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ABSTRACT

Thermodynamic Modeling of HVAC Plant Cooling Equipment for Quantification of
Energy Savings Through Continuous Commissioning® Measures. (December 2011)
Steven James Rivera, B.S., The University of Notre Dame

Chair of Advisory Committee: Dr. David E. Claridge

The Continuous Commissioning™ (CC®) process is applied to existing buildings in order
to reduce energy consumption by optimizing HVAC system operation and improving
occupant comfort. The CC® process consists of implementing energy saving measures
for the air-side and plant-side of HVAC systems. Current development of a computer
program (WinAM) by the Energy Systems Laboratory allows the expected energy
savings from applying air-side CC® measures to a given building to be estimated.
However, there is no means for quantifying the potential energy savings from applying
plant-side CC* measures. The quasi-steady-state method and a regression of EnergyPlus
library data were used for chiller modeling and the Merkel method was used for cooling
tower modeling. Implementation of the models developed provides a means for

quantifying the energy savings associated with plant cooling equipment CC* measures.

Chiller models have been developed for the following, with capacity range, average
error, and standard deviation in parenthesis: air-cooled scroll chillers (15-168 tons,
8.07%, 9.13%), air-cooled screw chillers (69-513 tons, 7.38%, 6.13%), water-cooled
scroll chillers (20-200 tons, 8.16%, 9.72%), water-cooled reciprocating chillers (20-364
tons, 10.30%, 7.81%), water-cooled screw chillers (194-498 tons, 9.87%, 3.65%), and
water-cooled centrifugal chillers with inlet guide vane capacity control (233-677 tons,
12.07%, 5.96%) and with VSD capacity control (210-677 tons, 12.18%, 4.61%). From
the chiller models developed, energy consumed by the chiller can be calculated as

building cooling loads and fluid operating temperatures vary.
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Cooling tower models have been developed to predict cooling tower energy
consumption as building cooling loads, added load from chillers, fluid operating
temperatures, and ambient air temperatures vary. The models developed provide for
predicting energy consumption when fan operation is by single-speed, two-speed,

variable-speed with modulating outlet dampers, or variable-speed with VFD control.

Implementation of the chiller and cooling tower models developed will allow WinAM
users the ability to quantify the potential energy savings associated with changing plant

cooling equipment operation.
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1. INTRODUCTION

1.1 Motivation

The depletion of nonrenewable energy resources, coupled with increasing energy
consumption, has spurred interest in energy efficiency measures. One of the most
energy intensive sectors being targeted for improved energy utilization is the building
sector. In 2006, the building sector alone consumed 39% of U.S. primary energy. By
the year 2030, this sector is projected to increase its primary energy consumption by

29%, from 38.77 quadrillion Btu to 50.10 quadrillion Btu (Kelso 2009).

The 38.77 quadrillion Btu of energy consumed by the U.S. building sector in 2006 was
used for space heating, water heating, space cooling, ventilation, lighting, electronics,
refrigeration, computers, and cooking (Kelso 2009). Combining the energy associated
with lighting, electronics, refrigeration, computers, and cooking into a general “other”

category, Figure 1 shows the end-use of energy by the U.S. building sector in 2006.

The energy used for space heating, water heating, space cooling, and ventilation is
required for the processes of heating, ventilation, and air conditioning (HVAC). As
such, Figure 1 indicates that at 38%, HVAC systems are the single largest source of
energy consumption in buildings. HVAC system operation has thus become an area of
increasing interest as steps are taken to reduce the amount of energy consumed by the

U.S. building sector.

This thesis follows the style of HVAC&R Research.
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Figure 1. End-use of energy by the U.S. building sector in 2006 (adapted from Kelso
2009).

1.2 Continuous Commissioning®

In an effort to reduce the energy consumption of existing buildings and curtail the
projected energy consumption increase of the building sector in the future, the U.S.
Department of Energy’s Federal Energy Management Program directed the Texas
Engineering Experiment Station’s Energy Systems Laboratory at Texas A&M
University to develop documentation to accomplish such goals. The result was a
guidebook published in 2002 that formally outlines methods and practices pertaining to a
process known as Continuous Commissioning” (CC") (Liu, Claridge, and W. Dan

Turner 2002).

The CC® process focuses on optimizing the operation of HVAC systems such that
building comfort is improved and energy consumption is reduced. By outlining methods
that pertain to both the air-side and plant-side of HVAC systems, the guidebook presents

a comprehensive strategy for optimizing building HVAC operation.



Results from the CC® process being employed on more than 130 buildings over a 10
year period by the Energy Systems Laboratory show an average reduction in utility
consumption of 20% (Liu, Claridge, and W. Dan Turner 2002). During this time period,
employing the CC” process on twenty-eight buildings provided annual savings ranging
from $1.26/ft* in medical research laboratories to $0.43/ft* in university teaching and
office buildings (Liu, M. 1999). While energy savings has been shown to vary with
building usage, the underlying theme is that the CC® process results in reduced energy

consumption.

Recognizing the potential for wide-spread energy savings by making the CC® process
available on a large scale, the Energy Systems Laboratory currently offers interested
parties the opportunity to obtain a CC” license. As a CC® licensee, access is provided to
the latest research being done by the Energy Systems Laboratory to make the CC®
process more efficient. With access to on-going developments, CC® licensees are
provided the tools necessary for greater energy savings and reduced implementation

time.

One of the most recent tools to be developed by the Energy Systems Laboratory is the
WinAM program. Released in 2011, WinAM Version 4.1 allows CC" licensees to
quantify potential energy savings from applying CC® measures, identify retrofits that
may provide additional energy savings, and ensure that existing retrofits are performing
as expected (ESL 2011). While a major step towards making the CC® process more
manageable for CC® engineers, WinAM is limited in that it only takes into account the
energy consumption associated with the air-side of HVAC systems. Therefore, at this
stage of the programs’ development, only the energy consumed by equipment tasked

with conditioning and moving air within a building can be quantified.



1.3 Objective

The objective of this research is to provide a means for quantifying the potential energy
savings resulting from CC"® measures being applied to the cooling equipment associated

with the plant-side of commercial HVAC systems.

In order to provide this additional functionality to WinAM, techniques for modeling

water-cooled chillers, air-cooled chillers, and cooling towers must be developed. Based
on the prevalence of their use in commercial buildings, water-cooled chillers with scroll,
screw, centrifugal, and reciprocating compressors and air-cooled chillers with scroll and

screw compressors will be modeled.

The addition of plant cooling equipment modeling will allow WinAM users to employ

many of the plant-side CC® measures that cannot currently be accounted for in WinAM.
The ability to quantify the energy savings associated with plant-side CC® measures will
provide an additional tool for understanding the impact of such measures and ultimately

provide CC® licensees with accurate energy savings estimates.



2. LITERATURE REVIEW

2.1 Energy Simulation Programs

The DOE-2 and Building Loads Analysis and System Thermodynamics (BLAST)
programs were developed in the 1970’s as design tools to aid engineers and architects in
predicting HVAC loads. Many of the simulation tools developed by these programs
were implemented in a program called EnergyPlus. EnergyPlus takes user inputs of
building parameters and the HVAC system to calculate heating and cooling loads, plant
energy consumption, and other conditions throughout the system (U.S. DOE 2010a).
Simulations performed by EnergyPlus couple building characteristics, HVAC systems,
and plant equipment to allow designers to understand the full effect of design choices on

energy consumption (U.S. DOE 2010a).

WinAM is an energy simulation program that has been developed by the Energy
Systems Laboratory for CC® engineers to accurately estimate potential energy savings
resulting from the cc® process. It is with this tool that cc® engineers may provide
customers with estimated cost savings, possible energy saving retrofits, and validation of

existing retrofits (ESL 2011).

Currently, WinAM provides a means to quantify the potential energy savings resulting
from applying air-side CC® measures. The air-side considerations made by WinAM are
founded upon a thermodynamic analysis of the air required to meet the loads within a
building. In order for an accurate estimate of the energy savings associated with

instilling various air-side CC® measures, a two-step process is required (ESL 2011).

First, the WinAM user specifies data that characterizes the building, such as weather
data, energy prices, plant efficiency, pump electric usage and control strategy, non-

HVAC electric usage, and the air handler unit (AHU) types used in the building. The



AHU types accounted for include single-duct constant air volume (SDCAV) with reheat,
single-duct variable air volume (SDVAV) with reheat, dual-duct constant air volume

(DDCAYV), and dual duct variable air volume (DDVAYV) (ESL 2011).

Regardless of the AHU type, the following parameters describing the loads in the zone
served by each AHU must be specified: preheat usage, return fan usage, occupancy
schedule, conditioned floor area, interior zone percentage, area of external walls,
windows, and roof, peak lighting and plug usage, peak occupancy, sensible and latent
heat per person, outside air (OA) usage, economizer usage, and the hourly fraction of

max load experienced during a day (ESL 2011).

For the SDCAYV and DDCAYV systems, the user must specify the zone temperature
setpoint, the volumetric air flow rate, the temperature rise across the supply fan, the fan
electricity usage, and the supply air temperature reset schedule from the cooling coil
based on outside air temperature. The DDCAV system also requires the supply air
temperature reset schedule from the heating coil based on outside air temperature (ESL

2011).

For the SDVAYV and DDVAYV systems, the user must specify the zone temperature
setpoint, the minimum and maximum volumetric air flow rate, the maximum fan
electricity usage, whether the air volume is controlled by a variable frequency drive or
inlet guide vanes, and the supply air temperature reset schedule from the cooling coil
based on outside air temperature. The DDVAV system also requires the supply air
temperature reset schedule from the heating coil based on outside air temperature (ESL

2011).

Once a user has specified the parameters describing the building, its usage, and its

HVAC system, WinAM uses a series of energy balances to simulate the hourly heating



and cooling loads placed on the HVAC system to meet the conditions specified by the
user (ESL 2011).

The second step required to ensure that estimated energy savings resulting from applied
air-side CC® measures are valid is to calibrate the building model created during the first
step. Calibration of the building model requires that the user input measured heating and
cooling utility data in the form of electricity, gas, district chilled water, or district hot
water/steam. It is imperative that the measured utility data corresponds to the same time
period as the weather data specified during the first step in order to perform an accurate
calibration. By comparing the simulated heating and cooling loads to the measured
utility data, WinAM guides the user to vary the parameters set in step one to reduce the

error between the simulated and measured consumption (ESL 2011).

The building model is considered calibrated when the simulated and measured
consumption are in close agreement and the parameter variations recommended by
WinAM to further reduce the error are unrealistic or contrary to what is known about the
building operation. There is no prescribed value of error below which the building
model is guaranteed to be calibrated, but many projects have shown that a total error of

10% to 15% between simulated and measured consumption is attainable (ESL 2011).

Having obtained a calibrated building model, air-side CC* measures can be employed by
applying many of the methods outlined in the Continuous Commissioning®™ Guidebook
(Liu, Claridge, and W. Dan Turner 2002).

2.2 Plant Cooling

In the case of cooling loads, return air (RA) from the conditioned space is mixed with
the required amount of outside air (OA) to ensure that ventilation standards set by
ASHRAE 62 are met (Kreider et al. 2002). In order to maintain the proper air

volumetric flow rate, a portion of the RA (equal to the amount of OA introduced) is



treated as exhaust air (EA) and rejected from the building. The remaining RA and the
introduced OA form what is known as mixed air (MA) (Kreider et al. 2002).

The MA embodies thermal energy in the form of sensible and latent heat. The amount
of heat that must be dissipated from the MA depends on the supply air (SA) conditions
needed to provide cooling to the building. The SA must have a dry-bulb temperature
less than that of the space to be cooled in order to remove sensible heat and the SA must
also have a moisture content low enough to remove latent heat from the space. The
thermal energy that must be removed from the MA in order to provide the desired SA
conditions is known as the cooling load placed on the cooling coil, Q... The cooling
load generated within a building is met by the thermal energy of the MA being
transferred to a liquid, typically water, at a lower temperature flowing through the
cooling coil of an AHU (Kreider et al. 2002). The preceding process is shown in Figure
2.

Qcc
Supply T
MA Fan SA
OA ___,. o v
rd ~ \
Cooling
Coil
Conditioned
¥ RA Space
EA <
RA

Figure 2. Diagram of a simple building cooling process.



The water circulating through the cooling coil is referred to as chilled water (CHW) and
is part of a closed loop that connects the cooling coil to the cooling plant. At the cooling
plant, the CHW must reject the absorbed thermal energy before it returns to the cooling
coil. This task is performed by a set of equipment that forms what is known as a chiller

(Kreider et al. 2002).

There are two common methods by which a chiller is used to remove thermal energy
from the CHW. These methods are termed the vapor compression cycle and the
absorption cycle (Kreider et al. 2002). Reciprocating, centrifugal, screw, and scroll
chillers all utilize the vapor compression cycle for achieving the required heat transfer

(Kreider et al. 2002).

A chiller that utilizes the vapor compression cycle requires an evaporator, compressor,
condenser, and expansion device. These components, as well as the energy input and
output terms pertinent to the operation of a vapor compression cycle, are shown in

Figure 3.

The ideal vapor compression cycle begins when the CHW enters the evaporator and
rejects thermal energy, Qevap, (equivalent to the cooling load, Q,.) to the working fluid
of the chiller. Upon absorption of thermal energy from the CHW, the chiller fluid
changes from a liquid to a saturated vapor. The saturated vapor then enters the
compressor, where shaft work, Wy, ft» 18 input to raise the pressure and temperature of

the fluid.
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Figure 3. Diagram of a chiller utilizing the vapor compression cycle (Kreider et al.

2002).

The increase in temperature and pressure allows thermal energy, Q ong, to be rejected

from the fluid at the condenser. The fluid exits the condenser as a saturated liquid,

Evaporator

10

resulting from thermal energy being rejected. As the fluid passes through an expansion

device, it becomes a saturated liquid-vapor mixture with a reduced temperature that

allows it to repeat the cycle (Kreider et al. 2002).

The vapor compression cycle relies on the ability of the condenser to effectively transfer

thermal energy from the chiller fluid so that it may be used to cool the incoming CHW.

By means of a simple energy balance, the thermal energy that must be removed at the

condenser, Qona. is equal to the sum of the thermal energy absorbed at the evaporator,

Qevap, and the compressor work, Wy, £t (Kreider et al. 2002).
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The two most common strategies for dissipating thermal energy at the condenser are
provided by air-cooled and water-cooled systems. Air-cooled systems simply expose the
chiller fluid to outside air as it passes through tubes in the condenser (Kreider et al.
2002). Figure 4 shows the relationship between a building’s cooling load and an air-

cooled system.

Water-cooled systems rely on a separate water loop for rejecting thermal energy from
the condenser. In such systems, the condenser serves as a heat exchanger where by
thermal energy is transferred from the chiller fluid to water flowing in a separate stream
called condenser water (CW). The CW, having absorbed thermal energy from the chiller
fluid, is then pumped to a cooling tower (Kreider et al. 2002).

A cooling tower employs atmospheric air as a cooling medium to remove heat from a
water-cooled system (SMACNA 1995). When CW reaches the cooling tower, it is
sprayed over a fill. The fill is used to improve heat transfer efficiency by uniformly

distributing the water throughout the tower (Drbal et al. 1996).

Three common fill configurations are film, splash, and trickle. Film fills allow a thin
layer of water to run down their surface, splash fills are designed to separate the water

into smaller streams, and trickle fills utilize a combination of film and splash techniques.
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Figure 4. Diagram showing the relationship between a building’s cooling load and an
air-cooled system.

Regardless of the fill type employed, the goal is to increase the water surface area that
can come into contact with the air and thus induce a greater potential for heat transfer

and cooling (Kloppers et al. 2005).
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The water-air interaction causes evaporation to occur, thus resulting in thermal energy
being released from the water. The cooled CW may then be pumped back to the chiller
condenser to absorb thermal energy from the chiller fluid (Kreider et al. 2002).

The need to remove large quantities of thermal energy has led to towers being
commonly configured as forced-draft, where by fans blow air, or induced-draft, where
by fans draw air, into crossflow or counterflow directions relative to the water (Kreider
et al. 2002). In either case, releasing thermal energy by means of evaporation is the

fundamental principle.

In addition to forced-draft and induced-draft cooling towers, natural-draft cooling towers
exist and rely on the physics of air to rise as a result of being heated. As more heat is
transferred from the water to the air, the air velocity increases and the same principles of
forced-draft and induced-draft cooling towers apply (Fisenko et al. 2002). However,
natural-draft cooling tower performance is subject to changing environmental
conditions, like unpredictable wind velocities. This has made mechanically controlled

cooling towers most common (SMACNA 1995).

Figure 5 shows the relationship between a building’s cooling load and a water-cooled

system.
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Figure 5. Diagram showing the relationship between a building’s cooling load and a
water-cooled system.
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2.3 Plant-Side CC® Measures

The plant-side CC® measures documented in the CC® Guidebook and in direct relation
to cooling equipment include using the most efficient chillers, increasing the CHW
supply temperature, decreasing the condenser water (CW) return temperature, and
properly staging multiple chiller systems (Liu, Claridge, and W. Dan Turner 2002). The

ramifications of each of the preceding measures are described below.

Using the most efficient chillers refers to one objective of the CC® process: identify
possible retrofits for a system that may help reduce energy consumption (Liu, Claridge,
and W. Dan Turner 2002). The efficiency of a chiller is expressed in terms of the
efficiency of its refrigeration cycle. This value is termed the coefficient of performance
(COP) and represents the amount of cooling provided divided by the amount of work

performed by the compressor on the chiller fluid (Leff et al. 1978).

Chiller age and designed operating load both affect chiller efficiency. Older chillers are
often subject to reduced efficiency and an inability to provide the rated capacity (Liu,
Claridge, and W. Dan Turner 2002). This results from the buildup of fluid deposits that
form a layer and increase resistance to heat transfer in the evaporator and condenser heat
exchangers, ultimately reducing efficiency (Cengel et al. 2011). In the case of operating
load, manufacturers provide chillers with peak operating efficiencies at different

percentages of full load (Liu, Claridge, and W. Dan Turner 2002).

Increasing the CHW supply temperature refers to the CHW that exits the evaporator of a
chiller. It has been shown that for a 1°F increase, the required shaft work input to the
chiller compressor is reduced by 1.7%. One implementation strategy for increasing the
CHW supply temperature is based on the cooling load. As the cooling load decreases
from 100% to 40%, the CHW supply temperature increases linearly from the design
value up to 5°F above the design value. When the cooling load is less than 40% of the
chillers design load, the CHW supply temperature remains 5°F above the design
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temperature. A second strategy is to base the CHW supply temperature on ambient
conditions. As the ambient temperature decreases from the value designed for to 60°F,
the CHW supply temperature increases linearly from the design value up to 5°F above
the design value. When the ambient temperature is less than 60°F, the CHW supply
temperature remains 5°F above the design temperature. The 5°F temperature increase
mentioned in both cases is a starting point and may be adjusted so long as air

dehumidification is maintained (Liu, Claridge, and W. Dan Turner 2002).

