
conductivity of air at nmean surface tenperature”

P_cond: =PRESSURE( R22, T=CT, x=0) "condenser
pressure"

P_evap: =PRESSURE( R22, T=ST, x=0) "evapor at or
pressure"

mu_ref 1:=VISCOSI TY(R22, T=ST, P=P_evap+0. 001) "dynam c

viscosity of liquid refrigerant”
k_ref 1: =CONDUCTI VI TY( R22, T=ST, P=P_evap+0. 001) "t her mal

conductivity of liquid refrigerant”

h_i n: =ENTHALPY( R22, T=CT, x=0) "speci fic enthal py of inlet
refrigerant”

h_out : =ENTHALPY( R22, T=ST, x=1) "specific enthal py of
outlet refrigerant”

X_in: =QUALI TY(R22, h=h_i n, T=ST) "inlet quality of

refrigerant”

h_f g: =ENTHALPY( R22, T=ST, x=1) - ENTHALPY( R22, T=ST, x=0) "I at ent
heat of fusion”

"Overall heat transfer coefficient-area products (dry-coil)"
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hA o dry:=C 1*(ma/mu_b a dry)*"C 2*(mu_b_a dry*cp_b a dry/k b_
a dry)”0.36*((mu_b_a dry*cp_b _a dry/k b _a dry)/(nmu_s _a dry*cp_
s a dry/k_s a dry))”0.25*k_b_a dry"Btu/ hr-ft"

hA i _dry:=C 3*k ref _1*((mref/mu_ref 1)*(1-x_in)*h_fg)”~0.45

UA tot dry:=1/(1/hA_i _dry+1/hA o _dry) "Btu/hr-F"

"Capaci tance rates"

Cmn:=ma*cp_b_a dry "“m ni num capaci tance rate”

NTU dry: =UA tot _dry/C mn "totally dry coil NTU s"
epsilon_dry: =1-exp(-NTU dry) "effectiveness of dry portion
coil"

Q dry: =epsilon_dry*C_m n*( EDB- ST) "energy transfer rate
for a totally dry coil"
LDB new dry: =EDB- Q dry/(m a*cp_b_a_dry) "air outl et

t enper ature”

| F (abs(LDB _dry-LDB new dry)>=0.1) THEN

LDB dry: =LDB new dry

goto 10

ENDI F

LWB_dry: =Wet Bul b( Ai r H20O, T=LDB_dry, P=14. 7, Wew_i ) "wet bul b
tenperature of air leaving dry portion of coil"

END

PROCEDURE Wet Coil (Length, ma, mref, EDB, EWB, CT, ST, FPM C 1, C 2,
C 3:Q wet, LDB wet, LVMB wet, hA o _wet, hA i _wet)

DP_i =DewPoi nt ( Ai r H20O, T=EDB, B=EWB, P=14. 7) "entering
dewpoi nt "

LDB_ wet : =EVB- 20 "assuned | eaving dry bulb

t enper at ur e"

w_i : =HUMRAT( Ai r H2O, T=EDB, B=EWB, P=14. 7) "entering

hum dity ratio"”

20: MDB_wet: =(EDB+LDB wet)/2 "mean dry bulb tenperature for a
totally wet coil"

MST wet : =ST+(MDB_wet -ST)/ 10 "nean surface tenperature for a
totally wet coil"”

cp_sat: =( ENTHALPY( Ai r H2O, T=DP_i , R=1, P=14.7) -

ENTHALPY( Ai r H2O, T=ST, R=1, P=14. 7))/ (DP_i - ST) "saturati on
specific heat"

h_a_i:=ENTHALPY( Ai r H20O, T=EDB, B=EWB, P=14.7) "speclFic

ent hal py of entering air"”

h ref _sat _i:=ENTHALPY(Ai r H2O, T=ST, R=1, P=14.7) "saturation
specific enthal py at suction tenperature”
cp_b_a_ wet: =SPECHEAT( Ai r, T=MDB_wet ) "specific heat”

mu_b_a wet: =VI SCOSI TY(Ai r, T=NDB_wet ) “mean bul k dynam c
viscosity of air"
k_b_a_wet:=CONDUCTI VI TY(AI r, T=MDB_wet ) "nean bul k t her nmal
conductivity of air"

cp_s_a_wet: =SPECHEAT( Ai r, T=MST_wet) "specific heat"
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mu_s_a_ wet: =VI SCOSI TY(Ai r, T=MST_wet) "dynam c viscosity of
air at nean surface tenperature”

k_ s _a wet:=CONDUCTI VI TY(Ai r, T=MST_wet) "t hermal conductivity
of air at mean surface tenperature”

P_cond: =PRESSURE( R22, T=CT, x=0) "condenser pressure”
P_evap: =PRESSURE( R22, T=ST, x=0) "“evaporat or pressure"
mu_ref _1:=VI SCOSI TY(R22, T=ST, P=P_evap+0. 001) "dynami c
viscosity of liquid refrigerant”

k_ref _1:=CONDUCTI VI TY(R22, T=ST, P=P_evap+0. 001) "therma
conductivity of liquid refrigerant”

h_i n: =ENTHALPY( R22, T=CT, x=0) " specific enthal py of inlet
refrigerant”

h_out : =ENTHALPY( R22, T=ST, x=1) "speci fic enthal py of
outlet refrigerant”
X_in:=QUALI TY(R22, h=h_i n, T=ST) "inlet quality of

refrigerant”

h_f g: =ENTHALPY( R22, T=ST, x=1) - ENTHALPY( R22, T=ST, x=0) "l at ent
heat of fusion”

"Overall heat transfer coefficient-area products (wet-coil)"
C f:=0.626*FPMO0. 101 "air side convection coefficient
correction factor for a totally wet coil"

hA o wet:=C f*C 1*(m.a/nu_b_a wet)"C 2*(nu_b_a wet*cp_b_a_ wet
Ik b a wet)”0.36*((nmu_b_a wet*cp_b _a wet/k b _a wet)

[(mu_s a wet*cp_s_a wet/k s a wet))”"0.25*k _b_a wet

"Btu/ hr-ft"
hA i _wet:=C 3*k ref_1*((mref/mu_ref 1)*(1-x_in)*h_fg)”"0.45
UA h:=1/(cp_sat/hA i _wet+cp_b_a wet/hA o _wet) "Btu/ hr-ft"

capAir\Wet:=m a

NTU wet: =UA h/m a

epsil on_wet: =1-exp(-NTU wet) "effectiveness of wet coil"
Qmax_wet:=m a*abs(h_a i-h_ref_sat i)

h a o:=h_a_i-epsilon_wet*Qmx_wet/capAi r Wt

h ref sat _o:=h_ref _sat i

Ri:=1/hA_ i wet

R o0: =1/ hA o_wet

Rratio:=R_i/(R_i+cp_b_a wet/cp_sat*R _0)

h s sat_i:=h_ref_sat_o+Rratio*(h_a i-h_ref_sat_o)

h s sat_o:=h_ref _sat _i+Rratio*(h_a o-h_ref _sat i)
T_s_i:=TEMPERATURE( Ai r H20, P=14. 7, R=1, h=h_s_sat _i)
Qwet:=ma*(h_a_i-h_a_ o)

capAir:=m a*( SpecHeat (Ai r, T=MDB_wet ) +w_i * SpecHeat ( H2Q,
T=NDB_wet ) )

capAir_2:=m a* SPECHEAT( Ai r H20O, T=VMDB_wet , P=14. 7, w=w_i )
NTU: =hA_o_wet/ capAir

epsi l on: =1- exp(- NTU)

h sat cond:=h_a i-(h_a_i-h_a _o)/epsilon
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T _cond: =TEMPERATURE( Ai r H20, P=14. 7, R=1, H=h_sat cond)
LDB _new_wet : =EDB- ( EDB- T_cond) *epsi | on

| F (abs(LDB_wet-LDB new wet)>=0.1) THEN

LDB wet: =LDB new wet

goto 20

ENDI F

w_0:=(h_a_o- (ENTHALPY(Ai r, T=LDB_wet) -

ENTHALPY( Ai r, T=0) ) )/ ENTHALPY( Wat er, T=LDB_wet , x=1)