Decreasing the CW return temperature refers to the CW that leaves the cooling tower
and enters the condenser of a chiller. It has been shown that a reduction of 1°F in CW
return temperature results in improved chiller efficiency and reduces chiller energy
consumption by approximately 2% (Burger 2005). As long as several guidelines are
adhered to for decreasing the CW return temperature, energy savings can be expected.
First, increased cooling tower fan power consumption may be avoided by maintaining a
CW return temperature at least 5°F above the ambient wet-bulb temperature. Second,
limitations should be placed on the amount by which the CW return temperature may be
lowered. Specifically, chillers made prior to 1999 should have a lower limit of 65°F and
newer chillers should have a lower limit of 55°F (Liu, Claridge, and W. Dan Turner

2002).

Properly staging multiple chiller systems focuses on optimizing the control strategy of
existing chillers. Chiller efficiency is dependent on the percentage of full-load
operation. When the cooling load placed on a chiller is much less than the full-load,
typically less than 40%, chiller efficiency decreases. A properly staged chiller system
should be designed to control multiple chillers such that a greater portion of time is spent
operating under part-load conditions that offer greater efficiency (Liu, Claridge, and W.
Dan Turner 2002).
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2.4 Chillers
2.4.1 Quasi-Steady-State Modeling

Presented in Section 2.2, a chiller’s vapor compression cycle utilizes an evaporator,
compressor, condenser, and expansion device. Commercially available chillers are
designed around the compressor, as their operating characteristics are the primary
concern for meeting design constraints. For example, different compressors have
different size constraints, generate different amounts of noise, and provide different
cooling capacities (ASHRAE 2008). Of the compressor types employed in vapor
compression cycles, the greatest cooling capacity is typically provided by centrifugal
compressors, followed by screw, reciprocating, and scroll compressors (in descending
order) (Kreider et al. 2002). Considering the dependence of chiller performance on
compressor specification, techniques for modeling scroll, screw, centrifugal, and
reciprocating compressors used in water-cooled and air-cooled chillers have been

studied.

One approach for modeling water-cooled and air-cooled chillers employing the vapor
compression cycle is to perform a detailed analysis of each component in a chiller
assembly and subsequently relating their interactions. Such modeling is commonly
performed by chiller manufacturers as part of the design process. However, the
complexities and time requirements associated with a detailed model of this type make it
impractical for the purposes of simulating energy consumption by cooling equipment

(Leverenz et al. 1983).

Another method is to treat the chiller as a quasi-steady-state system such that an energy
balance may be used to describe the performance of the chiller. This method was
originally developed for and found to work well in hourly building energy simulation
programs. The utility of this method stems from the fact that inputs to the model are tied
directly to fluctuations in the cooling load and from the inputs, the energy balance allows

the outputs from the chiller to be calculated. This method takes existing data that is
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provided by chiller manufacturers, derives parameters that relate the manufacturers’ data
to the quasi-steady-state model, and normalizes the parameters so that they may be

applied to different model capacities (Leverenz et al. 1983).

Models developed using the quasi-steady-state method allow the performance of a
chiller to be predicted when operating with varying CW temperatures, CHW

temperatures, and cooling loads (Gordon et al. 1994).

2.4.1.1 Reciprocating Chillers

The quasi-steady-state method has been utilized in the past to account for irreversibilities
and to predict the performance of reciprocating chillers (Gordon et al. 1994). The

thermodynamic model developed results in Equation 1,

. Tin
1 in —4Ap + Al(Tclgnd) — 4, <TC¢§)1?td>
=1+ cond + evap 1
COP TS, Qevap (D

where COP is the chiller coefficient of performance, T/%,, is the temperature of the

entering CW from the cooling tower in Kelvin, and e‘i}fﬂ, is the temperature of the CHW

exiting the evaporator in Kelvin. A, A;, and A, are constants that account for the
irreversibilities associated with the chiller. A, has units of kW, A; has units of kW/K,

and A, has units of kW. The cooling load placed on the chiller evaporator, Qcyqp, has

units of kW. Equation 1 may similarly be written with T'%, ; replaced by T2%,, the

temperature of the CW leaving the condenser (Gordon et al. 1994).

The constants 4,, 41, and A,required to effectively model the reciprocating chiller are
obtained by using performance data from the manufacturer. An example of the

performance data that manufacturers commonly provide is shown in Table 1.
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Table 1. Example of performance data provided by a chiller manufacturer (York 2011d).

LCWT Air Temperature on Condenser (°F)
°F) 75 80 85 90 95 100

Tons kW Tons kW Tons kW Tons kW Tons kW Tons kW

40 149.1 | 1315 | 148.0 | 141.8 | 146.7 | 152.6 | 1454 | 164.1 | 1439 | 176.0 | 142.2 | 189.4
42 153.7 | 132.,5 | 152.5 | 142.6 | 151.2 | 153.5 | 149.8 | 165.0 | 148.2 | 177.0 | 146.5 | 190.5
a4 158.3 | 1335 | 157.1 | 143.6 | 155.7 | 154.4 | 154.3 | 165.9 | 152.6 | 177.9 | 150.8 | 191.5
45 160.7 | 134.0 | 159.4 | 144.1 | 158.1 | 154.9 | 156.5 | 166.4 | 154.9 | 178.4 | 153.0 | 192.0
46 163.1 | 134.6 | 161.8 | 144.6 | 160.4 | 155.4 | 158.8 | 166.9 | 157.1 | 178.9 | 155.2 | 192.5
48 167.9 | 135.7 | 166.6 | 145.7 | 165.1 | 156.5 | 163.5 | 167.9 | 161.7 | 180.0 | 159.7 | 193.6
50 172.8 | 137.0 | 171.4 | 146.9 | 169.9 | 157.7 | 168.2 | 169.0 | 166.4 | 181.1 | 164.3 | 194.7
52 177.8 | 138.4 | 176.4 | 148.2 | 174.8 | 158.9 | 173.1 | 170.2 | 171.2 | 182.3 | 168.6 | 195.6
55 185.4 | 140.6 | 184.0 | 150.3 | 182.3 | 160.8 | 180.5 | 172.1 | 1785 | 184.1 | 175.0 | 196.8

From this data, COP may be calculated, T, ; is equivalent to the air temperature on the
condenser, Te‘i}fﬂ, is equivalent to the leaving chilled water temperature (LCWT), and the

only unknowns in Equation 1 are A,, A;, and A,.

By plotting (1/COP + 1 — T2 4 /TS, ) Qevap against Tay, 4 /TS, a set of
approximately parallel straight lines are obtained, with the average slope corresponding

to A,. An example of this plot is shown in Figure 6.



280 + i | I 1 ! 1 l ) P IR
g n 45
S T' -

270 cond 40 ¥ i
= 280 - % \ L -
F1 x

8 \ ". .
l-z 250 w\ > s * B
E" \ ) .
® B\ 3 N
LS 240 7 5 \ % . -
, b ‘r
X ' )
': 230 ‘o -
— ®
& 220 - : -
L
- 210 ———71 T T T T | T T T
1.06 1.08 1.10 1.12 1.14 1.16
in out
Tcond_ITevap

Figure 6. Example of plot used to obtain constant A, (Gordon et al. 1994).

Using the value of 4, and plotting

(1/COP +1- Tcignd/TeovléL%)Qevap + 4, (Tcifr)lnd/Te

line. An example of this plot is shown in Figure 7.
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Figure 7. Example of plot used to obtain constants Agand A; (Gordon et al. 1994).

A linear fit of this line provides the slope, which corresponds to A;, and the y-intercept,

which corresponds to 4,y. Using A,, 41, A,, and the same values presented in the

manufacturer’s data for T% , and T;z}gg,, Equation 1 is used to calculate the predicted

COP resulting from the model (Gordon et al. 1994). The application of Ay, A4, and A,
to the entire set of chiller operating conditions is based on the assumption that, for
reciprocating and centrifugal compressors, the total entropy generated by irreversibilities

is approximately constant over the range of operating conditions (Graves 2003).

The preceding method was applied to 30 reciprocating chillers and the predicted COP
was compared to the manufacturers reported COP. The average root mean square error
(RMSE) between the predicted and measured COP for all of the chillers was calculated
to be 0.4%. Considering that the uncertainty associated with the manufacturers
performance data is £3%, the quasi-steady-state method was found to be valid for

modeling reciprocating chillers (Gordon et al. 1994).
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2.4.1.2 Centrifugal Chillers

The quasi-steady-state model shown to accurately predict reciprocating chiller
performance was extended to centrifugal chillers by means of a diagnostic study.
Instead of using manufacturers data to obtain A, A4, and A, in Equation 1, this study
obtained the cooling rate, power input, entering CW temperature, and CHW temperature
exiting the evaporator over the course of two time periods: before and after cleaning the
interiors of the evaporator and condenser tubes to improve chiller efficiency. The data
collected was for a 100 ton water-cooled centrifugal chiller serving part of the
Engineering Faculty building at the National University of Singapore. Using a
thermodynamic model and approach identical to that presented in Section 2.4.1.1, the
study found that the predicted COP and measured COP were in agreement as they both

indicated improved efficiency after maintenance was performed (Gordon et al. 1995).

2.4.1.3 Screw Chillers

A screw chiller was modeled and coupled with the model of a cooling tower to develop a
control strategy to optimize the performance of a chiller plant. Unlike reciprocating and
centrifugal chillers, the total amount of entropy generated by screw chillers is not
constant for different operating conditions. Rather, the entropy produced was shown to

depend on the change in pressure across the screw compressor (Graves 2003).

An improved model was developed to take into consideration the entropy associated
with the pressure rise across the compressor. Using measured performance data for a
screw chiller, the improved model resulted in an error of 2-5% between predicted and
measured power consumption. For comparative purposes, the screw chiller was also
modeled under the assumption that the total entropy generated remains constant for a
range of conditions (the modeling technique shown to be valid for reciprocating chillers
in Section 2.4.1.1 and centrifugal chillers in Section 2.4.1.2). This model resulted in an

error of 4-12% between the predicted and measured power consumption (Graves 2003).
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2.4.1.4 Scroll Chillers

The scroll compressor used in scroll chillers is similar to a reciprocating compressor in
that both are positive-displacement compressors that reduce fluid volume as a means to

increase pressure (ASHRAE 2008).

2.4.2 EnergyPlus Modeling

The quasi-steady-state modeling technique may be employed as described in Section
2.4.1 as long as manufacturers data may be obtained. While manufacturers data is still
provided for water-cooled and air-cooled reciprocating and scroll chillers, it is no longer
provided for water-cooled centrifugal and screw chillers (Hydeman et al. 2002). Instead,
manufacturers are required by the Air-Conditioning, Heating, and Refrigeration Institute
(AHRI) to specify chiller part-load performance in terms of an Integrated Part-Load
Value (IPLV) or Non-Standard Part-Load Value (NPLV). These values are obtained by
applying weighting factors to the chiller efficiency at 100%, 75%, 50%, and 25% full-
load. The weighting factors represent the average amount of time that a chiller spends
operating at each load percentage and are 1% at 100% full-load, 42% at 75% full-load,
45% at 50% full-load, and 12% at 25% full-load. The direct result is a single value
indicative of chiller part-load performance (AHRI 2003).

While part-load performance data is no longer provided for water-cooled centrifugal and
screw chillers, the EnergyPlus building energy simulation program has used past data
and data provided from chiller sales representatives to develop a library of such chillers
(Hydeman et al. 2002). EnergyPlus uses the approach for chiller modeling developed
for the DOE-2.1 building energy simulation program. This empirical approach uses
chiller performance data at reference conditions and three curve fits to determine chiller
performance at part-load conditions. More than 160 total chillers, primarily centrifugal
and screw type, have been modeled in the program so that users may select a chiller with

similar reference characteristics to that found in their building and apply it to their
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simulation. Each chiller is characterized in the library by its reference capacity and
reference COP. These reference values are based on an entering CW temperature into
the condenser of 29.4°C (85°F) and a leaving CHW temperature from the evaporator of
6.67°C (44°F) (U.S. DOE 2010b).

The three curves pertaining to each chiller are generated by obtaining regression
coefficients from manufacturers performance data. The first curve, CAPFT, uses 6
coefficients to calculate chiller full-load capacity as a function of condenser and
evaporator fluid temperatures. The second curve, EIRFT, uses 6 coefficients to calculate
chiller efficiency as a function of evaporator and condenser fluid temperatures
(Hydeman et al. 2002). The chiller efficiency is expressed as the energy input to cooling
output ratio (EIR), which is the inverse of the COP (U.S. DOE 2010b). The third curve,
EIRFPLR, uses 3 coefficients to calculate chiller efficiency as a function of the part-load
ratio (PLR) (Hydeman et al. 2002).

The sequence of operation for chiller modeling in EnergyPlus is as follows. A user
selects a chiller from the EnergyPlus library that has a reference capacity and reference
COP similar to that used in their building. The chiller selected has 3 sets of predefined
coefficients, one set for each performance curve. EnergyPlus first uses the CAPFT
coefficients to obtain the fraction of reference capacity that the chiller can provide for
the current evaporator and condenser fluid temperatures. By multiplying this fraction by
the reference capacity, the full-load capacity is obtained. EnergyPlus then calculates the
PLR by dividing the actual building cooling load by the full-load capacity. The PLR is
then used with the EIRFPLR coefficients to obtain the fraction of reference EIR for the
current PLR. EnergyPlus simultaneously uses the EIRFT coefficients and the current
evaporator and condenser fluid temperatures to calculate the fraction of reference EIR
for the current evaporator and condenser fluid temperatures. The fractions resulting
from the EIRFPLR and EIRFT calculations are multiplied to obtain the total fraction of
reference EIR. This total fraction is multiplied by the reference EIR (1/reference COP)
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to obtain the actual EIR for the current PLR and evaporator and condenser fluid

temperatures (U.S. DOE 2010b).

Based on the definition of COP in Section 2.3, the actual power consumption of the
chiller may be calculated by multiplying the actual EIR by the actual building cooling
load.

2.5 Cooling Towers
2.5.1 Modeling Approaches
2.5.1.1 Merkel, Poppe, and e-NTU Methods

Three common approaches exist for modeling the performance of cooling towers in
terms of the amount of heat rejected and the amount of water evaporated. A
comparative study was performed to determine the validity of these approaches: the

Merkel, Poppe, and e-number-of-transfer-units (e-NTU) methods (Kloppers et al. 2005).

The Merkel method provided the first thermal analysis of cooling towers and was
introduced in 1925. In order to simplify the analysis of evaporative cooling within a
cooling tower, the Merkel method assumes that the Lewis factor is equal to 1, the air
exiting the cooling tower is saturated, and the effects of water loss through evaporation

are ignored (Kloppers et al. 2005).

The Lewis factor is the ratio of sensible heat transfer to mass transfer at the interface of
the water and main airstream (ASHRAE 2008). The value specified for the Lewis factor
was proven to be irrelevant when concerned with predicting exiting water temperature
from the cooling tower and the amount of heat rejected as long as the specified value

remained the same during the analysis (Kloppers et al. 2005).
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The Merkel method is prohibitive in that the actual moisture content of the air leaving
the cooling tower cannot be calculated as a result of the second assumption. However,
this assumption (that the air exiting the cooling tower is saturated) allows the exiting air

temperature to be calculated (Kloppers et al. 2005).

The third assumption used in the Merkel method, that water loss effects through
evaporation are negligible, provides added simplification to the modeling technique. It
has been shown that for every 10°F of cooling range (difference between inlet and outlet
cooling tower water temperatures), 1.2% of the CW is lost as vapor (Burger 2005).
Considering water loss through evaporation being 1.2%, the third assumption has been

accepted and employed in other cooling tower models (Graves 2003).

Although not considered in the Merkel method, cooling tower drift is another source of
water loss and reduced cooling efficiency. Drift occurs when water droplets become
sufficiently small, causing the force imparted by the fan to exceed that of gravity and
blow partially cooled water into the atmosphere. Drift eliminators have been
incorporated in cooling towers to prevent such losses, resulting in the volume of water

lost being less than 0.02% (Burger 2005).

The e-NTU method provides a simplified numerical solution and is based on the same
assumptions made by the Merkel method. As a result of these assumptions, the e-NTU

method does not provide an accurate model of the exiting air conditions (Kloppers et al.

2005).

The Poppe method was introduced in the 1970’s and deviates from the Merkel and e-
NTU methods by not employing the three assumptions previously presented. By means
of a detailed mass and energy balance procedure the actual air and water interaction

during the evaporative cooling process is accounted for. Application of the mass and
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energy balances is employed as an iterative approach that allows the actual air conditions

exiting the cooling tower to be calculated (Kloppers et al. 2005).

A comparison of the Merkel, Poppe, and e-NTU methods was performed, with the
results independent of the type of fill used in the cooling tower and indicative of natural-
draft and mechanical-draft cooling towers. The results for all three methods were
compared for ambient air temperatures ranging from 280 to 310 K and ambient air

humidity ranging from dry to completely saturated (Kloppers et al. 2005).

The comparison considered the predicted exiting air temperature, rate of evaporation,
and exiting water temperature. Results indicated that the Poppe method was the most
accurate predictor of exiting air temperature and rate of evaporation. As such, it was
recommended that for the design of hybrid cooling towers and cases in which the
amount of water vapor present in the exiting air is important, the Poppe method should
be employed. In the case of exiting water temperature, it was shown that the Merkel, e-

NTU and Poppe methods predict nearly identical values (Kloppers et al. 2005).

2.5.1.2 EnergyPlus

The EnergyPlus building energy simulation program provides users with the ability to
specify cooling towers serving condenser loops. Users may choose between single-
speed, two-speed, and variable-speed cooling towers, depending on the fan being used.
All three cooling tower models are based on the Merkel method presented in Section

2.5.1.1 (U.S. DOE 2010b).

Capacity control is implemented by the following description. The simulation calculates
the required CW temperature that must be output from the cooling tower in order to
provide for adequate heat transfer from the condenser (U.S. DOE 2010b). The required
heat transfer from the condenser is known to be the sum of the building cooling load and

the work input by the compressor (Kreider et al. 2002). If the user has specified that free
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convection is used when possible, the cooling tower model predicts the outlet CW
temperature under free convection conditions. If the predicted CW temperature is equal
to or less than the required CW temperature to meet the load, then the tower fan is
modeled as off during that period of operation. This initial routine, however, requires
that the user input either the air volumetric flow rate and heat transfer-area product (UA)
or the tower capacity under free convection conditions. If the user does not know these

values, then the free convection operation routine is skipped (U.S. DOE 2010b).

If the predicted outlet CW temperature resulting from free convection is greater than the
required outlet CW temperature to meet the load, or the user has not specified free
convection parameters, then the fan is modeled as 100% on (single-speed), at the lowest
fan speed setting (two-speed), or the fan speed is calculated based on the air flow rate
needed to achieve the desired outlet CW temperature (variable-speed). In the case of a
two-speed cooling tower, if the predicted outlet CW temperature at low speed remains
above the required outlet CW temperature, then the fan is modeled at the high speed
setting (U.S. DOE 2010b).

For specification of a two-speed cooling tower, the user inputs the fan power
consumption at low speed and high speed. If only the high speed power consumption
value is known, the program sets the low speed power consumption to 16% of that

specified for high speed operation (U.S. DOE 2010b).

The detailed cooling tower implementation by EnergyPlus also provides for modeling
water consumption. The default setup calculates evaporation loss by assuming the
leaving air is saturated. An alternative option allows users to input a factor of
evaporation in terms of water loss percent per degree Kelvin, with the default value
being 0.2%/K. This factor is multiplied by the CW temperature change to obtain the
evaporation rate (U.S. DOE 2010b).
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EnergyPlus also allows for water lost through drift effects to be calculated by assuming a
constant percentage of CW is lost. With typical cooling tower values being between

0.002% and 0.2% of the CW flow rate, the default setting is 0.008% (U.S. DOE 2010b).

The specification of cooling tower cells is also provided by EnergyPlus. However, the
number of cells does not affect the cooling tower performance. Rather, this feature
allows users modeling existing systems to understand the sequence of operation, or users
designing a new system to understand how many cells should be incorporated into the
design. Users have two options for viewing these outputs, as they may specify minimum
or maximum cell control. In either case, the model calculates the required water flow
rate to meet the cooling load. For minimum cell control, the model operates one cell
until 250% of the design water flow rate is reached, in which case another cell is turned
on. For maximum cell control, the model operates as many cells as possible until 33%
of the design water flow rate is reached, in which case one cell is turned off. This
feature allows users to understand how many cells are operating in a cooling tower and
their sequence of operation. If the number of cooling tower cells is not specified, the
model assumes there is only one, and this functionality is lost. However, cooling tower
performance remains unaffected as the model is independent of the number of cells (U.S.

DOE 2010b).

2.5.2 Capacity Control

When capacity control is employed by cooling towers, adjustment of water flow rate is
discouraged (Kreider et al. 2002). Water distribution systems used in cooling towers are
designed for maximum efficiency by assuming a relatively constant water flow rate. If
the water flow rate is too high, the system may become over pressurized and collecting
basins may overflow. If the water flow rate is too low, the system may not provide
enough water to cover the fill, thus reducing the heat transfer rate. A by-product of this
reduction in heat transfer rate is an increase in fan power consumption to compensate

and provide the necessary cooling (SPX 2009). For these reasons, it is advised that the
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water flow rate remain at the design specification. A typical cooling tower is designed
with a flow rate of 3 gpm per ton of cooling (U.S. DOE 2010b; ASHRAE 2008; Kreider
et al. 2002). Capacity control may therefore be attained by varying the fan speed (SPX
2009).

Considering that cooling towers consume energy by powering fans and pumping water
(SPX 2009), energy savings can be expected when capacity control reduces fan power.
Regarding energy consumption, the energy consumed by cooling tower fans is much

greater than the power expended by the water pumps (Kreider et al. 2002).

When a cooling tower uses a single-speed fan motor, the options for capacity control are
limited. In order to avoid fan motor short-cycling between on and off, such cooling
towers often incorporate a hot water by-pass system. This design allows the fan to
remain on and the desired exiting water temperature to be provided by mixing by-passed
water with the cooled water collected in the basin. These systems are limited in their
usage because in freezing conditions, the reduced flow rate of cooled water may not be
enough to prevent freezing within the tower. In order to provide better capacity control,

cooling towers are designed with two-speed or variable-speed fans (SPX 2009).

While two-speed fans provide better capacity control than single-speed fans, variable-
speed fans are ideal for providing the greatest capacity control and energy savings under
part-load conditions. Originally, centrifugal fans with modulating outlet dampers were
used to provide variable-speed capacity control, but they are being replaced by less
expensive variable frequency drives (VFDs). When VFDs are used for cooling tower
capacity control, the speed should be prevented from being less than 25% of the

maximum speed in order to maintain air and water distribution (ASHRAE 2008).
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2.6 Fan Power

The fan laws provide a means for quantifying the variation of rotational speed, air flow
rate, power, and produced head as a result of one of the other parameters changing.
With subscripts 1 and 2 designating before and after conditions, respectively, the
relationship between volumetric air flow rate, V, rotational speed, N, and fan power, w,

are shown below (Kreider et al. 2002).

v, =, (&) 2)

AL 3

When relating fan volumetric flow rate and power consumption, the fan efficiency must
also be accounted for. The total fan efficiency is assumed to be 0.5 in the EnergyPlus

building energy simulation program (U.S. DOE 2010b).

Variable-volume air flow has been used in commercial HVAC systems to meet changing
loads and reduce power consumption, as a change in flow is proportional to a cubic
change in power. One method for controlling flow is the use of fan outlet dampers to
introduce resistance. When fan outlet dampers are applied for flow control, the actual
fan power, W, may be expressed as a function of the fan power at design flow, W, 404,
and the part-load ratio (actual volumetric air flow rate divided by rated volumetric air

flow rate), PLR, as shown below (Kreider et al. 2002).

- = 0.371 + 0.973(PLR) — 0.342(PLR)?
Wrated (4)

An alternative method for controlling air flow is the use of variable-speed fan motors.

When variable-speed drives (VSDs) are used for flow control, the actual fan power may



similarly be expressed as a function of the fan power at design flow and the part-load

ratio, as shown below (Kreider et al. 2002).

= 0.00153 + 0.0052(PLR) + 1.1086(PLR)?
— 0.1164(PLR)3 ®)

rated

2.7 Psychrometric Equations

Relationships between air dry-bulb temperature, Ty, air wet-bulb temperature, T,
saturation pressure at wet-bulb temperature, psq¢ p, Saturation pressure at dry-bulb
temperature, Pgqr qp, partial pressure, p,,, relative humidity, ¢, humidity ratio, w, and

enthalpy, h, are all expressed by psychrometric equations (Kreider et al. 2002).

The enthalpy of moist air may be expressed as (Kreider et al. 2002)

h = CpaTdb + W(hg,ref + CpWTdb) (6)
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Substituting appropriate values for the specific heat of dry air, ¢4, (0.240 Btu/lb-°F), the

enthalpy of saturated water vapor, hg r, (1061.2 Btw/lb), and the specific heat of
superheated water, ¢,,,, (0.444 Btu/Ib-°F), Equation 6 may be expressed as (Kreider et
al. 2002)

h = 0.240Ty;, + w(1061.2 + 0.444T;,) (7)

where Ty, is in degrees Fahrenheit and h is in Btu/lbg,.

The humidity ratio may be obtained by (Kreider et al. 2002)

w = 0.622( ¢psat,db >

p— ¢psat,db (8)

where the atmospheric pressure, p, is approximately 14.696 psia.
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The relative humidity may be calculated by (Kreider et al. 2002)

d) _ Psatwb — Pm
psat,db (9)

Replacing T with absolute T,,;, to calculate pg4¢\,p Or absolute Ty, to calculate pgqr gp,

the saturation pressure may be obtained by (Kreider et al. 2002)

Psar = pc(10K07Te/T) (10)

where the critical pressure of water, p,, is approximately 3226 psia and the critical
temperature, T, is approximately 1165.67°R. The parameter K is calculated from the
absolute T,,,, when calculating pg,¢ ,, and the absolute T;;;, when calculating pg,¢ qp by

(Kreider et al. 2002)

2

o00)
3 (11)

T
K = 4.39553 — 3.469 (m) + 3.072 (

— 0.8833 (—1000)

The partial pressure may be calculated from the absolute temperatures by (Kreider et al.

2002)

_ (Tdb — wa) (1 4 Ty — 492)
Pm =P\" 3725 1571

where the atmospheric pressure, p, is approximately 14.696 psia.

(12)
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3. CHILLER MODEL DEVELOPMENT

The methodology employed to obtain chiller models that may be implemented in
WinAM to quantify potential energy savings from plant cooling equipment CC*
measures is presented in the following sections. It will be shown how the quasi-steady-
state method and EnergyPlus library of data have been extended for application to this

research.

3.1 Air-Cooled Chillers
3.1.1 Scroll Chillers

Manufacturer’s data for scroll chillers with reference capacities between 15 and 168 tons
was obtained from York (York 2011c; York 2011b). Likewise, manufacturer’s data for
scroll chillers with reference capacities between 20 and 60 tons was obtained from Trane

(Trane 2002a). This data has been compiled and is shown in Appendix A.

The data provided for each York chiller included entering condenser air temperatures
(T ) of 75°F, 80°F, 85°F, 90°F, and 95°F. For each value of T'%, ,, exiting CHW
temperatures (Teovl“fp) of 40°F, 42°F, 44°F, 45°F, 46°F, 48°F, and 50°F were provided. For
each of the 35 data points, the measured compressor power consumption and full-load
capacity were also given. The actual chiller COP for each data point was calculated by
dividing the full-load capacity by the required power. The chiller reference capacities
for which such data was provided were 15, 19, 26, 29, 37, 39, 46, 56, and 66 tons for
model YCAL and 72, 78, 86, 96, 114, 120, 127, 140, 143, and 168 tons for model
YLAA. In total, 665 data points were provided to describe the York chillers.

The quasi-steady-state method, as presented in Section 2.4.1, was used to obtain the A4,
A, and A, constants for each chiller reference capacity. The constant values were then

plotted vs. reference capacity, as shown in Figure 8.
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Figure 8. Plot of Ay, A1, and A, constants vs. reference capacity for selected York air-
cooled scroll chillers.

A linear regression of the preceding plot provided the following functions relating the

constants to the reference capacity, cap:

Ay" =196 * cap,r — 5.56

(13)
A;" =0.02 * cap,r — 0.12 (14)
A" = 4.28 x cap,er — 27.04 (15)

Using the linear functions, Ay, A;", and A, were calculated for each chiller reference
capacity. These constant values were then used with the set of temperatures and full-
load capacities provided by the manufacturer’s 665 data points to calculate the predicted
COP by using Equation 1. Comparing the actual and predicted COP values for all 665

data points showed an average error of 3.53% with a standard deviation of 3.89%.
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These results indicate that the linear functions closely predict chiller COP at full-load

capacity.

The data provided for each Trane chiller included entering condenser air temperatures
(TI* ) of 75°F, 85°F, 95°F, 105°F, and 115°F. For each value of % ;, exiting CHW
temperatures (Te",}gp) of 40°F, 42°F, 44°F, 45°F, 46°F, 48°F, and 50°F were provided. For
each of the 35 data points, the measured compressor power consumption and full-load
capacity were also given. The actual chiller COP for each data point was calculated by
dividing the full-load capacity by the required power. The chiller reference capacities
for which such data was provided were 20, 25, 30, 40, 50, and 60 tons for model CGAF.

In total, 210 data points were provided to describe the Trane chillers.

The quasi-steady-state method, as presented in Section 2.4.1, was used to obtain the A,
A, and A, constants for each chiller reference capacity. The constant values were then

plotted vs. reference capacity, as shown in Figure 9.
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Figure 9. Plot of Ay, A1, and A, constants vs. reference capacity for selected Trane air-
cooled scroll chillers.
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A linear regression of the preceding plot provided the following functions relating the

constants to the reference capacity, cap:

Ay" = 2.72 % cap,er — 2.98

(16)

Using the linear functions, A,", A;", and A, were calculated for each chiller reference
capacity. These constant values were then used with the set of temperatures and full-
load capacities provided by the manufacturer’s 210 data points to calculate the predicted
COP by using Equation 1. Comparing the actual and predicted COP values for all 210
data points showed an average error of 2.91% with a standard deviation of 0.76%.
These results indicate that the linear functions closely predict chiller COP at full-load

capacity.

Having developed manufacturer-dependent models for air-cooled scroll chillers, the
development of a manufacturer-independent model for air-cooled scroll chillers utilized

the same methodology.

The Ay, A4, and A, constants obtained for each York and Trane chiller reference

capacity were plotted vs. reference capacity, as shown in Figure 10.



38

700
*
600 - ‘O
*e

500 .
o
% ¢ A2, York
= 100 P mAl, York
=
z “00 A A A0, York
a5
g 00’ A A2, Trane

200 - L 2.3 A A, 4 ¢ Al, Trane

> ® AA A @ A0, Trane
100 - % oe
peo ma 4
) L
0 s & 5 IS 29 R B B EEE B .
0 20 40 60 80 100 120 140 160 180
Reference Capacity (tons)

Figure 10. Plot of Ao, A1, and A, constants vs. reference capacity for York and Trane air-
cooled scroll chillers.

A linear regression of the preceding plot provided the following functions relating the

constants to the reference capacity, cap:

A" = 1.85 * cap,er + 8.75 (19)
A;" =0.02 * cap,er — 0.10 (20)
A" =433 x cap,er — 34.93 @1)

Using the linear functions, A,", A;", and A," were calculated for each chiller reference
capacity. These constant values were then used with the set of temperatures and full-
load capacities provided by the both manufacturers’ 875 data points to calculate the
predicted COP by using Equation 1. Comparing the actual and predicted COP values for
all 875 data points showed an average error of 3.91% with a standard deviation of

2.68%. These results indicate that the linear functions closely predict chiller COP at

full-load capacity.
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Equations 19, 20, and 21 may thus be used to calculate A,", A;", and A, for a given air-
cooled scroll chiller reference capacity (independent of manufacturer) between 15 and
168 tons. Use of these constants, the cooling load, and evaporator and condenser fluid

temperatures in Equation 1 allows the chiller COP at full-load conditions to be predicted.

Considering that the majority of chiller operation occurs at part-load conditions, as
presented in Section 2.4.2, it is necessary to be able to characterize chiller COP at part-

load.

The manufacturer’s data provided for the York set of chillers included chiller COP
values at different PLR conditions. However, a correlation between COP and PLR could
not be obtained directly from the provided data because the reported values are at

different condenser fluid temperatures.

For a constant evaporator outlet temperature, Te"v’ffp, of 44°F, the manufacturer’s data
provided the chiller COP at a given condenser inlet temperature, T, ;, and PLR. In
order to obtain an accurate correlation describing the behavior of COP with respect to
PLR, a curve specific to one set of fluid temperatures was required. The manufacturer’s
data provided one data point for a PLR between 1 and 0. A second data point was
obtained by recognizing that COP=0 when PLR=0. Having previously shown the ability
of the chiller model developed by the quasi-steady-state method to accurately predict
chiller full-load COP, the evaporator and condenser fluid temperature were input to the
model in order to obtain a third data point (COP at PLR=100%). This method was used

to obtain a temperature-specific curve representing the behavior of COP with respect to

PLR.

The following description provides an example of the methodology presented in the

preceding paragraph. For a 66 ton air-cooled scroll chiller, the manufacturer provided
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the chiller COP for a PLR of 0.75 when T"  ,=82.6°F and the chiller COP for a PLR of

cond

0.5 when T, ;=69.3°F. Using the quasi-steady-state model, the chiller full-load COP

in

(when PLR=1) was calculated for the given T/}, ; temperatures and for Teov‘&%=44°F.

The resulting curves are shown in Figure 11.
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Figure 11. COP vs. PLR for a 66 ton air-cooled scroll chiller at two condenser inlet

temperatures and a constant evaporator outlet temperature.

In order to normalize the behavior observed in the preceding figure for the two

condenser fluid temperatures, the fraction of full-load COP was plotted vs. PLR, as

shown in Figure 12.
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Figure 12. Fraction of full-load COP vs. PLR for a 66 ton air-cooled scroll chiller at two
condenser inlet temperatures and a constant evaporator outlet temperature.

The preceding figure indicates that for different PLRs, chiller COP varies as a fraction of

the full-load COP in a similar manner for different fluid temperature conditions.

The preceding steps were performed for the York chillers with the part-load data shown
in Appendix B and the fraction of full-load COP was plotted vs. PLR, as shown in
Figure 13.
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Figure 13. Fraction of full-load COP vs. PLR for all York air-cooled scroll chillers.
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Analysis of the preceding figure indicates that a single curve approximates the behavior
of the chillers. Specifically, the fraction of full-load COP increases as PLR decreases
from 1 and peaks around PLR=0.5.

A polynomial curve was found to best fit the data shown in the preceding figure, and

provided the following function relating fraction of full-load COP (COPgy fr4¢) to PLR,

COPpy prqc = —2.275(PLR)? + 3.233(PLR) + 0.021 22)

The preceding equation was used to calculate the predicted fraction of full-load COP for
different PLR values and the results were compared to the manufacturer’s reported
values. This comparison yielded an average error of 4.16% with a standard deviation of
6.45%. These results indicate that the polynomial function closely predicts variation in

chiller COP under part-load conditions.

Given the cooling load and the chiller reference capacity, the PLR may be calculated and
used in Equation 22 to obtain the multiplier that must be applied to the predicted full-
load chiller COP. The resulting value provides the chiller COP at current operating
conditions with a total (combined full-load and part-load) average error of 8.07% and

standard deviation of 9.13%.

3.1.2 Screw Chillers

Manufacturer’s data for screw chillers with reference capacities between 153 and 513
tons was obtained from York (York 2011d). Likewise, manufacturer’s data for screw
chillers with reference capacities between 69 and 386 tons was obtained from Trane

(Trane 1999, RLC-DS-2). This data has been compiled and is shown in Appendix C.
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The data provided for each York chiller included entering condenser air temperatures
(TI* ) of 75°F, 80°F, 85°F, 90°F, and 95°F. For each value of T'%,,, exiting CHW
temperatures (Tgyap) of 40°F, 42°F, 44°F, 45°F, 46°F, 48°F, and 50°F were provided. For
each of the 35 data points, the measured compressor power consumption and full-load
capacity were also given. The actual chiller COP for each data point was calculated by
dividing the full-load capacity by the required power. The chiller reference capacities
for which such data was provided were 153, 168, 184, 198, 215, 236, 258, 273, 303, 343,
385,410, 439, 471, 492, and 513 tons for model YCAV. In total, 560 data points were

provided to describe the York chillers.