LWB wet : =WETBULB( Ai r H2O, T=LDB_wet , P=14. 7, w=w_0) "F; wet bulb
tenperature of air |eaving wet portion of coil”

END

PROCEDURE Conpar e( EDB, EWB, ST, Q.dry, LDB dry, LWB dry,
hA o _dry, hA_ i _dry, Qwet, LDB wet, LWB wet, hA o_wet,
hA i _wet: Qcalc, LDB calc, LW calc, hA o _calc, hA i _calc)
DP_i =DEWPOI NT( Ai r H2O, T=EDB, B=EWB, P=14. 7) "F; entering dew
poi nt "

| F (DP_i <=ST) THEN

Qcalc:=Qdry

LDB cal c: =LDB dry

LWB cal c: =LWB dry

hA o_cal c: =hA o_dry

hA i _calc:=hA i _dry

ELSE

Ts i =(EDB+ST)/ 2

| F (DP_i <=Ts_i) THEN

|F (Q. dry>Q wet) THEN

Qcalc:=Qdry

LDB cal c: =LDB dry

LWB cal c: =LWB dry

hA o cal c: =hA o_dry

hA i _calc:=hA i _dry

ELSE

Q cal c: =Q wet

LDB cal c: =LDB_wet

LWB cal c: =LWB_wet

hA o_cal c: =hA o_wet

hA i _cal c: =hA i wet

ENDI F

ELSE

Q cal c: =Q wet

LDB cal c: =LDB_wet

LWB cal c: =LWB_wet

hA o cal c: =hA o_wet

hA i _cal c: =hA i _wet

ENDI F

ENDI F
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END

FUNCTI ON wri t eLOOKUP(C 1, C 2, C_3)
LOOKUP(1,' C 1'):=C 1

LOOKUP(1,' C 2'):=C 2

LOOKUP(1,' C_3'):=C 3

wr i t eLOOKUP: =1

END

n=LOOKUP( 1, "' nu')
DUPLI CATE i =1,n

EDB[ i ] =LOOKUP( i , #EDB) "entering air dry bulb tenperature”
EVB[ i ] =LOOKUP( i , #EW\B) "entering air wet bulb tenperature”
CT[i] =LOOKUP(i , #CT) "condensi ng tenperature"”

ST[i ] =LOOKUP(i , #ST) "suction tenperature”

FPM i ] =LOOKUP(i , #vel) "air velocity"

LDB[ i ] =LOOKUP(i , #LDB) "l eaving air dry bulb tenperature”

LWB[ i ] =LOOKUP(i , #LWB) "l eaving air wet bulb tenperature”

"Cat al og performance"
h_i[i]=ENTHALPY( Ai r H2O, T=EDB[i ], B=EVB[ i ], P=14. 7)
h_o[i]=ENTHALPY( Ai r H20, T=LDB[ i ], B=LWB[ i | , P=14. 7)
ma[i]=rho_std[i]*Area*FPM i ]*60
Qact[i]=mali]*(h_i[i]-h_o[i])

h_ref i [i]=ENTHALPY(R22, T=CT[i ], X=0)

h_ref _o[i]=ENTHALPY(R22, T=ST[i], X=1)
Qact[i]=mref[i]*(h_ref_of[i]-h_ref_i[i])

"Coi | nodel s"

Call DryCoil (Length,mali],mref[i],EDB[i],EWi],CT[i], ST[i]
,C1,C2,C3:Qdry[i],LDB dry[i],LWB dry[i],hA o dry[i],

hA i _dry[i])

Call WetCoil (Length,ma[i], mref[i], EDB[i]
ST[i],FPMi],C1,C 2,C 3:Qwet[i],LDB wet[i

hA o wet[i],hA i _wet[i])

Cal | Conpare
(EDB[i],EWB[i],ST[i],Qddry[i],LDB dry[i],LWB dry[i],

hA o dry[i],hA i _dry[i],Qwet[i],LDB wet[i], LVB wet[i],
hA o_wet[i],hA i _wet[i]:Q.calc[i],LDB calc[i],LW calc[i],
hA o calc[i],hA_i _calc[i])

END

Lengt h=LOOKUP( 1, #| engt h)

Area=l engt h"2*convert (i n*2,ft"2)

DUPLI CATE i =1, n

rho_std[i]=DENSI TY(Ai r, T=EDB[i ], P=14.7)

Q evap[i]=Q.act[i]*convert(Btu/hr, Btu/s)

Q evap_calc[i]=Q.calc[i]*convert(Btu/hr,Btu/s)

Error _evap_nean[i]=(Q _evap[i]-Q evap_calc[i])/ Q evap_nean

, EMB[i ], CT[i],
], LMB_wet[i],



153

END
Q evap_nean=SUM Q evap[i],i=1,n)/(n)
Error_evap=SQRT(SUM (Error_evap_nean[i])"2,i=1,n)/(n))
RMS _evap=SQRT(SUM (Q evap[i]-Q.evap_calc[i])"2,i=1,n)/n)
l ower =M N(Q evap[1l..n])/ Q evap_nean
upper _Q=MAX(Q_evap[1l..n])/ Q evap_nean
DUPLI CATE i =1, n
“Cal cul ation of plot variables:"
Q evaporator[i] =Q evap[i]*convert (Btu/s, MBtu/ hr)
Q evaporator_cal c[i]
=Q evap_calc[i]*convert (Btu/s, MBtu/ hr)
Q evaporator _SI[i]=Q evap[i]*convert (Btu/s, kW
Q evaporator_calc_SI[i]=Q evap_calc[i]*convert(Btu/s, kW
END
dummy=wri teLOOKUP(C 1, C 2, C 3)
DUPLI CATE i =1, n
T db_nean[i]=(EDB[i]+LDB[i])/2
T wo_nean[i]=(EWB[i]+LWB[i])/2
c_p_mean[i] =SPECHEAT( Ai r H2O, T=T_db_nean[i ], B=T_wb_nean[i ],
p=14.7)
SHC[i]=ma[i]*c_p_nean[i]*(EDB[i]-LDB[i])
*convert (Btu/ hr,Btu/s)
T db_mean_calc[i]=(EDB[i]+LDB calc[i])/?2
T wb_nmean_cal c[i]=(EWB[i]+LWB calc[i])/2
c_p_nean_cal c[i ] =SPECHEAT( Ai r H2O, T=T_db_nean_cal c[i ],
B=T_wb_nean_cal c[i], p=14.7)
SHC calc[i]=mai]*c_p_nean_calc[i]*(EDB[i]-LDB calc[i])
*convert (Btu/ hr,Btu/s)
Error _SHC nmean[i]=(SHC[i]-SHC calc[i])/SHC nmean
END
SHC mean=SUM SHC[i],i=1,n)/(n)
Error _SHC=SQRT(SUM (Error _SHC nean[i])”"2,i=1,n)/(n))
Error _total =(Error_SHC+Error_evap)/2
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Appendix G: EES-code for 3-parameter condensing coil model

“Cal cul ates the heat exchanger paraneters used for the 3-
par amet er condensi ng coil nodel”

$OPENLOOKUP ' par aneter. | kt'
$SAVELOOKUP ' par aneter. | kt'

PROCEDURE CondCoi |l (T_air_in, T air_out, T cond,mr,ma,C 4,C5,
C 6:hA i,hA o0,Q calc, epsilon)

mr:=myr*3600

m a: =m a* 3600

P_cond: =PRESSURE( R22, T=T_cond, x=1)

c_P: =SPECHEAT(R22, T=T_cond, P=P_cond+0. 001)

k_r: =CONDUCTI VI TY(R22, T=T_cond, x=0)

mu_r: =VI SCOSI TY(R22, T=T_cond, x=0)
rho_v_r:=DENSI TY(R22, T=T_cond, x=1)

rho_| r:=DENSI TY(R22, T=T_cond, x=0)

Pr:=c_P*mu_r/k_r

h_fg: =ENTHALPY( R22, T=T_cond, x=1) - ENTHALPY( R22, T=T_cond, x=0)

MDB: =(T_air_in+T_air_out)/2 "mean dry bul b tenperature”
MST: =T_cond- ( T_cond- MDB) / 10 "mean surface tenperature”
hA i:=C 6*(rho_Il r*(rho_|l _r-rho_v_ r)*k r~3*h_fg/(mu_r*(T_cond
-MST) ) ) "0. 25

c_P_b_a: =SPECHEAT( Ai r, T=NDB) "specific heat"

mu_b_a: =VI SCOSI TY( Ai r, T=NMDB) "mean bul k dynam c
viscosity of air"”

k_b_a: =CONDUCTI VI TY( Ai r, T=NDB) “mean bul k ther mal
conductivity of air"

c_P_s_a: =SPECHEAT( Ai r, T=MST) "specific heat”

mu_s_a: =VI SCOSI TY( Ai r, T=MST) "dynam c viscosity of air
at nmean surface tenperature”

k_s_a: =CONDUCTI VI TY( Ai r, T=MST) "thermal conductivity

of air at nmean surface tenperature”

hA o0:=C 4*(m.a/mu_b_a)"C 5*(mu_b_a*c_P b _a/k b _a)”0.36*((nu_b_
a*c_ P b a/lk b a)/(mu_s a*c P s alk s a))”0.25*k_b_a

UA tot:=1/(1/hA_i +1/ hA_0)

Cmn =ma*c P b a

NTU: =UA tot/C mn

epsi l on: =1- exp(- NTU)

Qcalc:=epsilon*C_ mn*(T_cond-T_air_in)

END

FUNCTI ON wri t eLOOKUP( C 4, C_5, C_6)
LOOKUP(1,' C 4') . =C 4
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LOOKUP(1,' C_5') . =C 5
LOOKUP(1,' C_6") . =C_6
Wr i t eLOOKUP: =1

END

dummy=wri t eLOOKUP(C 4, C 5, C _6)

n=1

mM=LOOKUP( 1, ' nu')

DUPLI CATE i =n, m

Cal |

CondCoi | (T_air_in[i],T_air_out[i], T _cond[i], mr[i],ma[i], C_4,
C5 C6:hAi[i],hAo[i],Qco _calc _hr[i],epsilon[i])

Q. cond_calc[i]=Q.co_calc_hr[i]*convert(Btu/hr, Btu/s)

END

DUPLI CATE i =n, m

T air_in[i]=LOOKUP(i,"'T air_in")

T air_out[i]=LOOKUP(i,"'T_ air_out")

T cond[i]=LOOKUP(i,"T_cond")

mr[i]=LOOKUP(i, " mr")

m a[i]=LOOKUP(i,"'ma')

Qcond[i]= LOOKUP(i,"' Q cond')
Error_cond_nean[i]=(Q_cond[i]-Q_cond _calc[i])/Q _cond_nean
END

Q cond_nean=SUM Q cond[i],i=n,m/(m n+l)

Error_cond =SOQRT(SUM (Error_cond_nean[i])"2,1=n,m/(m
n+l))

RMS cond=SQRT(SUM (Q cond[i]-Q.cond calc[i])"2,i=n,m/(mn+l))
lower =M N(Q cond[1..n)/Q cond_nean

upper _QGEMAX(Q cond[1..m )/ Q cond_nean

DUPLI CATE i =n, m

"“Cal cul ation of plot variables:"

Q condenser[i]=Q_cond[i]*convert(Btu/s, MBtu/ hr) "English
units"

Q condenser _cal c[i]=Q cond_calc[i]*convert(Btu/s, MBtu/ hr)
Q condenser _SI[i]=Q cond[i]*convert (Btu/s, kW

Q condenser _calc_SI[i]=Q cond_calc[i]*convert(Btu/s, kW
END
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Appendix H: EES-code for roofop packaged model

“Program cal cul ates predicted performance for different
operating points using the paraneters for the condenser,
evapor at or and conpressor nodel”

$OPENLOOKUP ' paraneter. | kt'
$SAVELOOKUP ' par aneter. |kt

PROCEDURE CondCoil (T_air_in, T air_out, T cond,mr,ma,C 4,C5,
C 6:hA i, hA o0,Q calc, epsilon)

mr:=mr*3600

m a: =m a* 3600

P_cond: =PRESSURE( R22, T=T_cond, x=1)

c_P: =SPECHEAT( R22, T=T_cond, P=P_cond+0. 001)
k_r:=CONDUCTI VI TY(R22, T=m n(152, T_cond), x=0)

mu_r: =VI SCOSI TY(R22, T=T_cond, x=0)
rho_v_r:=DENSI TY(R22, T=T_cond, x=1)

rho_| r:=DENSI TY(R22, T=T_cond, x=0)

Pr:=c_P*mu_r/k_r

h fg: =ENTHALPY( R22, T=T_cond, x=1) - ENTHALPY( R22, T=T_cond, x=0)
MDB: =(T_air_in+T_air_out)/2 "mean dry bulb tenperature”
MST: =T_cond- ( T_cond- MDB) / 10 "mean surface tenperature”
hA i:=C 6*(rho_| r*(rho_| _r-rho_v r)*k r~3*h_fg/(nmu_r*(T_cond
-MST) ) ) "0. 25

c_P_b_a: =SPECHEAT( Ai r , T=NDB) "specific heat"

mu_b_a: =VI SCOSI TY( Ai r, T=NMDB) “mean bul k dynam c
viscosity of air"

k_b_a: =CONDUCTI VI TY( Ai r, T=NDB) "mean bul k ther mal
conductivity of air”

c_P_s_a: =SPECHEAT( Ai r, T=MST) "specific heat”

mu_s_a: =VI SCOSI TY( Ai r, T=MST) "dynam c viscosity of air
at mean surface tenperature"”

k_s_a: =CONDUCTI VI TY( Ai r, T=MST) "thermal conductivity of

air at nean surface tenperature”

hA 0:=C 4*(ma/nmu_b _a)*"C 5*(nmu_b_a*c P b _a/k_b_a)”0. 36
*((mu_b_a*c_P b a/k b _a)/(mu_s_a*c_P_s a/k_s_a))”"0.25*k_b_a
UA tot:=1/(1/ hA_i +1/ hA 0)

Cmn:.=ma*c_ P b a

NTU: =UA tot/C mn

epsi | on: =1-exp(- NTU)

Q. calc:=epsilon*C mn*(T_cond-T_air _in)

END
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PROCEDURE DryCoil (Length,ma, mref, EDB, EWB, CT, ST,C 1,C 2, C 3:
Qdry,LDB dry, LMB dry, hA o dry, hA i _dry)

m ref:=mref*3600

m a: =m a* 3600

LDB dry: =EDB "assuned | eaving dry bulb tenperature"
w_i : =HUMRAT( Ai r H2O, T=EDB, B=EWB, P=14. 7) "entering

hum dity ratio”