The quasi-steady-state method, as presented in Section 2.4.1, was used to obtain the 4,
A4, and A, constants for each chiller reference capacity. The constant values were then

plotted vs. reference capacity, as shown in Figure 14.
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Figure 14. Plot of Ao, A1, and A, constants vs. reference capacity for selected York air-
cooled screw chillers.
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A linear regression of the preceding plot provided the following functions relating the

constants to the reference capacity, cap:

A" = 3.70 * cap,.; — 84.87 (25)

Using the linear functions, A,", A,", and A, were calculated for each chiller reference
capacity. These constant values were then used with the set of temperatures and full-
load capacities provided by the manufacturer’s 560 data points to calculate the predicted
COP by using Equation 1. Comparing the actual and predicted COP values for all 560
data points showed an average error of 0.92% with a standard deviation of 0.41%.
These results indicate that the linear functions closely predict chiller COP at full-load

capacity.

The data provided for each Trane chiller included entering condenser air temperatures
(TI* ) of 75°F, 85°F, 95°F, 105°F,and 115°F. For each value of T'%, ,, exiting CHW
temperatures (Tgyap) of 40°F, 42°F, 44°F, 46°F, 48°F, 50°F, and 55°F were provided. For
each of the 35 data points, the measured compressor power consumption and full-load
capacity were also given. The actual chiller COP for each data point was calculated by
dividing the full-load capacity by the required power. The chiller reference capacities
for which such data was provided were 69, 80, 91, 101, 108, 120, 132, 143, 151, 166,
175, 190, 195, 235, 262, 287, 333, 360, and 386 tons for model RTAA. In total, 665

data points were provided to describe the Trane chillers.

The quasi-steady-state method, as presented in Section 2.4.1, was used to obtain the 4,
A4, and A, constants for each chiller reference capacity. The constant values were then

plotted vs. reference capacity, as shown in Figure 15.
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Figure 15. Plot of Ag, A1, and A, constants vs. reference capacity for selected Trane air-
cooled screw chillers.

Figure 15 indicates that a linear correlation for A is not as definite as for air-cooled
scroll chillers. It is believed that the behavior of A, reflects the conclusions made by
previous research regarding the use of the quasi-steady-state method for modeling screw
chillers. Specifically, the total amount of entropy generated by screw chillers is not
constant for different operating conditions. Rather, the entropy produced was shown to
depend on the change in pressure across the screw compressor (Graves 2003). A, may
therefore be the constant through which this variation in entropy generation is

manifested.

However, the same research found that modeling screw chillers under the assumption
that the total entropy generated remains constant for a range of conditions (the quasi-
steady-state method), resulted in an error of 4-12% between predicted and measured

power consumption (Graves 2003). Due to the utility of the form of Equation 1 for
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predicting chiller COP, and the limited error shown, the applicability of the quasi-

steady-state method was explored.

A linear regression of the preceding plot provided the following functions relating the

constants to the reference capacity, cap:

Ay" = 0.62 * capyes + 117.53 26)
A;" = 0.02 * cap,er + 0.51 @7)
Az* =414 * Capref + 41.86 (28)

Using the linear functions, Ay, A;", and A, were calculated for each chiller reference
capacity. These constant values were then used with the set of temperatures and full-
load capacities provided by the manufacturer’s 665 data points to calculate the predicted
COP by using Equation 1. Comparing the actual and predicted COP values for all 665
data points showed an average error of 3.27% with a standard deviation of 1.19%.
These results indicate that the linear functions closely predict chiller COP at full-load

capacity.

Having developed manufacturer-dependent models for air-cooled screw chillers, the
development of a manufacturer-independent model for air-cooled screw chillers utilized

the same methodology.

The Ay, A4, and A, constants obtained for each York and Trane chiller reference

capacity were plotted vs. reference capacity, as shown in Figure 16.
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Figure 16. Plot of Ag, A1, and A, constants vs. reference capacity for York and Trane air-
cooled screw chillers.

A linear regression of the preceding plot provided the following functions relating the

constants to the reference capacity, cap:

A" =341 * cap,r +101.29 31)

Using the linear functions, A,", A;", and A," were calculated for each chiller reference
capacity. These constant values were then used with the set of temperatures and full-
load capacities provided by the both manufacturers’ 1225 data points to calculate the
predicted COP by using Equation 1. Comparing the actual and predicted COP values for
all 1225 data points showed an average error of 4.53% with a standard deviation of

2.34%. These results indicate that the linear functions closely predict chiller COP at

full-load capacity.
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The resulting error from applying the quasi-steady-state method to screw chillers, even
though entropy generation is not constant for different operating conditions, is similar to

the 4-12% previously reported (Graves 2003).

Equations 29, 30, and 31 may thus be used to calculate A", A;", and A, for a given air-
cooled screw chiller reference capacity (independent of manufacturer) between 69 and
513 tons. Use of these constants, the cooling load, and evaporator and condenser fluid

temperatures in Equation 1 allows the chiller COP at full-load conditions to be predicted.

Considering that the majority of chiller operation occurs at part-load conditions, as
presented in Section 2.4.2, it is necessary to be able to characterize chiller COP at part-

load.

The manufacturer’s data provided for the Trane set of chillers included chiller COP
values at different PLR conditions. However, a correlation between COP and PLR could
not be obtained directly from the provided data because the reported values are at
different evaporator and condenser fluid temperatures, as required by the AHRI (AHRI
2003). Specifically, COP is reported for PLRs with the fluid temperatures shown in
Table 2.

Table 2. AHRI standard conditions for reporting air-cooled chiller COP at varying PLRs.

PLR Tevap,out (OF) Tcond,in (OF)
100% 44 95
75% 44 80
50% 44 65
25% 44 55

In order to obtain an accurate correlation describing the behavior of COP with respect to

PLR, a curve specific to one set of fluid temperatures was required. One curve was
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generated for the temperature conditions of T, = 44°F and in . =80°F. Two data
points were known: COP at PLR=75% (provided by the manufacturer’s data) and
COP=0 at PLR=0. Having previously shown the ability of the chiller model developed
by the quasi-steady-state method to accurately predict chiller full-load COP, the
evaporator and condenser fluid temperature were input to the model in order to obtain a

third data point (COP at PLR=100%).

A second curve was generated for the temperature conditions of Te"v’ffp =44°F and T%
= 65°F. Two data points were known: COP at PLR=50% (provided by the
manufacturer’s data) and COP=0 at PLR=0. Having previously shown the ability of the
chiller model developed by the quasi-steady-state method to accurately predict chiller
full-load COP, the evaporator and condenser fluid temperature were input to the model

in order to obtain a third data point (COP at PLR=100%).

The two curves are shown in Figure 17 as an example for a 175 ton chiller.
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Figure 17. COP vs. PLR for a 175 ton air-cooled screw chiller at two condenser inlet
temperatures and a constant evaporator outlet temperature.



50

In order to normalize the behavior observed in the preceding figure for the two
condenser fluid temperatures, the fraction of full-load COP was plotted vs. PLR, as

shown in Figure 18.

¢ Tcond.in=80F
0.2 - B Tcond.in=65F

Fraction of Full-Load COP
(=]
=

Figure 18. Fraction of full-load COP vs. PLR for a 175 ton air-cooled screw chiller at
two condenser inlet temperatures and a constant evaporator outlet temperature.

The preceding figure indicates that for different PLRs, chiller COP varies as a fraction of

the full-load COP in a similar manner for different fluid temperature conditions.

The preceding steps were performed for the Trane chillers with the part-load data shown
in Appendix D and the fraction of full-load COP was plotted vs. PLR, as shown in
Figure 19.
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Figure 19. Fraction of full-load COP vs. PLR for all Trane air-cooled screw chillers.

Analysis of the preceding figure indicates that a single curve is not representative of all
chillers. Specifically, for some chillers, the full-load COP is the maximum COP,

whereas for other chillers the maximum COP occurs at a lower PLR.

It was identified that the PLR at which maximum COP is observed is dependent on the
chiller capacity. Figure 20 shows that for air-cooled screw chillers, capacities less than
151 tons reach maximum COP at full-load and capacities greater than 151 tons reach

maximum COP at lower PLRs.
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Figure 20. Fraction of full-load COP vs. PLR for two sets of Trane air-cooled screw
chillers.

Polynomial curves were found to best fit the data shown in the preceding figure, and

provided the following functions relating fraction of full-load COP (COPgy, frq¢) to PLR

for capacities less than or equal to 151 tons

COPpy prqc = —1.515(PLR)? + 2.496(PLR) + 0.005 (32)

and

for capacities greater than 151 tons.

The preceding equations were used to calculate the predicted fraction of full-load COP
for different PLR values and the results were compared to the manufacturer’s reported

values. This comparison yielded an average error of 2.88% with a standard deviation of



53

4.04% for capacities less than or equal to 151 tons and an average error of 2.81% with a
standard deviation of 3.53% for capacities greater than 151 tons. For all capacities, the
average error is 2.85% with a standard deviation of 3.79%. These results indicate that
the polynomial functions closely predict variation in chiller COP under part-load

conditions.

Given the cooling load and the chiller reference capacity, the PLR may be calculated and
used in Equation 32 or 33 to obtain the multiplier that must be applied to the predicted
full-load chiller COP. The resulting value provides the chiller COP at current operating
conditions with a total (combined full-load and part-load) average error of 7.38% and

standard deviation of 6.13%.

3.2 Water-Cooled Chillers
3.2.1 Scroll Chillers

Manufacturer’s data for scroll chillers with reference capacities between 52 and 200 tons
was obtained from York (York 2011a). Likewise, manufacturer’s data for scroll chillers
with reference capacities between 20 and 59 tons was obtained from Trane (Trane

2002b). This data has been compiled and is shown in Appendix E.

The data provided for each York chiller included leaving condenser water temperatures

(T2% ) of 85°F, 95°F, and 105°F. As presented in Section 2.4.1.1, Equation 1 may be

similarly written in terms of TS%, if such data is provided. For each value of T2%,,

exiting CHW temperatures (Tgpqp) of 40°F, 42°F, 44°F, 46°F, 48°F, and 50°F were
provided. For each of the 18 data points, the measured compressor power consumption
and full-load capacity were also given. The actual chiller COP for each data point was
calculated by dividing the full-load capacity by the required power. The chiller
reference capacities for which such data was provided were 52, 60, 68, 77, 86, 93, 110,
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127, 141, 144, 168, and 200 tons for model YCWL. In total, 216 data points were
provided to describe the York chillers.

The quasi-steady-state method, as presented in Section 2.4.1, was used to obtain the A,
A, and A, constants for each chiller reference capacity. The constant values were then

plotted vs. reference capacity, as shown in Figure 21.
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Figure 21. Plot of Ag, A1, and A; constants vs. reference capacity for selected York water-
cooled scroll chillers.

Referring to Figure 21, the constant A, appears to increase linearly up to a reference
capacity of 100 tons, then decrease. However, applying a linear regression to the values
was not found to compromise the accuracy of predicting chiller COP. Experimentation
showed that Equation 1 was sensitive to the A, constant, while the A, constant did not

significantly affect the predicted COP accuracy. The error associated with applying a
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linear regression to the A, constant will be shown to be similar to that obtained for

modeling air-cooled scroll and screw chillers.

A linear regression of the preceding plot provided the following functions relating the

constants to the reference capacity, capy.:

Ap" = 3.19 * capyer — 159.22 (34)
A;" = 0.01 % capyer + 0.23 (35)

Using the linear functions, Ay, A;", and A, were calculated for each chiller reference
capacity. These constant values were then used with the set of temperatures and full-
load capacities provided by the manufacturer’s 216 data points to calculate the predicted
COP by using Equation 1. Comparing the actual and predicted COP values for all 216
data points showed an average error of 2.25% with a standard deviation of 1.32%.
These results indicate that the linear functions closely predict chiller COP at full-load

capacity.

The data provided for each Trane chiller included entering condenser water temperatures
(T ;) of 75°F, 80°F, 85°F, 90°F,and 95°F. For each value of T2, ;, exiting CHW
temperatures (Teovl“fp) of 40°F, 42°F, 44°F, 46°F, 48°F, and 50°F were provided. For each
of the 30 data points, the measured compressor power consumption and full-load
capacity were also given. The actual chiller COP for each data point was calculated by
dividing the full-load capacity by the required power. The chiller reference capacities
for which such data was provided were 20, 25, 29, 39, 49, and 59 tons for model CGWE.

In total, 180 data points were provided to describe the Trane chillers.
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The quasi-steady-state method, as presented in Section 2.4.1, was used to obtain the A4,

A, and A, constants for each chiller reference capacity. The constant values were then

plotted vs. reference capacity, as shown in Figure 22.
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Figure 22. Plot of Ao, A1, and A; constants vs. reference capacity for selected Trane
water-cooled scroll chillers.

A linear regression of the preceding plot provided the following functions relating the

constants to the reference capacity, cap:

Ay" = 0.74 * capyes + 3.42 37)

A" =220 * cap,.r — 16.18 (39)
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Using the linear functions, Ay, A;", and A, were calculated for each chiller reference
capacity. These constant values were then used with the set of temperatures and full-
load capacities provided by the manufacturer’s 180 data points to calculate the predicted
COP by using Equation 1. Comparing the actual and predicted COP values for all 180
data points showed an average error of 0.99% with a standard deviation of 0.35%.
These results indicate that the linear functions closely predict chiller COP at full-load

capacity.

Having developed manufacturer-dependent models for water-cooled scroll chillers, the
development of a manufacturer-independent model for water-cooled scroll chillers

utilized the same methodology.

The Ay, A, and A, constants obtained for each York and Trane chiller reference

capacity were plotted vs. reference capacity, as shown in Figure 23.
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Figure 23. Plot of Ag, A1, and A; constants vs. reference capacity for York and Trane
water-cooled scroll chillers.
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A linear regression of the preceding plot provided the following functions relating the

constants to the reference capacity, cap.:

Ay" = 2.67 x cap,ep — 90.30

(40)

Using the linear functions, Ay, A;", and A, were calculated for each chiller reference
capacity. These constant values were then used with the set of temperatures and full-
load capacities provided by the both manufacturers’ 396 data points to calculate the
predicted COP by using Equation 1. Comparing the actual and predicted COP values for
all 396 data points showed an average error of 4.95% with a standard deviation of
4.90%. These results indicate that the linear functions closely predict chiller COP at
full-load capacity.

Equations 40, 41, and 42 may thus be used to calculate A,", A;", and A," for a given
water-cooled scroll chiller reference capacity (independent of manufacturer) between 20
and 200 tons. Use of these constants, the cooling load, and evaporator and condenser
fluid temperatures in Equation 1 allows the chiller COP at full-load conditions to be

predicted.

Considering that the majority of chiller operation occurs at part-load conditions, as

presented in Section 2.4.2, it is necessary to be able to characterize chiller COP at part-

load.

The manufacturer’s data provided for the York set of chillers included chiller COP
values at different PLR conditions. However, a correlation between COP and PLR could

not be obtained directly from the provided data because the reported values are at
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different evaporator and condenser fluid temperatures, as required by the AHRI (AHRI
2003). Specifically, COP is reported for PLRs with the fluid temperatures shown in
Table 3.

Table 3. AHRI standard conditions for reporting water-cooled chiller COP at varying
PLRs.

PLR Tevap,out (OF) Tcond,in (OF)
100% 44 85
75% 44 75
50% 44 65

In order to obtain an accurate correlation describing the behavior of COP with respect to
PLR, a curve specific to one set of fluid temperatures was required. One curve was
generated for the temperature conditions of Te"v’ffp = 44°F and T% , = 75°F. Two data
points were known: COP at PLR=75% (provided by the manufacturer’s data) and
COP=0 at PLR=0. Having previously shown the ability of the chiller model developed
by the quasi-steady-state method to accurately predict chiller full-load COP, the
evaporator and condenser fluid temperatures were input to the model in order to obtain a

third data point (COP at PLR=100%).

A second curve was generated for the temperature conditions of Tgy4,, = 44°F and T .

= 65°F. Two data points were known: COP at PLR=50% (provided by the
manufacturer’s data) and COP=0 at PLR=0. Having previously shown the ability of the
chiller model developed by the quasi-steady-state method to accurately predict chiller
full-load COP, the evaporator and condenser fluid temperatures were input to the model

in order to obtain a third data point (COP at PLR=100%)).

The two curves are shown in Figure 24 as an example for an 86 ton chiller.



10

-

Ccop

pé

(]

N

0

0.5 1
PLR

@ Tcond.in=75F

B Tcond,in=65F

60

Figure 24. COP vs. PLR for an 86 ton water-cooled scroll chiller at two condenser inlet
temperatures and a constant evaporator outlet temperature.

In order to normalize the behavior observed in the preceding figure for the two

condenser fluid temperatures, the fraction of full-load COP was plotted vs. PLR, as

shown in Figure 25.
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Figure 25. Fraction of full-load COP vs. PLR for an 86 ton water-cooled scroll chiller at
two condenser inlet temperatures and a constant evaporator outlet temperature.
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The preceding figure indicates that for different PLRs, chiller COP varies as a fraction of

the full-load COP in a similar manner for different fluid temperature conditions.

The preceding steps were performed for the York chillers with part-load data shown in
Appendix F and the fraction of full-load COP was plotted vs. PLR, as shown in Figure
26.

Fraction of Full-Load COP

PLR

Figure 26. Fraction of full-load COP vs. PLR for York water-cooled scroll chillers.

Analysis of the preceding figure indicates that a single curve approximates the behavior
of the chillers. Specifically, the fraction of full-load COP decreases as PLR decreases,
with the peak COP occurring at PLR=1.

A polynomial curve was found to best fit the data shown in the preceding figure, and

provided the following function relating fraction of full-load COP (COPgy fr4¢) to PLR,
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COPp frqc = —1.295(PLR)? + 2.276(PLR) + 0.005 (43)

The preceding equation was used to calculate the predicted fraction of full-load COP for
different PLR values and the results were compared to the manufacturer’s reported
values. This comparison yielded an average error of 3.21% with a standard deviation of
4.82%. These results indicate that the polynomial function closely predicts variation in

chiller COP under part-load conditions.

Given the cooling load and the chiller reference capacity, the PLR may be calculated and
used in Equation 43 to obtain the multiplier that must be applied to the predicted full-
load chiller COP. The resulting value provides the chiller COP at current operating
conditions with a total (combined full-load and part-load) average error of 8.16% and

standard deviation of 9.72%.