10: MDB dry: =(EDB+LDB _dry)/?2 “mean dry bulb tenperature”
MST _dry: =ST+(MDB_dry-ST)/ 10 "mean surface tenperature"
cp_b_a_dry: =SPECHEAT( Ai r, T=NDB_dry) "specific heat"

mu_b_a dry: =VI SCOSI TY(Ai r, T=NDB_dry) "mean bul k dynam c
viscosity of air"”

k_b_a_dry: =CONDUCTI VI TY(AI r, T=MDB_dry) "nean bul k t her nal
conductivity of air”

cp_s_a dry . =SPECHEAT( Ai r, T=MST_dry) "specific
heat "
mu_s a dry - =VI SCOSI TY(Ai r, T=MST_dry) "dynam ¢

viscosity of air at nmean surface tenperature”
k s a dry: =CONDUCTI VI TY(Ai r, T=MST_dry) "thermal conductivity
of air at mean surface tenperature”

P_cond: =PRESSURE( R22, T=CT, x=0) "condensi ng
pressure"

P_evap: =PRESSURE( R22, T=ST, x=0) "evaporating
pressure"

mu_ref_1:=VI SCOSI TY(R22, T=ST, P=P_evap+0. 001) "dynam c

viscosity of liquid refrigerant”
k_ref 1:=CONDUCTI VI TY(R22, T=ST, P=P_evap+0.001) "therma

conductivity of liquid refrigerant”

h_i n: =ENTHALPY( R22, T=CT, x=0) "specific enthal py of inlet
refrigerant”

h_out: =ENTHALPY( R22, T=ST, x=1) "speci fic enthal py of
outlet refrigerant”

X_in:=QUALI TY(R22, h=h_i n, T=ST) “inlet quality of

refrigerant”

h_f g: =ENTHALPY( R22, T=ST, x=1) - ENTHALPY( R22, T=ST, x=0) "I at ent
heat of fusion"

"Overall heat transfer coefficient-area products (dry-coil)"
hA o dry:=C 1*(ma/mu_b _a dry)*"C 2*(mu_b_a dry*cp_b _a dry
[k _ b _a dry)?0.36*((nmu_b_a dry*cp_b a dry/k b _a dry)/

(mu_s_a dry*cp_s_a dry/k_s_a dry))”"0.25*k_b_a_dry
Ai _dry:=C 3*k_ref_1*((mref/mu_ref _1)*(1-x_in)*h_fg)~"0. 45
UA tot _dry:=1/(1/hA_i _dry+1/hA o _dry)

"Capaci tance rates”

C mn:=ma*cp_b_a dry "m ni num capaci tance rate"

NTU dry: =UA tot _dry/C mn "totally dry coil NTU s"
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epsilon_dry: =1-exp(-NTU dry) "effectiveness of dry portion
coi |

Qdry: =epsilon_dry*C _m n*(EDB-ST) "energy transfer rate for a
totally dry coil"

LDB new dry: =EDB-Q dry/(m a*cp_b_a dry)"air outlet

t enper ature”

| F (abs(LDB_dry-LDB_new dry)>=0.1) THEN

LDB dry: =LDB new dry

goto 10

ENDI F

LWB_dry: =Wet Bul b( Ai r H2O, T=LDB_dry, P=14. 7, Wew_i ) "wet bulb
tenperature of air leaving dry portion of coil"

END

PROCEDURE Wet Coi | (Length, m a, m ref, EDB, EWB, CT, ST, FPM C_1, C 2,
C 3:Q wet, LDB wet, LV\B wet, hA o _wet, hA i wet)

m ref:=mref*3600

m a: =m a* 3600

DP_i : =DewPoi nt (Al r H20O, T=EDB, B=EWB, P=14.7) "entering
dewpoi nt "

LDB_wet : =EVB- 20 "assuned | eaving dry bulb

t enper ature”

w_i : =HUMRAT( Ai r H2O, T=EDB, B=EWB, P=14.7) "entering hum dity
ratio”

20: NDB_wet: =( EDB+LDB_wet )/ 2 "mean dry bulb tenperature
for a totally wet coil"”
MST_wet : =ST+( MDB_wet - ST) / 10 "mean surface tenperature

for atotally wet coil™
cp_sat: =( ENTHALPY( Ai r H20O, T=DP_i , R=1, P=14. 7) - ENTHALPY( Ai r H2O

T=ST, R=1, P=14.7))/ (DP_i - ST) "saturation specific heat”
h_a_i: =ENTHALPY( Ai r H2O, T=EDB, B=EWB, P=14. 7) "specific
ent hal py of entering air"

h_ref sat |:=ENTHALPY( Ai r H2O, T=ST, R=1, P=14.7)

"saturation specific enthal py at suction tenperature”
cp_b_a wet:=SPECHEAT( Ai r, T=MDB_wet) "specific
heat "
mu_b_a wet: =VI SCOSI TY(Ai r, T=NDB_wet ) "mean bul k
dynam c viscosity of air”

k b _a wet:=CONDUCTI VI TY(AI r, T=MDB_wet ) "mean bul k

t hermal conductivity of air”

cp_s_a_wet: =SPECHEAT( Ai r, T=MST_wet) "specific
heat "

mu_s_a wet: =VI SCOSI TY(AI r, T=MST_wet) "dynam ¢
viscosity of air at nmean surface tenperature”

k s _a wet:=CONDUCTI VI TY(AI r, T=MST_wet) "t her nal

conductivity of air at nmean surface tenperature”
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P_cond: =PRESSURE( R22, T=CT, x=0) "condensi ng
pressure"

P_evap: =PRESSURE( R22, T=ST, x=0) "evapor at or
pressure"

mu_ref 1:=VISCOSI TY(R22, T=ST, P=P_evap+0. 001) "dynam c

viscosity of liquid refrigerant”
k_ref _1:=CONDUCTI VI TY(R22, T=ST, P=P_evap+0. 001) "t her nal

conductivity of liquid refrigerant”

h_i n: =ENTHALPY( R22, T=CT, x=0) "speci fic enthal py of inlet
refrigerant”

h_out : =ENTHALPY( R22, T=ST, x=1) "specific enthal py of
outlet refrigerant”

X_in: =QUALI TY(R22, h=h_i n, T=ST) "inlet quality of

refrigerant”

h_fg: = ENTHALPY(R22, T=ST, x=1) - ENTHALPY( R22, T=ST, x=0) "I at ent
heat of fusion”

"Overall heat transfer coefficient-area products (wet-coil)"
C f:=0.626*FPM0. 101 "air side convection
coefficient correction factor for a totally wet coil"”

hA o wet:=C f*C 1*(ma/mu_b_a wet)"C 2*(nmu_b_a wet*cp_b_a wet
[k _b_a wet)”0.36*((nmu_b_a wet*cp_b_a wet/k_b_a wet)

/[(mu_s_a wet*cp_s_a wet/k_s_a wet))”0.25*k_b_a_ wet

"Btu/ hr-ft"
hA i _wet:=C 3*k _ref _1*((mref/mu_ref 1)*(1l-x_in)*h _fg)”"0.45
UA h:=1/(cp_sat/hA i _wet+cp_b_a wet/hA o_wet) "Btu/ hr-ft"

capAi r\\et: =m a

NTU wet: =UA h/m a

epsilon_wet: =1-exp(-NTU wet) "effectiveness of wet coil"”
Qmax_wet:=m a*abs(h_a_i-h_ref_sat i)

h_a o:=h_a_i-epsilon_wet*Qrax_wet/ capAir Wt

h ref _sat _o:=h_ref _sat i

Qwet:=ma*(h_a i-h_a o)

capAir:=m a*( SpecHeat (Ai r, T=MDB_wet ) +w_i * SpecHeat ( H2Q,
T=NDB_wet ) )