3.2.2 Reciprocating Chillers

Referring to the product brochures of three large chiller manufacturers (Trane, Carrier,
and York), reciprocating chillers are no longer in production (Trane 2006; Carrier 2005,
Cat. No. 04-819192-25; York 2010). As a result, product data required for

implementation of the quasi-steady-state method could not be obtained.

While new reciprocating chillers are not being installed, it remains essential that WinAM
be able to model such chillers considering that CC* engineers are likely to encounter

them in existing HVAC systems.

The quasi-steady-state method was first introduced in a study focused on reciprocating
chillers alone (Gordon et al. 1994). This study used manufacturers’ data for 11 Carrier
chillers and 16 Trane chillers to determine the ability of the quasi-steady-state method to
predict reciprocating chiller COP. Documentation of this study includes the A,, 4;, and

A, constants derived for each chiller, the rated capacities at reference evaporator outlet
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and condenser inlet temperatures, and the root mean square error in COP. This data has

been compiled and is shown in Appendix G.

The study concluded that because the average root mean square error in predicted COP
for all of the chillers was 0.4%, and that manufacturers’ experimental uncertainty was
+3%, the quasi-steady-method was capable of predicting reciprocating chiller COP
under various operating conditions (Gordon et al. 1994). Considering that the A,, 44,
and A, constants were derived according to the quasi-steady-state procedure described in
Section 2.4.1.1, the documented constants from the study served as the basis for

developing a correlation between A, A;, and A, and chiller reference capacity.

The Ay, A4, and A, constants were reported for Carrier chillers with reference capacities
of 14, 18, 23, 34, 46, 55, 68, 90, 102, 125, and 137 tons. The A,, A;, and A, constants
were reported for Trane chillers with reference capacities of 69, 73, 73, 73, 84, 84, 94,
105, 115, 127, 167, 243, 265, 303, 334, and 364 tons. The reference capacities listed are
all for a reference entering condenser water temperature (T/%, ;) of 95°F and exiting
CHW temperature (Te",}gtp) of 50°F. For each reference capacity, the reference water

temperatures and the A,, 4;, and A, constants reported were used to calculate the COP

by Equation 1. These COP values will be referred to as the “reported COP” values.

The constant values reported for each reference capacity were plotted vs. reference

capacity, as shown in Figure 27.
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Figure 27. Plot of Ag, A1, and A constants vs. reference capacity for Carrier and Trane
reciprocating chillers.

A linear regression of the preceding plot provided the following functions relating the

constants to the reference capacity, cap:

A" =0.02 * capyer + 15.33 (44)
A" =0.01 % cap,.r — 0.47 (45)
AZ* =1.62 % Capref —136.46 (46)

Using the linear functions, Ay, A;", and A, were calculated for each chiller reference
capacity. These constant values were then used with the reference water temperatures
and reference capacities reported for the 27 chillers to calculate the predicted COP by
using Equation 1. Comparing the reported and predicted COP values for the 27 chillers
showed an average error of 16.40% with a standard deviation of 29.39%. The

magnitude of error observed was reason for further analysis.
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Figure 28 indicates that the linear functions are able to predict full-load COP accurately
for medium and large reference capacities. However, for smaller reference capacities,
the predicted full-load COP results in significant error. For this reason, the applicability
of the model was limited to reciprocating chillers with reference capacities greater than

20 tons.
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Figure 28. Plot of reported COP and predicted COP vs. reference capacity for Carrier
and Trane reciprocating chillers.

Comparing the reported and predicted COP values for the restricted set of 25 chillers
showed an average error of 9.49% with a standard deviation of 7.39%. These results
indicate an improvement in the ability of the linear functions to predict chiller COP at

full-load capacity.

Equations 44, 45, and 46 may thus be used to calculate A,", A;", and A," for a given
water-cooled reciprocating chiller reference capacity (independent of manufacturer)

between 20 and 364 tons. Use of these constants, the cooling load, and evaporator and
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condenser fluid temperatures in Equation 1 allows the chiller COP at full-load conditions

to be predicted.

Considering that the majority of chiller operation occurs at part-load conditions, as
presented in Section 2.4.2, it is necessary to be able to characterize chiller COP at part-

load.

Due to the inability to obtain performance data for water-cooled reciprocating chillers,
the three curves used to characterize reciprocating chiller performance by EnergyPlus

were employed.

EnergyPlus makes use of a single set of three curves to model a generic reciprocating
chiller. The EIRFPLR coefficients, EIRFT coefficients, and CAPFT coefficients were
obtained from the EnergyPlus library. The EIRFPLR coefficients were used to calculate
the actual EIR fraction (EIRyqc prr) When PLR varies from 100% to 20%. The EIRFT

coefficients were used to calculate the actual EIR fraction (EIRfyq 1) for entering

condenser water temperatures (T2 ;) of 65°F, 73°F, 84°F, 93°F, and 102°F and exiting
CHW temperatures (Tgyq,) of 40°F, 41°F, 43°F, 45°F, and 46°F, resulting in 25 data
points. The selected temperature ranges were chosen based on standard water-cooled
chiller rating conditions established by the AHRI (AHRI 2003). The CAPFT
coefficients were used to calculate the actual fraction of reference capacity (CAPfyq.) for

the same water temperature conditions.

A generic reciprocating chiller with a 10 kW (2.83 ton) reference capacity and 3.67
reference COP was modeled for each of the 25 temperature conditions and at PLRs of 1,
0.8, 0.6, 0.4, and 0.2. A plot of the chiller COP for varying PLRs and entering
condenser water temperatures (ECWTs) (with a constant leaving chiller water

temperature (LCHWT) of 43°F) is shown in Figure 29.
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Figure 29. Plot of COP vs. PLR for a generic reciprocating chiller with varying ECWTs

and constant LCHWT (43°F).

In order to normalize the behavior of COP as a function of PLR, the fraction of full-load

COP (when PLR=1) was calculated for each temperature and PLR condition. Figure 30
shows that the fraction of full-load COP is strictly dependent on the PLR and

independent of the fluid temperature conditions.
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Figure 30. Plot of fraction of full-load COP vs. PLR for a generic reciprocating chiller
with varying ECWTs and constant LCHWT (43°F).

A polynomial curve fit was found to best fit the data and resulted in the following

equation relating the fraction of full-load COP (COPgy, 14.) to PLR,

COPry frac = —0.289(PLR)* +0.769(PLR) + 0516 47,

Using the preceding equation, the fraction of full-load COP at varying PLR conditions
was calculated and compared to the COP calculated from the EnergyPlus curves. The
error obtained from this comparison is shown in Table 4, with the average error being

0.81% with a standard deviation of 0.42%.

68
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Table 4. Error between predicted fraction of full-load COP and that calculated from
EnergyPlus curves for different PLR values.

PLR % Error

1 0.47109
0.8 0.91498
0.6 0.29232
0.4 1.51678
0.2 0.85214

Given the cooling load and the chiller reference capacity, the PLR may be calculated and
used in Equation 47 to obtain the fraction of full-load COP. This value may then be
multiplied by the predicted full-load chiller COP to obtain the actual chiller COP at
current operating conditions with a total (combined full-load and part-load) average error

of 10.30% and standard deviation of 7.81%.

3.2.3 Screw Chillers

The quasi-steady-state method used thus far to model air-cooled scroll and screw chillers
and water-cooled scroll and reciprocating chillers has utilized manufacturers’ data.

Since such data is no longer provided for water-cooled screw chillers, the performance
curves used by the EnergyPlus building energy simulation program to predict chiller

COP under varying conditions will be utilized.

From the EnergyPlus library, screw chillers from York and Carrier were selected to
represent the range of reference capacities available for modeling. York model Y'S
chillers with reference capacities of 221, 249, and 498 tons and Carrier model 23XL
chillers with reference capacities of 194, 235, 244, 301, 314, and 339 tons were selected.

For each reference capacity, the EIRFPLR coefficients, EIRFT coefficients, and CAPFT
coefficients were obtained from the EnergyPlus library. These coefficients have been

compiled and are shown in Appendix H with their respective regression functions. The
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EIRFPLR coefficients were used to calculate the actual EIR fraction (EIRfyqcprr) When

PLR varies from 100% to 20% for each reference capacity. The EIRFT coefficients

were used to calculate the actual EIR fraction (EIRfyq 1) for entering condenser water

temperatures (T.%, ;) of 65°F, 75°F, and 85°F and exiting CHW temperatures (Toriy) of
40°F, 43°F, 46°F, and 50°F, resulting in 12 values per reference capacity. The selected
temperature ranges were chosen based on standard water-cooled chiller rating conditions
established by the AHRI (AHRI 2003). The CAPFT coefficients were used to calculate
the actual fraction of reference capacity (CAPfyq.) for the same water temperature

conditions.

The EIRfq¢p1r Values obtained for each reference capacity were then plotted vs. PLR,

as shown in Figure 31.
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Figure 31. Plot of EIR fraction from EIRFPLR vs. PLR for York and Carrier screw
chillers.



A polynomial curve was found to best fit the data shown in the preceding figure, and

provided the following function relating EIRf,q¢ prr to PLR:

ElRfrqcpir = 0.286(PLR)? + 0.488(PLR) + 0.227 48)

The EIRfyqc,r values obtained for each reference capacity were then plotted vs. the

absolute temperature ratio ( n i/ Te"v%%), as shown in Figure 32.
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Figure 32. Plot of EIR fraction from EIRFT vs. absolute temperature ratio for York and

Carrier screw chillers.

A straight line was found to best fit the data shown in the preceding figure, and provided

the following function relating EIRfqc 1 to n / Torap:



72

in
0

lc nd
o~ 7.942 49)

evap

EIRfyqcr = 8.377 *

The CAPfyq. values obtained for each reference capacity were then plotted vs. the

absolute temperature ratio (Tg'{;nd Te"vlg“;,), as shown in Figure 33.

1.4
O
12 M 2! 1 =! ([ o
%: X. ?\ i ; [ ] ; 0 #221 tons, York
1 ° § * =8 « r K 5 ‘ M 249 tons, York
408 0 g 4498 tons, York
[ fj <194 tons, Carrier
-
C06 - W ¢ 235 tons, Carrier
04 © 244 tons, Carrier
) 301 tons, Carrier
0.2 314 tons, Carrier
339 tons, Carrier
O .
1.02 1.04 1.06 1.08 1.1
Lond,iﬂm'ap,nur

Figure 33. Plot of capacity fraction from CAPFT vs. absolute temperature ratio for York
and Carrier screw chillers.

A polynomial curve was found to best fit the data shown in the preceding figure, and

provided the following function relating CAPf,.q. to T 4 /TS, :

evap-

ou out
evap evap

. 2 .
Tm Tm
CAPfrac = —90.418( “”’:") + 187.764( d) — 96.405 (50)
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Based on the description of how EnergyPlus uses the CAPs,q¢, EIRfyqc 1, and
EIRfrqcpLr Values to determine chiller performance, it was necessary to compare the
actual CAPf,q. values and total EIR fraction values (EIR:otq; = EIRfrqcr *
EIRfq¢,pLr) to those predicted by Equations 48, 49, and 50.

The actual CAPf,, values obtained for each reference capacity at 12 different water

temperature conditions were multiplied by the chiller reference capacity to obtain the
actual full-load capacity. Equation 50 was used with the same 12 water temperature
conditions to calculate the predicted CAPy, 4. values for each reference capacity. The
predicted CAPy,.q, values were multiplied by the chiller reference capacity to obtain the
predicted full-load capacity. Comparing the actual and predicted full-load capacities for
the 9 chillers under each temperature condition (108 data points) showed an average
error of 7.42% with a standard deviation of 2.96%. These results indicate that Equation

50 may be used to calculate CAPf,.q. for water-cooled screw chillers (independent of

manufacturer) as operating conditions change.

For each reference capacity, the actual EIRf.q. 1 values obtained at 12 different water
temperature conditions were multiplied by the actual EIRfyq p1r value obtained for the
same reference capacity when PLR was set equal to 1. Multiplying the actual EIRfyqc 1
and actual EIRfq. pr Values together provided the actual EIR;yq;. Equation 49 was
used with the same 12 water temperature conditions to calculate the predicted EIRfyqc 1
values for each reference capacity. Equation 48 was used to calculate the predicted
EIRfrqcpLr Value for each reference capacity with PLR set equal to 1. Multiplying the
predicted EIRfq¢ r and predicted EIRfyq. p g Values together provided the predicted
EIR;ytq;- Comparing the actual and predicted EIR;,¢4; for the 9 chillers under each
temperature condition (108 data points) showed an average error of 9.57% with a

standard deviation of 3.63%.
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The comparison of actual and predicted EIR;,:,; values was repeated for PLR = 0.8, 0.6,
0.4, and 0.2. The error associated with each part-load operation is summarized in Table

5.

Table 5. Water-cooled screw chiller average error and standard deviation between actual
and predicted total EIR fraction values for different PLR values.

PLR Average Error | Standard Deviation
(%) (%)
1 9.57 3.63
0.8 10.25 4.93
0.6 10.30 6.50
0.4 9.13 7.56
0.2 9.26 6.17

The average error for all load conditions is 9.70% with a standard deviation of 5.76%,
indicating that Equations 48 and 49 may be used to calculate EIRfqc prr and EIRfrqc 1,

respectively. The resulting values may then be multiplied to obtain the EIR;¢,; value
for water-cooled screw chillers (independent of manufacturer) as operating conditions

change.

Equations 48, 49, and 50 provide a means for calculating chiller COP (independent of
manufacturer) as operating conditions change for water-cooled screw chillers with

reference capacities between 194 and 498 tons.

Further validation of the use of Equations 48, 49, and 50 for calculating chiller COP was
provided by comparing the COP resulting from the EnergyPlus curves and the COP
resulting from the correlations represented by Equation 48, 49, and 50. Chiller COP was
calculated by both methods for each of the 9 chillers subject to the 12 temperature
conditions and for PLRs of 1, 0.8, 0.6, 0.4, and 0.2. The error between the EnergyPlus
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and predicted COP values for the 540 data points is summarized in Table 6. The average

error for all load conditions is 9.87% with a standard deviation of 3.65%.

Table 6. Water-cooled screw chiller average error and standard deviation between actual
and predicted COP values for different PLR values.

PLR Average Error | Standard Deviation
(%) (%)
1 7.89 1.56
0.8 9.11 1.96
0.6 10.25 3.27
0.4 10.58 5.00
0.2 11.54 6.45

An example of the COP comparison conducted is shown in Figure 34 for two water-
cooled screw chillers. The COP curves resulting from EnergyPlus and the correlations
are plotted for a constant leaving chilled water temperature (LCHWT) of 6°C and
entering condenser water temperature (ECWT) of 24.15°C. The predicted COP at part-

load is shown to closely match the COP resulting from the EnergyPlus curves.
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Figure 34. Plot of COP vs. PLR for two water-cooled screw chillers.

3.2.4 Centrifugal Chillers

Considering the lack of published manufacturers’ data for water-cooled centrifugal
chillers, the same approach as that taken for water-cooled screw chillers was taken.
Specifically, the performance curves used by the EnergyPlus building energy simulation

program to predict chiller COP under varying conditions were utilized.

From the EnergyPlus library, centrifugal chillers from York and Carrier were selected to
represent the range of reference capacities available for modeling. The chillers were
also selected to account for the type of capacity control employed: inlet guide vanes or
variable-speed drive (VSD). For inlet guide vane capacity control, York model YT
chillers with reference capacities of 272, 290, 297, 395, 498, and 597 tons and Carrier
model 19XR chillers with reference capacities of 233, 339, 356, 463, and 677 tons were

selected. For VSD capacity control, York model YT chillers with reference capacities of
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254, 309, 387, 498, and 532 tons and Carrier model 19XR chillers with reference
capacities of 210, 254, 324, 441, and 677 tons were selected. All York and Carrier
chillers selected use a single-stage compressor (York 2001; Carrier 2010, Form 19XR-
9PD).

Single-stage compressors served as the focus of this study because the majority of
centrifugal chillers in the EnergyPlus library are single-stage and the reference capacities
for which data is provided cover the range previously shown (233-677 tons). Trane
CVHE is the only model available using a three-stage compressor (Trane 2005) and the
reference capacities for which data is provided are only 320, 378, 390, and 422 tons. In
addition, Trane CVHF and Carrier 19EX are the only models available using a two-stage
compressor (Trane 2005; Carrier 1999, Form 19EX-3PD). Data for the Trane CVHF
model is available for reference capacities of 478, 500, 506, 581, 621, 654, 659, 730,
796, and 1330 tons. Data for the Carrier 19EX model is available for reference
capacities of 1327, 1421, 1464, and 1481 tons. A reliable model for two-stage and three-
stage compressors could not be obtained due to the lack of data at similar reference
capacities between multiple manufacturers. Unlike two-stage and three-stage
compressors, the availability of data from multiple manufacturers at similar reference
capacities for single-stage compressors allowed an accurate, justifiable model to be

developed.

For each reference capacity, the EIRFPLR coefficients, EIRFT coefficients, and CAPFT
coefficients were obtained from the EnergyPlus library. These coefficients have been
compiled and are shown in Appendix I with their respective regression functions. The
EIRFPLR coefficients were used to calculate the actual EIR fraction (EIRfyqcprr) When
PLR varies from 100% to 20% for each reference capacity. The EIRFT coefficients
were used to calculate the actual EIR fraction (EIRfyq 1) for entering condenser water
temperatures (T.%, ;) of 65°F, 75°F, and 85°F and exiting CHW temperatures (Te‘i}fl%) of

40°F, 43°F, 46°F, and 50°F, resulting in 12 values per reference capacity. The selected
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temperature ranges were chosen based on standard water-cooled chiller rating conditions
established by the AHRI (AHRI 2003). The CAPFT coefficients were used to calculate
the actual fraction of reference capacity (CAPfyq.) for the same water temperature

conditions.

The EIRfq¢,pLr Values obtained for each reference capacity were then plotted vs. PLR,

as shown in Figure 35.
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Figure 35. Plot of EIR fraction from EIRFPLR vs. PLR for York and Carrier centrifugal
chillers with inlet guide vane and VSD capacity control.
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Analysis of the preceding figure shows a distinct difference in behavior between the
types of capacity control employed. This distinction is further revealed by the

manufacturer-independent plot shown in Figure 36.
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Figure 36. Plot of EIR fraction from EIRFPLR vs. PLR for centrifugal chillers with inlet
guide vane and VSD capacity control.