NTU: =hA o_wet/ capAir

epsi l on: =1- exp( - NTU)

h_sat _cond:=h_a i-(h_a_i-h_a_o)/epsilon

T _cond: =TEMPERATURE( Ai r H2O, P=14. 7, R=1, H=h_sat cond)

LDB new wet : =EDB- ( EDB- T_cond) *epsi | on

| F (abs(LDB_wet-LDB _new wet)>=0.1) THEN

LDB wet: =LDB new wet

goto 20

ENDI F

w_o0: =(h_a_o- (ENTHALPY(Ai r, T=LDB_wet ) - ENTHALPY( Ai r, T=0)))
/| ENTHALPY( WAt er, T=LDB_wet , x=1)
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LWB_ wet : =WETBULB( Ai r H20O, T=LDB_wet , P=14. 7, w=w_0) "wet bul b
tenperature of air |eaving wet portion of coil"
END

PROCEDURE Conpar e( EDB, EWB, ST, Q dry, LDB dry, LMWB dry, hA o _dry,
hA i _dry, Q wet, LDB_wet, LWB_wet, hA o_wet, hA i _wet: Q calc,LDB ca
| c, LMB_cal c, hA o_calc,hA i _calc)
DP_i =DEWPOI NT( Ai r H20O, T=EDB, B=EWB, P=14. 7) "entering dew
poi nt"

| F (DP_i <=ST) THEN
Qcalc:=Qdry

LDB cal c: =LDB dry

LWB cal c: =LWB _dry

hA o _cal c: =hA o_dry

hA i _calc:=hA i _dry

ELSE

Ts i =( EDB+ST)/ 2

| F (DP_i <=Ts_i) THEN

| F (Q.dry>Q wet) THEN
Qcalc:=Qdry

LDB cal c: =LDB _dry

LWB cal c: =LWB dry

hA o cal c: =hA o_dry

hA i _calc:=hA_i dry

ELSE

Q cal c: =Q wet

LDB cal c: =LDB_wet

LWB _cal c: =LV\B_wet

hA o_cal c: =hA o_wet

hA i cal c:=hA i wet

ENDI F

ELSE

Q cal c: =Q wet

LDB cal c: =LDB_wet

LWB cal c: =LWB_wet

hA o_cal c: =hA _o_wet

hA i _cal c: =hA i wet

ENDI F

ENDI F

END

PROCEDURE uni t convarrayl(unitfl ag$, Q evap_cat, SHC cat,

T db_anb _cat, T _db_1 cat,T_wb 1 cat: Q evap, SHC, T_db_anb, T _db_1,
T wo_1)

| F unitflag$="SI' THEN "SI systent

Q evap: =Q evap_cat *convert (kW Bt u/ s)



161

SHC. =SHC cat *convert (kW Bt u/ s)

T db_anb: =T_db_anb_cat*1. 8+32

T db_1:=T db_1 cat*1.8+32

T wh_1:=T _wb_1 cat*1.8+32

ELSE "English systent

Q evap: =Q evap_cat *convert (MBt u/ hr, Btu/ s)
SHC: =SHC cat *convert (MBt u/ hr, Bt u/ s)
T db_anb: =T _db_anmb_cat

T db_1:=T_db_1 cat

T wb 1:.=T wb_1 cat

ENDI F

END

PROCEDURE uni t convarray2(unitflag$,V circ_cat,V _cat_cat,
A evap_cat, Powerdraw conmp_cat:V circ, V_cat, A evap,
Power dr aw_conp)

| F unitflag$="SI' THEN "SI systent
V_circ:=V_circ_cat*convert(l/s,ft"3/ mn)
V_cat:=V_cat_cat*convert(l/s,ft~3/ mn)

A evap: =A evap_cat *convert(nt2, ft"2)

Power dr aw_conp: =Power dr aw_conp_cat

ELSE "English systent

V_ circ:=V_circ_cat

V_cat:=V_cat cat

A _evap: =A evap_cat

Power dr aw_conp: =Power dr aw_conp_cat

ENDI F

END

"Reads information from paraneter table:"
Roof t op$=LOOKUPS$( 1, ' file_unit')
m=LOOKUP( 1, ' nu')

uni tfl ag$=LOOKUPS$( 1, ' uu')
n=1

"Calls coil nodels”

DUPLI CATE i =n, m

Call DryCoil (Length,mal[i],mr
T 3r[i],T_1r[i],C1,C2,C3:Qd
hA o dry[i],hA_i _dr ]

Cal | Wet Coil (Lengt h,
T 1r[i],FPMi], C 1,C 2
hA o wet[i], hA_i met[i
Call Conpare(T db_1[1],T wb 1[i], T 2r[i],Qddry[i],LDB dry[i],
LWB_dry[i],hA o dry[i],hA i _dry[i],Qwet[i],LDB wet[i],

LWB wet[i],hA o wet[i],hA i _wet[i]:Qev_ca hr[i],LDB calc[i],
LWB calc[i],hA o calc[i],hA i _calc[i])

, T db_1[i], T wb_1]i],
i],LDB dry[l] LWB dry[i],

,mr[i], T_db_ 1[i], T _wb_1[i], T 3r[i],
> 3:Q wet[i],LDB wet[i], LWB wet[i],
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Q evap_calc[i]=Q.ev_ca _hr[i]*convert(Btu/hr, Btu/s)

END

DUPLI CATE i =n, m

Error __evaporator_nean[i] =(Q _evap_catal og[i]

-Q evap_calc[i])/ Q _evaporat or_nean

Error _SHC nean[i]=(SHC catal og[i]-SHC calc[i])/SHC nean
END

SHC mean=SUM SHC catal og[i],i=n,m/(m n+l)

Error SHC=SQRT(SUM (Error_ _SHC nmean[i])”"2,i=n,m/(mn+l))
Q _evapor ator _mean=SUM Q _evap_catal og[i],i=n,m/(m n+l)
Error _evapor at or =SQRT( SUM (Error_evaporator_nean[i])”"2,i=n,m
[ (mn+l))

DUPLI CATE i =n, m

Cal |

CondCoi | (T_db_anmb[i], T _db_co[i], T 3r[i],mr[i],mcond a[i],
C4,C5 C6:hA cond_i[i],hA cond o[i],Qco ca hr[i],
epsilon_cond[i])

Q. cond_calc[i]=Q.co_ca_hr[i]*convert(Btu/hr,Btu/s)

END

DUPLI CATE i =n, m

Error_conpressor_nean[i] =(Powerdraw_conp_catal og[i]
-Power _r_conp_kWi])/ Power _catal og_nean

END

Power cat al og_nmean=SUM Power draw_conp_catal og[i],i=n,m
/[ (mn+l)
Error_conpressor =SQRT( SUM (Error _conpressor_nean[i])”"2,i=n,n
[ (mn+l))

"Heat exchanger paranmeter as a result of optim zation:"
C 1=LOOKUP(1,'C 1") "evaporator outer heat transfer”
C 2=LOOKUP(1,'C 2") "evaporat or outer heat transfer”
C 3=LOOKUP( 1, 'C 3") "“evaporator inner heat transfer”
C 4=LOOKUP(1,'C 4") "condenser, outer heat transfer”
C 5=LOOKUP(1,'C 5") "condenser, outer heat transfer”
C 6=LOOKUP(1,' C 6") "condenser, inner heat transfer”

" ROOFTOP- MODEL : "

P_amb = 14.7 "anmbi ent pressure”

DUPLI CATE i =n, m

CALL unitconvarrayl(unitflag$, Q evap_cat[i], SHC cat[i],
T db_anb _cat[i], T _db_ 1 cat[i], T _wb 1 cat[i]:Q evap_catalog[i],
SHC catalog[i], T _db_anb[i], T _db_1[i], T wb_1[i])