Polynomial curves were found to best fit the data shown in the preceding figure, and
provided the following functions relating EIRf.q¢ prr to PLR for inlet guide vane

capacity control

ElRfyacpir = 0.417(PLR)? + 0.316(PLR) + 0.267 51)

and

EIRfrac,PLR == 0.884(PLR)2 - 0.00].(PLR) + 0.115 (52)



for VSD capacity control.

The EIRfyq¢,r values obtained for each reference capacity were then plotted vs. the

Tout

absolute temperature ratio (Tg'{;nd / evap), as shown in Figure 37.
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Figufe 37. Plot of EIR fraction from EIRFT vs. absolute temperature ratio for York and
Carrier centrifugal chillers with inlet guide vane and VSD capacity control.

Analysis of the preceding figure shows an offset between the linear behaviors of each

type of capacity control employed. This distinction is better exposed by the

manufacturer-independent plot shown in Figure 38.
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Figure 38. Plot of EIR fraction from EIRFT vs. absolute temperature ratio for centrifugal
chillers with inlet guide vane and VSD capacity control.

Straight lines were found to best fit the data shown in the preceding figure and provided

the following functions relating EIR 4.7 to T2l /T4, for inlet guide vane capacity
control
T?tlmd
EIRfrqcr = 5.721 % — 5.097 (53)
evap
and
T?tlmd
ElRfrqcr = 5478 * ——4.744 (54)

evap

for VSD capacity control.

The CAPfyq. values obtained for each reference capacity were then plotted vs. the

absolute temperature ratio (Tg'{}nd / Te"v%%), as shown in Figure 39.
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Figure 39. Plot of capacity fraction from CAPFT vs. absolute temperature ratio for York
and Carrier centrifugal chillers with inlet guide vane and VSD capacity control.

Unlike the EIRfyqcprr and EIRfq¢ r curves, the preceding figure indicates that the
CAPsrgc vs. ( n / Te"v’fl%) curves have similar behavior regardless of the capacity
control type. A polynomial curve was found to best fit the data shown in the preceding

figure, and provided the following function relating CAPy,.4 to n T

in 2 in

Tcond Tcond
CAPfrqc = —90.63 o + 185.06 — | —93.306 (55)
evap evap

Based on the description of how EnergyPlus uses the CAPsrq¢, EIRfrqc 1, and

EIRfqc pLr Values to determine chiller performance, it was necessary to compare the
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actual CAPf,q. values and total EIR fraction values (EIR:otq; = EIRfrqcr *

EIRfrqcpLr) to those predicted by Equations 51-55.

The actual CAPf,, values obtained for each reference capacity at 12 different water
temperature conditions were multiplied by the chiller reference capacity to obtain the
actual full-load capacity. Equation 55 was used with the same 12 water temperature
conditions to calculate the predicted CAPy,4. values for each reference capacity. The
predicted CAPy,.q, values were multiplied by the chiller reference capacity to obtain the
predicted full-load capacity. Comparing the actual and predicted full-load capacities for
the 21 chillers under each temperature condition (252 data points) showed an average
error of 8.53% with a standard deviation of 3.96%. These results indicate that Equation

55 may be used to calculate CAPf,q. for water-cooled centrifugal chillers (independent

of manufacturer) as operating conditions change.

For each reference capacity, the actual EIRf.q. 1 values obtained at 12 different water
temperature conditions were multiplied by the actual EIRfyq p1 g value obtained for the
same reference capacity when PLR was set equal to 1. Multiplying the actual EIRfyqc 1
and actual EIRfq. prr Values together provided the actual EIRyq;. Equations 53 and

54 were used with the same 12 water temperature conditions to calculate the predicted

EIRfyqcr values for each reference capacity. Equations 51 and 52 were used to
calculate the predicted EIRfqc prr Value for each reference capacity with PLR set equal
to 1. Multiplying the predicted EIR¢,q.r and predicted EIRfq¢ pr g Values together

provided the predicted EIR;,;q;. Comparing the actual and predicted EIR;,,; for the 21
chillers under each temperature condition (252 data points) showed an average error of

6.77% with a standard deviation of 3.51%.
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The comparison of actual and predicted EIR;,:,; values was repeated for PLR = 0.8, 0.6,

0.4, and 0.2. The error associated with each part-load operation is summarized in Table
7.

Table 7. Water-cooled centrifugal chiller average error and standard deviation between
actual and predicted total EIR fraction values for different PLR values.

PLR Average Error (%) Standard Deviation (%0)
1 6.77 3.51
0.8 5.80 2.93
0.6 7.08 3.47
0.4 10.04 7.08
0.2 12.80 10.01

The average error for all load conditions is 8.50% with a standard deviation of 5.40%,
indicating that Equations 51-54 may be used to calculate EIRfrq¢ prr and EIRfyqc 7. The

resulting values may then be multiplied to obtain the EIR;,,; value for water-cooled

centrifugal chillers (independent of manufacturer) as operating conditions change.

Equations 51-55 provide a means for calculating chiller COP (independent of
manufacturer) as operating conditions change for water-cooled centrifugal chillers with
inlet guide vane capacity control and reference capacities between 233 and 677 tons and
water-cooled centrifugal chillers with VSD capacity control and reference capacities

between 210 and 677 tons.

Further validation of the use of Equations 51-55 for calculating chiller COP was
provided by comparing the COP resulting from the EnergyPlus curves and the COP
resulting from the correlations represented by Equation 51-55. Chiller COP was
calculated by both methods for each of the 11 chillers with inlet guide vane capacity
control and each of the 10 chillers with VSD capacity control. For all 21chillers, COP
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was calculated for the 12 temperature conditions and for PLRs of 1, 0.8, 0.6, 0.4, and
0.2. The error between the EnergyPlus and predicted COP values for the 1260 data
points is summarized in Tables 8 and 9. The average error for inlet guide vane capacity
control under all load conditions is 12.07% with a standard deviation of 5.96%. The
average error for VSD capacity control under all load conditions is 12.18% with a

standard deviation of 4.61%.

Table 8. Water-cooled centrifugal chiller with inlet guide vane capacity control average
error and standard deviation between actual and predicted COP values for different PLR
values.

PLR Avera(g/i)Error Standard Deviation (%0)
1 10.57 4.51
0.8 10.70 4.53
0.6 11.34 5.11
0.4 12.65 6.48
0.2 15.09 9.19

Table 9. Water-cooled centrifugal chiller with VSD capacity control average error and
standard deviation between actual and predicted COP values for different PLR values.

PLR Avera(g/i)Error Standard Deviation (%0)
1 11.56 3.05

0.8 9.51 2.59

0.6 10.10 3.70

0.4 13.71 5.57

0.2 16.04 8.13

An example of the COP comparison conducted is shown in Figure 40 for four water-
cooled centrifugal chillers with inlet guide vane capacity control. The COP curves

resulting from EnergyPlus and the correlations are plotted for a constant leaving chilled
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water temperature (LCHWT) of 6°C and entering condenser water temperature (ECWT)

of 24.15°C. The predicted COP at part-load is shown to closely match the COP resulting

from the EnergyPlus curves.
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Figure 40. Plot of COP vs. PLR for four water-cooled centrifugal chillers with inlet

guide vane capacity control.

Another example of the COP comparison conducted is shown in Figure 41 for four

water-cooled centrifugal chillers with VSD capacity control. The COP curves resulting

from EnergyPlus and the correlations are plotted for a constant leaving chilled water
temperature (LCHWT) of 6°C and entering condenser water temperature (ECWT) of
24.15°C. The predicted COP at part-load is shown to closely match the COP resulting

from the EnergyPlus curves.
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4. COOLING TOWER MODEL DEVELOPMENT

The subsequent discussion is based upon the methods and assumptions presented in
Section 2.5. Research of the underlying principles upon which EnergyPlus has been
developed showed that the Merkel method is employed for cooling tower modeling
(U.S. DOE 2010b). Considering the detailed nature of EnergyPlus as a building energy
simulation program, utilization of the Merkel method for modeling cooling towers in
WinAM is a viable approach. Two of the assumptions made by the Merkel method will
be of fundamental importance for the cooling tower model developed for WinAM.
These two assumptions are that the air exiting the cooling tower is saturated and the

effects of water loss through evaporation are negligible (Kloppers et al. 2005).

The consequence of these assumptions is that accurate consideration of exiting air
conditions is lost. However, it was shown that for an operating range of 10°F,
evaporation losses are approximately 1.2% (Burger 2005) and drift losses are usually on
the order of 0.02% of the CW (Burger 2005). An expected loss of 1.22% of the CW

reinforces the validity of the two assumptions upon which the Merkel method is based.

Furthermore, it was shown that even without accurate consideration of exiting air
conditions, the Merkel method predicts nearly the same CW temperature leaving the
cooling tower as the Poppe method (Kloppers et al. 2005). The ability of the Merkel
method to accurately predict CW temperature leaving the cooling tower lends itself for

implementation in a cooling tower mass and energy balance.

4.1 Mass and Energy Balances

A schematic diagram of a cooling tower (the control volume) with water and air entering

and exiting conditions is shown in Figure 42.
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Figure 42. Diagram showing a cooling tower with water and air entering and exiting
conditions.

Assuming steady-state operation, conservation of mass for the water and air flowing

through the control volume requires that

Mg = Mgy (56)

My + Mg Wa; = My + Mg Wgo (57)
where m designates mass flow rate, w designates the humidity ratio, the w and a
subscripts refer to the water and air, respectively, and the i and o subscripts refer to the

conditions at the inlet and outlet of the control volume, respectively.

Substituting Equation 56 into Equation 57 and collecting like terms,



My + Mai (Wi — Wao) = My (58)

Assuming steady-state operation, conservation of energy within the control volume

requires that

where AE is the change in energy between entering and exiting the control volume.

The change in energy of the water may be expressed as

AEW = mWihwi - mwohwo (60)

where h designates enthalpy.

The change in energy of the air may similarly be expressed as
AE, = mgihg; — Mgohao (61)
Equation 59 may thus be rewritten as

0 = (Myihywi — Myohwo) + (Maihai — Maohao) (62)

Combining Equations 56, 58, and 62 and rearranging terms provides

0= mwi(hwi - hwo) + mai(hai - hao)
- maihwo (wai - wao) (63)

90

Writing the enthalpy of water in terms of its specific heat, ¢, and temperature, T,,, one

obtains
hy, = CpWTW (64)
and Equation 63 may be rewritten as

0= mwicpw(Twi - Two) + mai(hai - hao)
- maicprwo (Wqi — Wqo) (65)
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Considering that cooling towers consume energy by powering fans and pumping water
(SPX 2009), the water and air mass flow rate terms are of interest. However, it was
previously presented that water flow rates in cooling towers are specified to provide
adequate water distribution and should not be varied (Kreider et al. 2002). Since the
mass flow rate of water should not vary, the primary term of interest is the air mass flow
rate. Equation 65 may be solved for the air mass flow rate and results in

_mwicpw(Twi - Two)
(hai - hao) - prTwo (a)ai - wao) (66)

My =

The mass flow rate of a fluid may be expressed in terms of the fluids’ density, p, and
volumetric flow rate, V, by

h = pV (67)
Considering that water-cooled chiller manufacturers report performance for CW
temperatures between 85°F and 105°F (York 2011a), the density of water over this range
varies from 62.17 lby/ft’ to 61.93 1b,/ft’ (Cengel et al. 2011). As this variation is small,
the median value of 62.05 Iby/ft’ will serve as the approximate density of the water

flowing through the cooling tower. Over this same CW temperature range, the specific

heat of water is 0.999 Btu/lb,,-°F (Cengel et al. 2011).

The density of the air passing through the cooling tower will depend on ambient
conditions. Using air properties at 1 atm pressure, air density varies from 0.08270
Ibw/ft’ at 20°F to 0.06963 Ib,/ft’ at 100°F. The median value of 0.076165 Ib,/ft’ will

serve as the approximate density of the air passing through the cooling tower.

Considering that a typical cooling tower is designed with a flow rate of 3 gpm per ton of
nominal cooling capacity, Q,ominas> (U.S. DOE 2010b; ASHRAE 2008; Kreider et al.

2002), the volumetric flow rate of water may be expressed as
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3 gpm

= ton *Qnominal (68)

w

Introducing Equations 67, 68 and the approximations for water density, water specific

heat, and air density, Equation 66 may be written as

by, (3 gpm Btu
(62 05 ft_3) ( t%)r; ) Qnominal (0 999 b, F) (Twi - Two)

Bt
(0 076165 ft3 [(hal - ao) (O 999 b UF> wo (wai - wao)]

ai —

(69)

In order to convert Equation 69 into units for direct implementation in WinAM, the

conversion factor of 1 gallon = 0.134 ft’ is applied to Equation 69, yielding

Ib,,\ /3 gpm (0.134 ft3 ) Btu
N (62'05 ft3 )( ton ) gallon CQnominal (0 999]b F) (Twi = Two)
Btu

(0 076165 ft3 [(hal - ao) <0 999 lb F) wo(wai - wao)]

ai =

(70)

Equation 70 can be further modified to directly account for the cooling load placed on
the tower. Figure 43 shows a control volume taken about a chiller condenser and the

relevant heat transfer terms.

Thwo mwi

hyo Chiller Condenser '«—— by,

Two Twi
Qcond

Figure 43. Diagram showing a chiller condenser with water entering and exiting
conditions and cooling load.
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Assuming steady-state operation, the mass and energy balances may be written

respectively as
My = My, (71)
AEcona = Qcond = Myihwi — Myohwo (72)

where Qng is the tower cooling load.

Inserting Equation 71 into Equation 72 and writing the enthalpy of water according to

Equation 64, Equation 72 may be written as

Qcond = mwcpw (Twi - Two) (73)

The CW temperature leaving the chiller may be calculated by

Qcond
Tywo = Twi + =

(74)

w Cpw
Employing Equations 67, 68 and the approximations for water density and specific heat,

Equation 74 may be written as

Qcond

Two = Ty +
by (3 gpm Btu 75
(62.052%) (2E2) Quomina (0.999 lmeF) (75)

In order to convert Equation 75 into units for direct implementation in WinAM, the
conversion factors of 1 gallon = 0.134 ft’ and 1 hr = 60 min are applied to Equation 75,
yielding

: 1 hr

Qcona (60 min)

b\ /3 gpm) (0.134 ft3 Btu (76)
(62'05 ft3 )( ton )( gallon )Q’wmi”al (0'9991bm°F)

Tywo =Twi +

The term T,,,; of Equation 70 is the temperature of the water entering the cooling tower,
which is equivalent to the temperature of the water leaving the chiller condenser, term
T,,oof Equation 76. Therefore, replacing T,,; of Equation 70 with T,,, of Equation 76

allows the required air volumetric flow rate to be directly calculated from the tower
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cooling load. The tower cooling load was shown in Section 2.2 to be equivalent to the

sum of the building cooling load and the power input to the chiller compressor.

Use of Equations 70 and 76 require specifying Q,omina: as the cooling towers’ nominal
capacity in tons (specified by the user), Qzong as the towers’ cooling load in Btu/hr
(calculated from the building cooling load and chiller compressor power), T, in °F
(CW supply temperature reset schedule specified by the user), the air enthalpy in
Btu/lbg,, and the air humidity ratio in 1by/Ibg,.

4.2 Psychrometric Calculations

Ambient air conditions are currently used in WinAM for the air-side modeling
techniques employed. These conditions include the ambient air dry-bulb and wet-bulb
temperatures, T, 45, and Ty, p, respectively. The following procedure may be used to

derive the air enthalpy and humidity ratio values required by Equation 70.

First, T,4p and Ty, serve as the inlet air conditions, T,4; and T,,,;, and are converted
from °F to their absolute values (°R). Equation 11 is then used to calculate the K
parameter for both T, 4p; and Ty,,p;. The entering saturation pressure for both T, 45; and
T,wpi 1s then calculated by Equation 10. Using the absolute T, 4;; and Ty, p;, Equation
12 is then used to calculate the entering air partial pressure. The relative humidity of the
air entering the cooling tower is calculated by Equation 9, the entering air humidity ratio

is calculated by Equation 8, and the entering air enthalpy is calculated by Equation 7.

Employing the assumption that the air exits the cooling tower as saturated, the relative
humidity of the air leaving the cooling tower is equal to 1 and the dry-bulb temperature
of the air exiting the cooling tower, T,4p,, 1S €qual to the wet-bulb temperature of the air
entering the cooling tower, Ty, ;. Using the absolute T,,,,, the K parameter is

calculated by Equation 11. The leaving saturation pressure for T4, 1S then calculated
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by Equation 10. The humidity ratio of the leaving air is calculated by Equation 8 and the

leaving air enthalpy is calculated by Equation 7.

Implementation of the preceding method provides h,; and h,, in Btu/lbg, and w,; and

Wg, 10 1by/lbg,, as required by Equation 70.

4.3 Fan Control

The methods described in Sections 4.1 and 4.2 allow the air volumetric flow rate
required to meet the cooling tower load to be calculated. Determining the energy
consumption of the cooling tower has been shown to depend on the fan operation. As
such, determining cooling tower energy consumption reduces to determining fan energy
consumption. The capacity control method employed by EnergyPlus will serve as the

basis for quantifying fan energy consumption.

The user will specify the following parameters depending on cooling tower fan type:

Single-Speed: W’ rated, V' rated

Two-Speed: W-rated high, V' rated,high, W rated low

Variable-Speed with Modulating Outlet Dampers: W’ rated, V’ rated
Variable-Speed with VFD: W’ ated, Vrated

where W’ ateq 15 the fan’s rated power consumption, W’ rated high and W’ rated,jow are the fan’s
rated power consumption at high and low speed, respectively, V’rateq 1s the fan’s rated
volumetric flow rate, and V’ated nigh is the fan’s rated volumetric flow rate at high speed.

Considering that CC"® engineers will most likely not know the total fan efficiency, 1 fans

the default value of 0.5 provided by EnergyPlus will be used (U.S. DOE 2010b).