CALL unitconvarray2(unitflag$,V circ _cat[i],V_cat _cat[i],
A evap_cat[i], Powerdraw conp_cat[i]:V_ circ[i],V_cat[i],
A evap[i], Powerdraw conmp_catal og[i])

END

DUPLI CATE i =n, m

Q evap_calc[i]=Q evap[i]
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Q. cond_calc[i]=Q cond[i]

Q evap_cat[i] =LOOKUP( Rooft op$, i, #Q tot) "total heat
transfer rate for conparison”
SHC cat[i] =L OOKUP( Roof t op$, i , #SHC)

"sensi bl e heat capacity for conparison”
SHR catal og[i]=SHC catal og[i]/Q evap_catalog[i] "sensible
heat ratio for conparison”
Power dr aw_conp_cat [ i ] =LOOKUP( Roof t op$, i , #Power ) "power dr aw
of all conpressors for conparison”

T _db_anb_cat[i] =LOOKUP( Roof t op$, i , #TDB_anb)

"anmbi ent drybul b tenperature”
T db_1 cat[i]=LOOKUP(Rooftop$,i,#TDB i) "entering
drybul b tenperature”
T wb_1 cat[i]=LOOKUP(Rooftop$,i,#TWB_ i) “entering
wet bul b t enper at ure”
V circ_cat[i]=LOOKUP( Rooftop$,i,#V_ air) “circulation
air flowrate"
V_cat_cat[i]=LOOKUP(1,"'V_dot_cond fan") "vol unme fl ow
rate of condenser fan"
A evap_cat[i]=LOOKUP(1," A evap') "evaporator face area"
END
N_conmp=LOOKUP(1,"' N _conp') "nunmber of

conpressors”

"Evaporator (air-side):"

DUPLI CATE i =n, m

mal[i]=rho_1[i]*V_a[i]

rho_1[i]=DENSI TY(AI rH20O, T=T_db_1[i],B=T_wb_1[i],P=P_1[1i])
V_ a[i]=V_circ[i]*convert(ftA"3/mn, ft"3/s)

P_1[i]=P_anb

FPMi]=V_ circ[i]/A evap[i] "air velocity"

END

Lengt h=SQRT( A _evap[ n] *convert (ft"2,in"2))

"Condenser (air-side):"

DUPLI CATE i =n, m
Qcond[i]=mcond _a[i]*c_P cond[i]*(T_db_co[i]-T_db_anb[i])
c_P_cond[i] =SPECHEAT(Ai r, T=T_nean_cond_a[i])

m cond_a[i]=V_cond_a[i]/vol cond_a[i]
V_cond_af[i]=V_cat[i]*convert(ft"3/ mn,ft"3/s)

vol _cond_a[i]=VOLUME(AI r, T=T_db_anb[i], P=P_anb)

T mean_cond_a[i]=(T_db_anb[i]+T_db_co[i])/2

END

"Conpressor data:"

N _dot =LOOKUP( 1, "' N_dot')*convert(1/ mn, 1/ hr)

V_dot _di sp =LOOKUP( 1,"' V_dot _disp')*convert(1/ mn, 1/ hr)
a=LOOKUP(1," a")

b=LOOKUP(1,"'b")
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C=LOOKUP(1,'C)

DELTAP=LOOKUP( 1, ' DELTAP')

V_di sp=V_dot _di sp/ N_dot

DUPLI CATE i =n, m

P r _suction[i] = P r _evap[i]*(1-DELTAP)
v_suction[i] =VOLUME(R22, T=T_1r[i],P=P_r_suction[i]-0.1)
"Pol ytropi c exponent:"

kK[i]=SPECHEAT(R22, T=T_1r[i],P=P_r _suction[i]-0.1)

[ (SPECHEAT(R22, T=T_1r[i],P=P_r _suction[i]-0.1)-R)
"Cal cul ation of the power:"
P_conmp[i]=N_conmp*(1-k_loss)*P_comcalc[i]
*eta_conb[i]*convert (W Btu/s)

P comcalc[i]*eta _conb[i]=mr _calc[i]*convert(lbm hr, kg/s)
*(k[i]/(k[i]-1))*P_r_suction[i]*convert(psia,Pa)*(v_suction[i]
*convert (ft~3/Ibm m3/kg))*((P_r_cond[i]/P_r_suction[i])
AOCk[TT-1)7k[i])-1)

eta _conb[i]=a+b/ (P_r _evap[i]*convert(psia, atm)
"Volumetric efficiency:”

eta V[i]=mr _calc[i]*v_suction[i]/V_dot _disp
"Cal cul ated mass flow rate: ™
mr_calc[i]=(1+C-C((P_r_cond[i]/P_r_suction[i]))
AN(1/K[1]))*V_dot _disp/v_suction[i]

"Qut put of conpressor nodel:"

Power draw _conp[i] =Power _r _conp[i]*convert(Btu/s, kW
Power r_conp[i]=N_conmp*P_com calc[i]*convert(WBtu/s)
Power r_conp_kWi]=N_conmp*P_com cal c[i]*convert (W kW
mr[i]=N_conp*mr _calc[i]*convert(lbm hr,|bms)

END

"l deal gas constant:"

R _mr1. 986

R=R_m M _R22

M _R22=MOLARMASS( R22)

"Refrigeration cycle:"

DUPLI CATE i=n, m

"Ener gy bal ance: "

Q evap[i] +P_comp[i]=Q cond[i ]

"Heat transfer at the evaporator:"
Qevapl[i]=mr[i]*(h_2r[i]-h_4r[i])

"Power relationships for the conpressor:™

P comp[i]=mr[i]*(h_2r[i]-h_1r[i])

"Ent hal pi es: "

h_1r[i]=ENTHALPY(R22, T=T_1r[i], x=1)

h_2r [i]=ENTHALPY(R22, T=T_3r[i], x=1)
h_3r[i]=ENTHALPY(R22, T=T_3r[i], x=0)

h_4r[i]=h_3r[i]

"Tenperatures:"”
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T 2r[i] =TEMPERATURE( R22, h=h_2r[i],P=P_r_cond[i])

T 2r [i] =TEMPERATURE(R22, P=P_r _cond[i], x=1)

T 4r[i] =TEMPERATURE( R22, h=h_4r[i], P=P_r _evap[i])
"Pressures:”
P_r_cond[i]=PRESSURE( R22, T=T_3r[i], x=0)"condensi ng pressure"
P_r_evap[i] =PRESSURE( R22, T=T_1r[i], x=1)"evaporati ng pressure"
“Cal cul ates sensible capacity:"

T db_nean[i]=(T_db_1[i]+LDB calc[i])/2

T wb nmean[i]=(T_wbo_1[i]+LWB calc[i])/2

Cc_p_air[i] =SPECHEAT(Ai r H2o0, T=T_db_nean[i ], B=T_wb_nean[i],
P=P_anb)

SHC calc[i]=maJi]*c_p_air[i]*(T_db_1[i]-LDB calc[i])

"Pl ot variables:"

Q evaporator _SI[i]=Q evap[i]*convert(Btu/s, kW

Q evaporator_catalog _SI[i]=Q evap_catal og[i]*convert(Btu/s, kW
P_conpressor _Sl[i]=Power _r_conp_kWi ]

P_conpressor _catalog SI[i]=Powerdraw conp_catal og[i]

SHC SI[i]=SHC calc[i]*convert(Btu/s, kW

SHC catal og _SI[i]=SHC catal og[i]*convert(Btu/s, kW

Q evaporator _Engl[i] =Q evap[i] *convert (Btu/s, MBtu/ hr)

Q evaporator_catal og_Engl[i]=Q evap_catal og[i]*convert(Btu/s,
VBt u/ hr)

SHC Engl [i]=SHC cal c[i]*convert(Btu/s, MBtu/hr)

SHC catal og Engl[i]=SHC catal og[i]*convert(Btu/s, MBtu/hr)
END
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Appendix | :-EES-code for 6-parameter condensing coil model

“Cal cul ates the heat exchanger paraneters used for the 6-
par amet er condensi ng coil nodel”

$OPENLOOKUP ' par aneter. | kt'
$SAVELOOKUP ' par aneter. | kt'

PROCEDURE CondCoil (T_db_int, T 2r, T air_in, T_air_out, T _cond,
mr,ma,C4,C5 C6,C7,C8 C9hAi,hA o0,Qcond,epsilon)
mr:=myr*3600

m a: =m a* 3600

P_cond: =PRESSURE( R22, T=T_cond, x=1)

"condensi ng part:"

c_P: =SPECHEAT( R22, T=T_cond, P=P_cond+0. 001)
k_r:=CONDUCTI VI TY(R22, T=T_cond, x=0)

mu_r: =VI SCOSI TY(R22, T=T_cond, x=0)
rho_v_r:=DENSI TY(R22, T=T_cond, x=1)

rho_| r:=DENSI TY(R22, T=T_cond, x=0)

Pr:=c_P*mu_r/k_r

h fg: =ENTHALPY( R22, T=T_cond, x=1) - ENTHALPY( R22, T=T_cond, x=0)

MDB: =(T_air_in+T_db_int)/2 "mean dry bulb tenperature”
MST: =T_cond- ( T_cond- MDB) / 10 "mean surface tenperature”
hA i:=C 6*(rho_| r*(rho_| _r-rho_ v r)*k r~"3*h_fg/(mu_r*(T_cond-
MST) ) ) ~0. 25

c_P_b_a: =SPECHEAT( Ai r , T=NDB) "specific heat"

mu_b_a: =VI SCOSI TY( Ai r, T=NMDB) “mean bul k dynam c
viscosity of air"

k_b_a: =CONDUCTI VI TY( Ai r, T=NDB) "mean bul k ther mal
conductivity of air”

c_P_s_a: =SPECHEAT( Ai r, T=MST) "specific heat”

mu_s_a: =VI SCOSI TY( Ai r, T=MST) "dynam c viscosity of air
at mean surface tenperature"”

k_s_a: =CONDUCTI VI TY( Ai r, T=MST) "thermal conductivity

of air at mean surface tenperature”

hA 0:=C 4*(ma/nmu_b _a)*"C 5*(nmu_b_a*c P b _a/k_b_a)”0. 36
*((mu_b_a*c_P b a/k b _a)/(mu_s_a*c_P_s a/k_s_a))”"0.25*k_b_a
UA tot:=1/(1/ hA_i +1/ hA 0)

Cmn:.=ma*c_ P b a

NTU: =UA tot/C mn

epsi | on: =1-exp(- NTU)

Q cond: =epsilon*C m n*(T_cond-T_air _in)

END
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PROCEDURE Super (T _db_int, T 2r, T air_in, T air_out, T cond, mr,
ma,C4,C5 C6,C7,C8 C9:hA i _sup,hA o sup, Q sup,
epsi l on_sup)

mr:=mr*3600

m a: =m a* 3600

P_cond: =PRESSURE( R22, T=T_cond, x=1)

"desuper heati ng”

T mean_ref _sup:=(T_2r+T_cond)/ 2

c_P ref _sup: =SPECHEAT(R22, T=T_nean_ref sup, P=P_cond)
k_ref _sup: =CONDUCTI VI TY(R22, T=T_mean_ref _sup, P=P_cond)
mu_ref _sup: =VI SCOSI TY(R22, T=T_nmean_r ef _sup, P=P_cond)
MDB _sup:=(T_db_int+T air_in)/2

MST _sup: =T _nean_ref sup*0. 95 "mean surface tenperature”
c_P _b_a sup: =SPECHEAT( Ai r, T=MDB_sup) "specific heat”
mu_b_a sup: =VI SCOSI TY(Ai r, T=NMDB_sup) “mean bul k
dynam c viscosity of air"

k_b_a_sup: =CONDUCTI VI TY( Ai r, T=MDB_sup) "mean bul k

t hermal conductivity of air”

c_P s _a sup: =SPECHEAT( Ai r, T=MST_sup) "specific heat”

2 |

s a _sup: =VI SCOSI TY(Ai r, T=MST_sup) "dynam c viscosity of

air at nmean surface tenperature”

k_s_a_sup: =CONDUCTI VI TY(AI r, T=MST_sup) "thermal conductivity
of air at mean surface tenperature”

hA o sup:=C 7*(m.a/nmu_b_a sup)”C 8*(nmu_b_a sup*c_P b _a sup
[k _b_a sup)”0.36*((nmu_b_a_sup*c_P_b_a sup/k b_a sup)

/(nu S_a sup*c_P_ s a sup/k s_a sup))AO 25*k _b_a_sup

hA i _sup: C_9*K;ref_sup (nLr/nu_ref_sup)AO 8*(nu_ref_sup

*c P ref _sup/k_ref _sup)”0.4

UA sup: =1/ (1/hA_i _sup+l/ hA _o_sup)

Cair:=ma*c_P_b_a sup

Cref:=mr*c_p_ref_sup

Cmn_sup:=mn(C_air,C ref)

C _max_sup: =max(C air, C ref)

C r_sup:=C mn_sup/ C_max_sup

NTU sup: =UA sup/ C_m n_sup

| F C air>C ref THEN

epsilon_sup:=(1/Cr_sup)*(1-exp(-C. r_sup*(1-exp(-NTU sup))))
ELSE

epsilon_sup: =1-exp(-C.r_sup™(-1)*(1-exp(-C.r_sup*(NTU sup))))
ENDI F

Q sup: =epsilon_sup*C mn_sup*(T_2r-T_db_int)

END

FUNCTI ON wri tel ookup(C 4,C5,C6,C7,C8,C9)
| ookup(1,'C 4") C 4
| ookup(1,'C.5") C5
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| ookup(1,'C 6")

| ookup(1,'C. 7")

| ookup(1,'C 8")

| ookup(1,'C 9")

writel ookup =1
END

I
©oOo~NO®

BOMROR

dummy=writ el ookup(C 4,C5,C6,C7,C8,C9)

n=1

m=l ookup(1, ' nu')

DUPLI CATE i =n, m

Call CondCoil (T_db_int[i],T 2r[i], T air_in[i], T_air_out[i],
T cond[i], mr[i], mali],
C4,C5C6,C7,C8C9:hAi[i],hA0[i],Qco_calc_hr[i],epsilo
nfi])

Call Super (T_db_int[i], T 2r[i],T_air_in[i], T_air_out[i],
T cond[i], mr[i], mali],

C4,C5 C6,C7,C8,C9:hA i _sup[i],hA o sup[i],Qsup_calc_hr[
i],epsilon_sup[i])

Q sup_calc[i]=Q sup_calc_hr[i]*convert(Btu/hr, Btu/s)

Q. cond_calc[i]=Q.co_calc_hr[i]*convert(Btu/hr, Btu/s)

Q condenser _cal c[i]=Q sup_calc[i]+Q cond_calc[i]

END

DUPLI CATE i =n, m

T air_in[i]=LOOKUP(i,"T_ air_in")

T air_out[i]=LOOKUP(i,"'T air_out")

T cond[i]=LOOKUP(i,"T_cond")

mr[i]=LOOKUP(i,"mr")

m a[i] =LOOKUP(i,'m.a')

Q condenser[i] =LOOKUP(i,"' Q. cond")