If the fan is specified as single-speed, the required air volumetric flow rate, V,;, will be

calculated by Equation 70. If V; = 0, then the fan will be treated as off with no energy
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consumed. If V,; > 0, then the fan will be treated as on and the power consumption

calculated by

Wrated

W = —rated
77fan (77)

If the fan is specified as two-speed, the volumetric air flow rate provided by the fan at

low speed, V,,,,, is calculated by Equations 2 and 3. Specifically,

. 1/3

V g Wrated,low

low = VYrated,high W
rated,high

(78)
The required air volumetric flow rate, V,;, will then be calculated by Equation 70. If V,;
= 0, then the fan will be treated as off with no energy consumed. If 0 <V,; < V,,,,, then

the fan will be treated as running at low speed and the power consumption calculated by

H I/i/'rated,low
W= e (79)
fan

If Vjou < Vi, then the fan will be treated as running at high speed and the power

consumption calculated by

: Wrated,high
W=—"r (80)
fan

If the fan is specified as variable-speed, the required air volumetric flow rate, V,;, will be
calculated by Equation 70. If V; =0, then the fan will be treated as off with no energy
consumed. If V,; > 0, then the part load ratio, PLR, will be calculated by

I./ai

rated

and the power consumption, W, calculated by Equation 4, if control is by modulating

outlet dampers, or Equation 5, if control is by VFD.



97

5. WINAM IMPLEMENTATION

The primary objective of this research is provide additional functionality to WinAM
such that the potential energy savings resulting from applying CC® measures to plant
cooling equipment can be quantified. The procedure shown in Figure 44 will serve as a

guide for how the models developed in Sections 3 and 4 can be implemented in WinAM.

1. User selects chiller type
a. Air-cooled
i. Scroll Compressor
1. User inputs
a. Chiller reference capacity between 15 and 168 tons
b. CHW supply temperature (T5y4,) reset schedule
2. WinAM calculates chiller full-load COP from Equation 1
a. WinAM uses Equations 19, 20, and 21 to calculate
Ay", A", and A"
b. WinAM uses the simulated cooling load for Qyqyp
c. WinAM uses the user-specified Tgpqy
d. WinAM uses the ambient air dry-bulb temperature
for ci(r)lnd
3. WinAM calculates the actual COP
a. WinAM divides the simulated cooling load by the
reference capacity to obtain the PLR
b. WinAM uses the PLR in Equation 22 to calculate
COP FL,frac
c. WinAM multiplies the chiller full-load COP by
cop FL,frac
4. WinAM divides the simulated cooling load by the
calculated actual COP to obtain the chiller energy
consumption
i1. Screw Compressor
1. User inputs
a. Chiller reference capacity between 69 and 513 tons
out

b. CHW supply temperature (T,;q;) reset schedule
2. WinAM calculates chiller full-load COP from Equation 1

Figure 44. Procedure for implementation in WinAM.



98

a. WinAM uses Equations 29, 30, and 31 to calculate
Ay", A", and A"

b. WinAM uses the simulated cooling load for Q,yqp

c. WinAM uses the user-specified TO%

evap
d. WinAM uses the ambient air dry-bulb temperature
for ci(r)lnd
3. WinAM calculates the actual COP
a. WinAM divides the simulated cooling load by the
reference capacity to obtain the PLR
b. WinAM uses the PLR to calculate COPpy, frqc
i. Reference capacity < 151 tons: Equation 32
ii. Reference capacity > 151 tons: Equation 33
c. WinAM multiplies the chiller full-load COP by
CcopP FL,frac
4. WinAM divides the simulated cooling load by the
calculated actual COP to obtain the chiller energy
consumption
b. Water-cooled
i. Scroll Compressor
1. User inputs
a. Chiller reference capacity between 20 and 200 tons
b. CHW supply temperature (T5y4,) reset schedule

c. Cooling tower outlet CW temperature (T/%, ) reset
schedule
2. WinAM calculates chiller full-load COP from Equation 1
a. WinAM uses Equations 40, 41, and 42 to calculate
Ay", A", and A"
b. WinAM uses the simulated cooling load for Qyqyp
c. WinAM uses the user-specified T3%

evap
d. WinAM uses the user-specified T'%,
3. WinAM calculates the actual COP
a. WinAM divides the simulated cooling load by the
reference capacity to obtain the PLR
b. WinAM uses the PLR in Equation 43 to calculate
COP FL,frac
c. WinAM multiplies the chiller full-load COP by
COP FL,frac
4. WinAM divides the simulated cooling load by the
calculated actual COP to obtain the chiller energy
consumption

Figure 44. Continued.
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ii. Reciprocating Compressor
1. User inputs
a. Chiller reference capacity between 20 and 364 tons
out

b. CHW supply temperature (T,,q;) reset schedule

c. Cooling tower outlet CW temperature (T2, ;) reset
schedule
2. WinAM calculates chiller full-load COP from Equation 1
a. WinAM uses Equations 44, 45, and 46 to calculate
Ay", A", and A"
b. WinAM uses the simulated cooling load for Qyqyp
c. WinAM uses the user-specified Tgpqy

d. WinAM uses the user-specified T'%, 4
3. WinAM calculates the actual COP
a. WinAM divides the simulated cooling load by the
reference capacity to obtain the PLR
b. WinAM uses the PLR in Equation 47 to calculate
copP FL,frac
c. WinAM multiplies the chiller full-load COP by
COP FL,frac
4. WinAM divides the simulated cooling load by the
calculated actual COP to obtain the chiller energy
consumption
iii. Screw Compressor
1. User inputs
a. Chiller reference capacity between 194 and 498
tons
b. Chiller reference COP*
i. From manufacturer’s data when T\% , =
85°F and T4, = 44°F
1. These are conditions upon which
EnergyPlus curves are based
out

c. CHW supply temperature (Tgyqp) reset schedule
d. Cooling tower outlet CW temperature (T.%, ;) reset
schedule
2. WinAM calculates full-load capacity

a. WinAM uses Equation 50 to calculate CAPf.q,
from user-specified T;p,q and Topey
b. WinAM multiplies CAPfy,. by user-specified

reference capacity

Figure 44. Continued.
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3. WinAM calculates chiller EIR
a. WinAM calculates PLR by dividing simulated
cooling load by calculated full-load capacity
b. WinAM uses Equation 48 to calculate EIRfyqc prr
from calculated PLR
c. WinAM uses Equation 49 to calculate EIRfpqc 1
from user-specified T, ; and T4,
d. WinAM calculates EIR;,¢,; by multiplying the
EIRfrqcprr and EIRgyq . values together
e. WinAM calculates chiller EIR by multiplying
EIR;,¢q; by the inverse of the reference COP
4. WinAM multiplies the simulated cooling load and the
calculated EIR to obtain the chiller energy consumption
iv. Centrifugal Compressor
1. User inputs
a. Capacity control type
i. Inlet Guide Vanes
1. Chiller reference capacity between
233 and 677 tons
ii. VSD
1. Chiller reference capacity between
210 and 677 tons
b. Chiller reference COP*
i. From manufacturer’s data when T\% , =
85°F and T4, = 44°F
1. These are conditions upon which
EnergyPlus curves are based
c. CHW supply temperature (Tg}gg,) reset schedule
d. Cooling tower outlet CW temperature (T.%, ;) reset
schedule
2. WinAM calculates full-load capacity
a. WinAM uses Equation 55 to calculate CAPfy.q,
from user-specified T, ; and Torap
b. WinAM multiplies CAPfy,. by user-specified
reference capacity
3. WinAM calculates chiller EIR
a. WinAM calculates PLR by dividing simulated
cooling load by calculated full-load capacity

Figure 44. Continued.
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b. WinAM calculates EIRfq¢ prr from calculated
PLR
i. Inlet Guide Vanes: Equation 51
ii. VSD: Equation 52
c. WinAM calculates EIR¢yq . from user-specified
Tci(TJlnd and Teovltltp
i. Inlet Guide Vanes: Equation 53
ii. VSD: Equation 54
d. WinAM calculates EIR;,¢,; by multiplying the
EIRfrqcprr and EIRgyq . values together
e. WinAM calculates chiller EIR by multiplying
EIR;,¢q; by the inverse of the reference COP
4. WinAM multiplies the simulated cooling load and the
calculated EIR to obtain the chiller energy consumption
2. If chiller type selected is air-cooled, no cooling tower modeling is performed
3. If chiller type selected is water-cooled, cooling tower modeling is performed
a. User inputs
i. Fan motor type and rated values
1. Single-speed
a. Wlrated, V'rated
2. Two-speed
a. W’rated,high, V’rated,high, W’ rated, low
3. Variable-speed
a. VFD
1. W’rated; V’rated
b. Modulating outlet dampers
1. W’rated; V’rated
ii. Cooling tower nominal capacity (Qnoming:) In tons
b. WinAM calculates required air volumetric flow rate (V;) by Equation 70
1. WinAM uses the user-specified Q,ominat
ii. T,,; of Equation 70 is obtained by the value calculated for
T,,,from Equation 76
1. To solve Equation 76
a. T, is the cooling tower outlet CW temperature
(TI™ ) reset schedule
i. Specified by the user for modeling the
water-cooled chiller
b. WinAM calculates the tower cooling load (Qzong)
in Btu/hr

Figure 44. Continued.
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i. Equal to the sum of the simulated building
cooling load and chiller compressor energy
consumption

iii. T, is the cooling tower outlet CW temperature (T2, ;) reset
schedule

1.

Specified by the user for modeling the water-cooled chiller

iv. WinAM calculates hy;, hgo, Wai, Wao

1.

2.

3.

8.

9.

T,api and T,,,p; from weather data are converted from °F
to absolute °R

Calculate K parameter for both T,;;; and T,,,;; by
Equation 11

Calculate pg,; for both Ty4p; and Tyy,p; by Equation 10
Calculate p,,, from the absolute T, j; and Ty,,; by
Equation 12

Calculate ¢ for the air entering the cooling tower by
Equation 9

Calculate w,; by Equation 8

Calculate h,; by Equation 7

Let ¢ = 1 for the air leaving the cooling tower and T, 45, =

Tawbl
Calculate K parameter from absolute T, 45, by Equation 11

10. Calculate pg,; for Tyqp by Equation 10
11. Calculate w,, by Equation 8
12. Calculate h,, by Equation 7
c. WinAM calculates fan power consumption
i. Single-speed

1.
2.

If V,; = 0, fan is off
If V,; > 0, energy consumption calculated by Equation 77

i1. Two-speed

1.
2.
3.

4.

WinAM calculates V,,,, by Equation 78

If V,; = 0, fan is off

If 0 <V,; < Vo, energy consumption calculated by
Equation 79

If V}o < Vi, then energy consumption calculated by
Equation 80

iii. Variable-speed

I.
2.

Figure 44. Continued.

If V,; = 0, fan is off
If V,; > 0, then WinAM calculates PLR by Equation 81
a. Energy consumption calculated by
i. Modulating outlet dampers: Equation 4



103

ii. VFD: Equation 5

Note: * this may be input as 1 when only concerned with relative savings between pre- and post-
CC® measures. In this case, chiller percent savings will be calculated by the change in EIR;ptq;
summed over the period. Cooling tower modeling may not be used because added cooling load

from the compressor is not calculated without the actual reference COP.

Figure 44. Continued.
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6. CONCLUSIONS

WinAM is a tool that provides CC* engineers with an efficient way to identify energy
saving measures in existing buildings. However, at this stage of its development, there
remain many opportunities to improve its utility. This research has sought to provide
WinAM users with the ability to not only estimate energy savings from air-side CC”
measures, but to also estimate energy savings from CC" measures applied to plant

cooling equipment.

Through the development of techniques for modeling water-cooled chillers, air-cooled
chillers, and cooling towers, a means has been provided for CC® engineers to quantify
the benefits of adjusting plant cooling equipment operation. Limiting the parameters
required from WinAM users to model such cooling equipment served as a guiding
principle, as added complexity would inhibit this research from being beneficial. The
correlations developed to maintain a user-friendly modeling approach served to provide

the chiller modeling capabilities shown in Figure 45.

e Air-cooled chillers
= Scroll: 15-168 tons
- Average error of 8.07% with standard deviation of 9.13%
= Screw: 69-513 tons
- Average error of 7.38% with standard deviation of 6.13%
e Water-cooled chillers
= Scroll: 20-200 tons
- Average error of 8.16% with standard deviation of 9.72%
= Reciprocating: 20-364 tons

- Average error of 10.30% with standard deviation of 7.81%

Figure 45. Chiller modeling capabilities.
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= Screw: 194-498 tons
- Average error of 9.87% with standard deviation of 3.65%
= Centrifugal
- Inlet Guide Vanes: 233-677 tons
Average error of 12.07% with standard deviation of 5.96%
- VSD: 210-677 tons
Average error of 12.18% with standard deviation of 4.61%

Figure 45. Continued.

The development of a cooling tower model to predict energy consumption under varying
conditions utilized assumptions made by the Merkel method, as well as mass and energy
balances. The model developed provides the following modeling capabilities dependent

on cooling tower fan control:

e Single-speed
e Two-speed
e Variable-speed
= Modulating outlet dampers

= VFD

Two areas for further work have been identified and include verifying the energy savings
predicted by the models and implementation of an iterative technique for modeling
cooling tower performance. The assumptions made by the Merkel method provide an
accurate means for estimating the CW temperatures needed for an energy balance.
However, these assumptions prevent the model from predicting actual leaving air

conditions.
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Implementation of the step-by-step approach outlined in Section 5 will provide WinAM
with additional functionality and ultimately aid CC® engineers in reducing existing

building energy consumption.
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Collection of manufacturers’ full-load data used to model air-cooled scroll chillers.

Reference Capacity | Tevap,out | Tcond,in | Powerin | Capacity | Capacity COP
(tons) (°F) °F) kW) (tons) (kW)

York 15.4 40 75 13.6 16.2 56.98 4.19
42 75 13.7 16.7 58.73 4.29
44 75 13.9 17.3 60.84 4.38
45 75 13.9 17.6 61.90 4.45
46 75 14 17.8 62.60 4.47
48 75 14.1 18.4 64.71 4.59
50 75 14.3 19 66.82 4.67
40 80 14.4 15.8 55.57 3.86
42 80 14.6 16.3 57.33 3.93
44 80 14.7 16.8 59.09 4.02
45 80 14.8 17.1 60.14 4.06
46 80 14.8 17.4 61.20 4.13
48 80 15 18 63.31 422
50 80 15.1 18.5 65.06 4.31
40 85 15.3 15.3 53.81 3.52
42 85 15.5 15.9 55.92 3.61
44 85 15.6 16.4 57.68 3.70
45 85 15.7 16.7 58.73 3.74
46 85 15.7 16.9 59.44 3.79
48 85 15.9 17.5 61.55 3.87
50 85 16 18 63.31 3.96
40 90 16.3 14.9 52.40 3.21
42 90 16.4 154 54.16 3.30
44 90 16.6 159 55.92 3.37
45 90 16.6 16.2 56.98 3.43
46 90 16.7 16.5 58.03 3.47
48 90 16.8 17 59.79 3.56
50 90 17 17.5 61.55 3.62
40 95 17.3 144 50.64 2.93
42 95 17.4 14.9 52.40 3.01
44 95 17.6 154 54.16 3.08
45 95 17.6 15.7 55.22 3.14
46 95 17.7 16 56.27 3.18