P_cond[i] =PRESSURE( R22, T=T _cond[i ], x=1)
h_2r[i]=ENTHALPY(R22, T=T_2r[i], P=P_cond[i])

h_2r [ i] =ENTHALPY(R22, T=T_cond[i], x=1)
Qsup[i]l=mr[i]*(h_2r[i]-h_2r [i])

Q cond[i]=Q condenser[i]-Q sup[i]

Error_sup _nmean[i]=(Q sup[i]-Q sup_calc[i])/Q sup_nean
Error_cond_nean[i]=(Q._cond[i]-Q_cond _calc[i])/Q _cond_nean
Error _condenser _nean[i]=(Q _condenser[i]-

Q condenser _calc[i])/ Q _condenser _nean

T 2r[i]=LOOKUP(i,"T_2r")

T db_int[i]=LOOKUP(i,"T db_int")

END
Error_sup=SQRT(SUM (Error_sup_nean[i])”"2,i=n,m/(mn+l))
Error_cond =SOQRT(SUM (Error_cond_nean[i])"2,i=n,m/(m

n+l))
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Error_condenser =SQRT( SUM ( Error _condenser_nean[i])”"2,i=n,m

[ (mn+l))

RMS_condenser =SQRT(SUM (Q _cond[i]-Q.cond_calc[i])"2,i=n,m/(m
-n+1))

| ower =M N(Q condenser[1..n])/Q condenser_nean

upper _QGE=MAX(Q condenser[1..m )/ Q _condenser _mean

Q_sup_nean =SUM Q sup[i],i=n,m/(mn+l)

Q cond_nean=SUM Q cond[i],i=n, m/(m n+l)

Q _condenser _nmean=SUM Q _condenser[i],i=n,mM/(mn+l)

DUPLI CATE i =n, m

"Cal cul ation of plot variables:"

Q condenser _plot[i]=Q condenser[i]*convert(Btu/s, MBtu/ hr)

Q condenser _calc_plot[i]=Q condenser _calc[i]*convert(Btu/s,
VBt u/ hr)

Q condenser _SI _plot[i]=Q condenser[i]*convert(Btu/s, kW

Q condenser _calc_SI _plot[i]=Q condenser _calc[i]*convert(Btu/s,
kW

END
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Appendix J: Use of the EES-program RTPU

The RTPU (RoofTop Packaged Units) program calculates the performance prediction
of rooftop packaged ar conditioning units based on manufacturer’s caidog data
Manufacturer's catalog data have to be available for the rooftop packaged unit and for the
compressor used in the unit. The performance data for the equipment are stored in a lookup

table, which is accessed from the EES-program. To start RTPU, run the file“RTPU.EES”.

Having executed the file “RTPU.EES’ a cdculaion can be dated by pushing the
gart-button. Before gtarting the caculaions, however, two lookup-tables have to be created
in which the rooftop packaged air conditioning performance data and the compressor data are

dored for the fitting process. The compressor lookup table contains the following

information:
Input Column name Englishunits  Sl-units
Evaporating temperature T_evaporator °F °C
Condensing temperature T_condenser °F °C
Massflow rate m.r [brmvhr kg/hr
Capecity Capacity Btwhr kW
Compressor power draw  Power kw kw

The required input is the compressor power draw either the capacity or the mass flow
rate and the referring evaporating and condensing temperatures. These data can be input

either in English units or in S-units.



The lookup table for the rooftop packaged unit contains the following informeation:

Input Column name Englishunits  Sl-units
Entering dry bulb temperature TDB i °F °C
Entering wet bulb temperature TWB._i °F °C
Ambient temperature TDB_amb °F °C
Volume flow rate V_ar ft3/min I/s
Capacity Q _tot MBtuhr kwW
Sensible capacity SHC MBtuhr kwW
Power draw Power kw kW
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Having created both lookup tables, the program can be darted by pushing the dart

button. First the compressor mass flow rate modd is loaded. The number of data points given

in the lookup table, the motor speed, the displacement rate, and the rating conditions are

required input in the diagran window for caculating the compressor mass flow rae

parameters. Also the file path and name of the lookup table where the compressor

performance data are stored has to be provided. The unit system, in which the compressor

performance data are given, has to be sdlected and the user can select whether the compressor

performance is given as cataloged mass flow rate vaues or capecity data Having provided

the required information the optimization for the parameters C and Dp can be sarted by

hitting the optimize button. The results of the optimization will be displayed in the output

box. A screen shot of the EES-diagram window for the mass flow rate compressor modd is

shown on the next page.
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COMPRESSOR MODEL

File menu:

Next >> |
<< Back |

Main Menu |

Input:

Number of data points:

Motor speed: 1750 [1/min]
Total displacement rate: [Ifs,ftaa’min]

Rating conditions: e =—F]—=

Subcooling: @ [C.F]
Superheat: |E| [C. F] Output:
Compressor data: 06deb371_14.1K C0.0706
Ap=0.09419

Unit system: iEngIlsh vi Errory,,55=0.01955
Type of compressor data: ICapacitv Ll Data range:

1 y minimean = 0.3585
English: m, [Imhr], capacity [Btuwhr], power [KWW] maximean = 1.742
5Lk m. [ko'hr], capacity [KW], power [KW]

EES-diagram window for the compressor mass flow rate model

By hitting the “Next” button the program is cdled, that is used for determining the
coefficients for the compressor power draw prediction. There is no further information
required and the caculation can be darted by hitting the “Optimize’ button. Having finished
the cdculations, the parameters and the error are displayed in the output box. In addition, the
fitted data points (mass flow rate and power) can be viewed by accessng the plot menu. The
next program creates the data set for the heat exchanger parameter fitting procedures. Before
dating the cdculation, the unit system that is used in the lookup table with the rooftop
packaged unit performance data has to be specified. Also, the number of compressors used in

the packaged unit has to be provided. In addition, the face area of the evaporator coil and the
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condenser volume flow rate are required input. The file path and the name of the lookup file
have to be provided as well as the number of data points given in the lookup table. Next, the
cdculation can be dated, and the data st used for determining the heat exchanger
parameters is cdculated. The following two programs are used to determine the hesat
exchanger parameters for the evaporator and the condenser. There is no additiond input
necessary to run these programs. Having determined the heat exchanger parameters, the
following program cdculates the performance for the data points used in the fitting process

and compares them with the catalog data points.

by Mark Reichler Flot Menu: File Menu:
Solar Energy Lah Capacity [total] [MBtulhi] |

: : Mext >>
University of Wisconsin <:]D> Capacity [zensible] [MBtu/hr] I .—I
1999 << Back I
f By ¢ \: Capacity [total] [k'w'] I
v 3 . Main Menu |
Capacity [sensible] [kwf] |

Compressor power draw [K'wf] |

Model Parameters:

Evaporator: Condenser: Compressor:
c,=1026 C,4=987.9 C=0.0706
C,=0.5 Cz=0.5 AP=0.05415
Model Validation: C5=1909 C=31191 a=0.716
b=-0.1805

Lookup file with unit data:

unit15s
Tolb i Mean normalized RMS-errors:

Number of data points: 8
Compressor power draw.  Capacity:
Unit system: English

= = 0.02997
Erroryopey = 0.01869 Errotiotal

Calculate I Erro rSEI‘ISihlB = 0.02776

EES-diagram window showing the results of the fitting process
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The window displays the cdculated mode parameters for the eveporator, for the
condenser and the compressor. Also, the mean weighted RMS-errors are displayed as a result
of peformance prediction. The plot menu dlows sdecting plots for the sensble hest
capacity, the total capacity and the compressor power draw prediction. By hitting the next
button the program for cdculating the performance under different operating conditions is
started. For each operating point the supply flow rate, the air entering temperature (dry and
wet bulb), and the ambient air has to be specified. Then, the program caculates the sensble

capacity, total capacity, and the compressor power draw for this operating point.
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