48 95 17.9 16.5 58.03 3.24
50 95 18 17 59.79 3.32
York 18.7 40 75 16.7 19.9 69.99 4.19
42 75 16.8 20.6 72.45 4.31
44 75 17 21.2 74.56 4.39
45 75 17.1 21.6 75.97 4.44
46 75 17.2 21.9 77.02 4.48
48 75 17.4 22.6 79.48 4.57
50 75 17.5 233 81.95 4.68
40 80 17.6 19.4 68.23 3.88
42 80 17.8 20 70.34 3.95
44 80 18 20.7 72.80 4.04
45 80 18.1 21 73.86 4.08
46 80 18.2 213 74.91 4.12
48 80 18.4 22 71.37 421
50 80 18.6 22.7 79.84 4.29
40 85 18.7 18.8 66.12 3.54
42 85 18.9 19.4 68.23 3.61
44 85 19.1 20 70.34 3.68
45 85 19.2 20.4 71.75 3.74
46 85 19.3 20.7 72.80 3.77
48 85 19.4 21.4 75.26 3.88
50 85 19.6 22 71.37 3.95
40 90 19.9 18.1 63.66 3.20
42 90 20 18.7 65.77 3.29
44 90 20.2 19.4 68.23 3.38
45 90 20.3 19.7 69.28 341
46 90 204 20 70.34 3.45
48 90 20.6 20.7 72.80 3.53
50 90 20.8 21.3 74.91 3.60
40 95 21.1 17.5 61.55 2.92
42 95 213 18.1 63.66 2.99
44 95 21.5 18.7 65.77 3.06
45 95 21.6 19 66.82 3.09
46 95 21.7 19.3 67.88 3.13
48 95 21.9 20 70.34 3.21
50 95 22.1 20.6 72.45 3.28
York 25.6 40 75 22 26.5 93.20 4.24
42 75 222 27.4 96.37 4.34
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44 75 22.4 28.4 99.88 4.46
45 75 22.5 28.8 101.29 4.50
46 75 22.6 293 103.05 4.56
48 75 22.8 30.3 106.57 4.67
50 75 23.1 31.3 110.08 4.77
40 80 23.1 25.9 91.09 3.94
42 80 233 26.8 94.26 4.05
44 80 23.5 27.7 97.42 4.15
45 80 23.6 28.2 99.18 4.20
46 80 23.7 28.6 100.59 4.24
48 80 24 29.6 104.10 4.34
50 80 24.2 30.5 107.27 4.43
40 85 243 253 88.98 3.66
42 85 24.5 26.1 91.79 3.75
44 85 24.7 27 94.96 3.84
45 85 249 27.5 96.72 3.88
46 85 25 27.9 98.12 3.92
48 85 25.2 28.8 101.29 4.02
50 85 254 29.8 104.81 4.13
40 90 25.6 24.6 86.52 3.38
42 90 25.8 25.5 89.68 3.48
44 90 26.1 26.3 92.50 3.54
45 90 26.2 26.8 94.26 3.60
46 90 26.3 272 95.66 3.64
48 90 26.5 28.1 98.83 3.73
50 90 26.8 29 101.99 3.81
40 95 27.1 23.9 84.06 3.10
42 95 273 24.7 86.87 3.18
44 95 27.5 25.6 90.04 3.27
45 95 27.6 26 91.44 3.31
46 95 27.7 26.4 92.85 3.35
48 95 27.9 27.3 96.01 3.44
50 95 28.2 28.2 99.18 3.52
York 28.6 40 75 23.8 29.7 104.45 4.39
42 75 24 30.7 107.97 4.50
44 75 24.2 31.7 111.49 4.61
45 75 24.4 322 113.25 4.64
46 75 24.5 32.7 115.01 4.69
48 75 24.8 33.7 118.52 4.78
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50 75 25.1 34.8 122.39 4.88
40 80 25 29 101.99 4.08
42 80 25.2 30 105.51 4.19
44 80 254 31 109.03 4.29
45 80 25.6 31.5 110.79 4.33
46 80 25.7 32 112.54 4.38
48 80 26 33 116.06 4.46
50 80 26.3 34 119.58 4.55
40 85 26.3 28.3 99.53 3.78
42 85 26.5 29.2 102.70 3.88
44 85 26.7 30.2 106.21 3.98
45 85 26.9 30.7 107.97 4.01
46 85 27 31.2 109.73 4.06
48 85 27.3 322 113.25 4.15
50 85 27.6 33.2 116.76 4.23
40 90 27.7 27.5 96.72 3.49
42 90 27.9 28.5 100.23 3.59
44 90 28.1 29.4 103.40 3.68
45 90 28.3 29.9 105.16 3.72
46 90 28.4 30.4 106.92 3.76
48 90 28.7 314 110.43 3.85
50 90 29 323 113.60 3.92
40 95 29.2 26.7 93.90 3.22
42 95 29.4 27.6 97.07 3.30
44 95 29.6 28.6 100.59 3.40
45 95 29.8 29 101.99 3.42
46 95 29.9 29.5 103.75 3.47
48 95 30.2 30.5 107.27 3.55
50 95 30.5 314 110.43 3.62
York 37.2 40 75 30.8 38.7 136.11 4.42
42 75 31 40 140.68 4.54
44 75 31.1 41.4 145.60 4.68
45 75 312 42.1 148.07 4.75
46 75 313 42.7 150.18 4.80
48 75 31.5 44.1 155.10 4.92
50 75 31.7 45.6 160.38 5.06
40 80 323 37.8 132.94 4.12
42 80 325 39.1 137.51 4.23
44 80 32.7 40.5 142.44 4.36
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45 80 32.8 41.1 144.55 4.41
46 80 329 41.8 147.01 4.47
48 80 332 432 151.93 4.58
50 80 334 44.7 157.21 4.71
40 85 34.1 36.8 129.43 3.80
42 85 343 38.1 134.00 3.91
44 85 34.6 39.5 138.92 4.02
45 85 34.7 40.1 141.03 4.06
46 85 34.8 40.8 143.49 4.12
48 85 35 42.2 148.42 4.24
50 85 352 43.6 153.34 4.36
40 90 36.2 35.7 125.56 3.47
42 90 36.4 37.1 130.48 3.58
44 90 36.6 384 135.05 3.69
45 90 36.7 39.1 137.51 3.75
46 90 36.8 39.7 139.62 3.79
48 90 37 41.1 144.55 3.91
50 90 373 42.5 149.47 4.01
40 95 384 34.6 121.69 3.17
42 95 38.6 35.9 126.26 3.27
44 95 38.8 37.2 130.83 3.37
45 95 38.9 37.9 133.29 343
46 95 39 38.6 135.76 3.48
48 95 393 39.9 140.33 3.57
50 95 39.5 413 145.25 3.68
York 394 40 75 324 41 144.20 4.45
42 75 32.6 42.5 149.47 4.59
44 75 329 43.9 154.40 4.69
45 75 33 44.7 157.21 4.76
46 75 33.1 45.4 159.67 4.82
48 75 334 46.9 164.95 4.94
50 75 33.6 48.5 170.57 5.08
40 80 342 40 140.68 4.11
42 80 344 41.4 145.60 4.23
44 80 34.6 42.9 150.88 4.36
45 80 34.8 43.6 153.34 4.41
46 80 349 44.4 156.15 4.47
48 80 35.2 45.9 161.43 4.59
50 80 354 47.4 166.71 4.71
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40 85 36.1 39 137.16 3.80
42 85 36.3 40.4 142.09 391
44 85 36.6 41.8 147.01 4.02
45 85 36.7 42.5 149.47 4.07
46 85 36.8 432 151.93 4.13
48 85 37.1 44.7 157.21 4.24
50 85 374 46.2 162.49 4.34
40 90 38.2 37.9 133.29 3.49
42 90 384 39.2 137.87 3.59
44 90 38.7 40.6 142.79 3.69
45 90 38.8 414 145.60 3.75
46 90 39 42.1 148.07 3.80
48 90 39.2 43.5 152.99 3.90
50 90 39.5 45 158.26 4.01
40 95 40.5 36.7 129.07 3.19
42 95 40.8 38.1 134.00 3.28
44 95 41 394 138.57 3.38
45 95 41.1 40.1 141.03 343
46 95 413 40.8 143.49 3.47
48 95 41.5 423 148.77 3.58
50 95 41.8 43.7 153.69 3.68
York 46.2 40 75 38 47.7 167.76 441
42 75 383 49.4 173.74 4.54
44 75 38.7 51.2 180.07 4.65
45 75 38.9 52 182.88 4.70
46 75 39 52.9 186.05 4.77
48 75 394 54.8 192.73 4.89
50 75 39.8 56.6 199.06 5.00
40 80 40.1 46.6 163.89 4.09
42 80 40.4 48.3 169.87 4.20
44 80 40.8 50 175.85 431
45 80 40.9 50.8 178.66 4.37
46 80 41.1 51.7 181.83 4.42
48 80 41.5 53.5 188.16 4.53
50 80 41.9 553 194.49 4.64
40 85 423 45.5 160.02 3.78
42 85 42.6 47.1 165.65 3.89
44 85 43 48.8 171.63 3.99
45 85 432 49.6 174.44 4.04
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46 85 433 50.5 177.61 4.10
48 85 43.7 52.2 183.59 4.20
50 85 44.1 54 189.92 431
40 90 44.7 443 155.80 3.49
42 90 45 459 161.43 3.59
44 90 45.4 47.5 167.06 3.68
45 90 455 48.3 169.87 3.73
46 90 45.7 49.2 173.04 3.79
48 90 46.1 50.9 179.02 3.88
50 90 46.5 52.6 184.99 3.98
40 95 47.2 43.1 151.58 3.21
42 95 47.6 44.7 157.21 3.30
44 95 47.9 46.2 162.49 3.39
45 95 48.1 47 165.30 3.44
46 95 48.3 47.8 168.11 3.48
48 95 48.6 49.5 174.09 3.58
50 95 49 51.1 179.72 3.67
York 56.2 40 75 48.2 58.2 204.69 4.25
42 75 48.7 60.2 211.72 4.35
44 75 49.2 62.3 219.11 4.45
45 75 49.5 63.3 222.63 4.50
46 75 49.7 64.4 226.49 4.56
48 75 50.3 66.5 233.88 4.65
50 75 50.9 68.6 241.27 4.74
40 80 50.7 56.9 200.12 3.95
42 80 51.2 58.9 207.15 4.05
44 80 51.7 60.9 214.19 4.14
45 80 52 61.9 217.70 4.19
46 80 522 62.9 221.22 4.24
48 80 52.8 65 228.60 4.33
50 80 534 67.1 235.99 4.42
40 85 533 55.5 195.19 3.66
42 85 53.8 57.5 202.23 3.76
44 85 54.4 59.4 208.91 3.84
45 85 54.6 60.4 212.43 3.89
46 85 54.9 61.4 215.94 3.93
48 85 55.5 63.5 223.33 4.02
50 85 56.1 65.5 230.36 4.11
40 90 56.2 54.1 190.27 3.39
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42 90 56.7 55.9 196.60 3.47
44 90 57.2 57.9 203.63 3.56
45 90 57.5 58.8 206.80 3.60
46 90 57.8 59.8 210.32 3.64
48 90 58.3 61.8 217.35 3.73
50 90 58.9 63.8 224.38 3.81
40 95 59.3 52.5 184.64 3.11
42 95 59.8 543 190.97 3.19
44 95 60.3 56.2 197.66 3.28
45 95 60.6 57.2 201.17 3.32
46 95 60.9 58.1 204.34 3.36
48 95 614 60 211.02 3.44
50 95 62 62 218.05 3.52
York 66.1 40 75 58 68.6 241.27 4.16
42 75 58.6 71 249.71 4.26
44 75 59.2 73.5 258.50 4.37
45 75 59.6 74.7 262.72 441
46 75 59.9 76 267.29 4.46
48 75 60.6 78.6 276.44 4.56
50 75 61.3 81.1 285.23 4.65
40 80 60.8 67 235.64 3.88
42 80 61.5 69.3 243.73 3.96
44 80 62.1 71.7 252.17 4.06
45 80 62.4 73 256.74 4.11
46 80 62.8 74.2 260.96 4.16
48 80 63.5 76.7 269.75 4.25
50 80 64.2 79.2 278.55 4.34
40 85 63.9 65.3 229.66 3.59
42 85 64.5 67.6 237.75 3.69
44 85 65.2 69.9 245.84 3.77
45 85 65.6 71.1 250.06 3.81
46 85 65.9 72.3 254.28 3.86
48 85 66.6 74.8 263.07 3.95
50 85 67.4 773 271.86 4.03
40 90 67.2 63.5 223.33 3.32
42 90 67.9 65.8 231.42 341
44 90 68.5 68.1 239.51 3.50
45 90 68.9 69.2 243.38 3.53
46 90 69.2 70.4 247.60 3.58
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48 90 70 72.8 256.04 3.66
50 90 70.8 75.2 264.48 3.74
40 95 70.8 61.7 217.00 3.06
42 95 71.4 63.9 224.74 3.15
44 95 72.1 66.1 232.47 3.22
45 95 72.5 67.3 236.69 3.26
46 95 72.8 68.4 240.56 3.30
48 95 73.6 70.8 249.00 3.38
50 95 74.3 73.1 257.09 3.46
York 71.8 40 75 59.9 69.3 243.73 4.07
42 75 60.5 71.6 251.82 4.16
44 75 61.1 73.9 25991 4.25
45 75 61.4 75 263.77 4.30
46 75 61.8 76.2 268.00 4.34
48 75 62.4 78.6 276.44 4.43
50 75 63 81.1 285.23 4.53
40 80 63.2 67.6 237.75 3.76
42 80 63.8 69.8 245.49 3.85
44 80 64.4 72 253.22 3.93
45 80 64.7 73.1 257.09 3.97
46 80 65 74.3 261.31 4.02
48 80 65.7 76.6 269.40 4.10
50 80 66.3 79 277.84 4.19
40 85 66.7 65.7 231.07 3.46
42 85 67.3 67.9 238.80 3.55
44 85 68 70.1 246.54 3.63
45 85 68.3 71.2 250.41 3.67
46 85 68.6 72.3 254.28 3.71
48 85 69.2 74.5 262.02 3.79
50 85 69.9 76.8 270.11 3.86
40 90 70.5 63.9 224.74 3.19
42 90 71.1 65.9 231.77 3.26
44 90 71.7 68.1 239.51 3.34
45 90 72.1 69.1 243.02 3.37
46 90 72.4 70.2 246.89 3.41
48 90 73 72.4 254.63 3.49
50 90 73.7 74.6 262.37 3.56
40 95 74.5 61.9 217.70 2.92
42 95 75.1 63.9 224.74 2.99
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44 95 75.8 66 232.12 3.06
45 95 76.1 67 235.64 3.10
46 95 76.4 68.1 239.51 3.13
48 95 77.1 70.2 246.89 3.20
50 95 71.7 72.4 254.63 3.28
York 77.7 40 75 66.3 76.8 270.11 4.07
42 75 67 79.3 278.90 4.16
44 75 67.7 81.8 287.69 4.25
45 75 68.1 83.1 292.26 4.29
46 75 68.4 84.4 296.83 4.34
48 75 69.2 87 305.98 4.42
50 75 70 89.7 315.47 4.51
40 80 70 74.7 262.72 3.75
42 80 70.7 77.2 271.51 3.84
44 80 714 79.6 279.95 3.92
45 80 71.7 80.9 284.53 3.97
46 80 72.1 82.2 289.10 4.01
48 80 72.9 84.7 297.89 4.09
50 80 73.7 87.3 307.03 4.17
40 85 74 72.6 255.33 3.45
42 85 74.6 75 263.77 3.54
44 85 75.4 77.4 272.22 3.61
45 85 75.7 78.7 276.79 3.66
46 85 76.1 79.9 281.01 3.69
48 85 76.9 82.4 289.80 3.77
50 85 71.7 84.9 298.59 3.84
40 90 78.2 70.5 247.95 3.17
42 90 78.9 72.8 256.04 3.25
44 90 79.6 75.1 264.13 3.32
45 90 80 76.3 268.35 3.35
46 90 80.4 71.5 272.57 3.39
48 90 81.2 79.9 281.01 3.46
50 90 81.9 82.4 289.80 3.54
40 95 82.8 68.2 239.86 2.90
42 95 83.5 70.5 247.95 297
44 95 84.2 72.8 256.04 3.04
45 95 84.6 73.9 25991 3.07
46 95 84.9 75.1 264.13 3.11
48 95 85.7 71.5 272.57 3.18
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50 95 86.5 79.9 281.01 3.25
York 85.8 40 75 76.9 91 320.05 4.16
42 75 77.8 94 330.60 4.25
44 75 78.7 96.9 340.80 4.33
45 75 79.2 98.4 346.07 4.37
46 75 79.7 100 351.70 4.41
48 75 80.7 103 362.25 4.49
50 75 81.8 106.1 373.15 4.56
40 80 81 88.5 311.25 3.84
42 80 82 914 321.45 3.92
44 80 82.9 94.3 331.65 4.00
45 80 83.4 95.7 336.58 4.04
46 80 83.9 97.2 341.85 4.07
48 80 84.9 100.2 352.40 4.15
50 80 86 103.2 362.95 4.22
40 85 85.5 85.9 302.11 3.53
42 85 86.5 88.7 311.96 3.61
44 85 87.4 91.5 321.81 3.68
45 85 87.9 92.9 326.73 3.72
46 85 88.5 94.4 332.00 3.75
48 85 89.5 97.3 342.20 3.82
50 85 90.6 100.2 352.40 3.89
40 90 90.3 83.2 292.61 3.24
42 90 913 85.9 302.11 3.31
44 90 922 88.7 311.96 3.38
45 90 92.7 90.1 316.88 3.42
46 90 93.2 91.5 321.81 3.45
48 90 94.3 94.3 331.65 3.52
50 90 954 97.2 341.85 3.58
40 95 95.4 80.4 282.77 2.96
42 95 96.4 83.1 292.26 3.03
44 95 97.3 85.8 301.76 3.10
45 95 97.8 87.2 306.68 3.14
46 95 98.3 88.6 311.61 3.17
48 95 99.4 91.4 321.45 3.23
50 95 100.4 94.2 331.30 3.30
York 95.8 40 75 87.5 101 355.22 4.06
42 75 88.4 104.3 366.82 4.15
44 75 89.3 107.6 378.43 4.24
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45 75 89.8 109.3 384.41 4.28
46 75 90.3 111 390.39 4.32
48 75 91.4 114.4 402.34 4.40
50 75 92.5 117.9 414.65 4.48
40 80 922 98.3 345.72 3.75
42 80 932 101.5 356.98 3.83
44 80 94.2 104.7 368.23 3.91
45 80 94.7 106.4 374.21 3.95
46 80 95.2 108 379.84 3.99
48 80 96.2 111.4 391.79 4.07
50 80 973 114.8 403.75 4.15
40 85 97.4 95.6 336.23 3.45
42 85 98.3 98.7 347.13 3.53
44 85 99.3 101.8 358.03 3.61
45 85 99.8 103.4 363.66 3.64
46 85 100.3 105.1 369.64 3.69
48 85 101.3 108.3 380.89 3.76
50 85 102.4 111.7 392.85 3.84
40 90 102.9 92.7 326.03 3.17
42 90 103.8 95.8 336.93 3.25
44 90 104.8 98.9 347.83 3.32
45 90 105.3 100.4 353.11 3.35
46 90 105.8 102 358.73 3.39
48 90 106.9 105.2 369.99 3.46
50 90 108 108.4 381.24 3.53
40 95 108.8 89.8 315.83 2.90
42 95 109.7 92.8 326.38 2.98
44 95 110.7 95.8 336.93 3.04
45 95 111.2 97.3 342.20 3.08
46 95 111.7 98.8 347.48 3.11
48 95 112.8 101.9 358.38 3.18
50 95 113.9 105.1 369.64 3.25
York 113.9 40 75 104.1 120.1 422.39 4.06
42 75 105.3 123.9 435.76 4.14
44 75 106.5 127.9 449.82 422
45 75 107.1 129.9 456.86 4.27
46 75 107.7 131.8 463.54 4.30
48 75 108.9 135.9 477.96 4.39
50 75 110.2 140 492.38 4.47
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40 80 109.6 117 411.49 3.75
42 80 110.9 120.7 424.50 3.83
44 80 112.1 124.5 437.87 391
45 80 112.7 126.5 444.90 3.95
46 80 1133 128.4 451.58 3.99
48 80 114.6 1323 465.30 4.06
50 80 115.9 136.3 479.37 4.14
40 85 115.6 113.7 399.88 3.46
42 85 116.8 117.4 412.90 3.54
44 85 118 121.1 42591 3.61
45 85 118.6 123 432.59 3.65
46 85 119.3 124.9 439.27 3.68
48 85 120.5 128.7 452.64 3.76
50 85 121.9 132.6 466.35 3.83
40 90 122 110.4 388.28 3.18
42 90 123.2 113.9 400.59 3.25
44 90 124.4 117.6 413.60 3.32
45 90 125 119.4 419.93 3.36
46 90 125.7 121.2 426.26 3.39
48 90 127 124.9 439.27 3.46
50 90 128.3 128.7 452.64 3.53
40 95 128.7 106.9 375.97 292
42 95 129.9 110.4 388.28 2.99
44 95 131.1 113.9 400.59 3.06
45 95 131.8 115.7 406.92 3.09
46 95 132.4 117.5 413.25 3.12
48 95 133.7 121.1 42591 3.19
50 95 135.1 124.8 438.92 3.25
York 119.7 40 75 106.1 126.7 445.60 4.20
42 75 107.3 130.8 460.02 4.29
44 75 108.6 135 474.79 437
45 75 109.3 137.1 482.18 4.41
46 75 110 139.2 489.57 4.45
48 75 111.3 143.4 504.34 4.53
50 75 112.7 147.7 519.46 4.61
40 80 111.7 123.2 433.29 3.88
42 80 112.9 127.2 447.36 3.96
44 80 114.2 131.3 461.78 4.04
45 80 114.9 1333 468.82 4.08
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46 80 115.6 135.4 476.20 4.12
48 80 117 139.5 490.62 4.19
50 80 118.4 143.7 505.39 4.27
40 85 117.5 119.7 420.98 3.58
42 85 118.8 123.6 434.70 3.66
44 85 120.1 127.5 448.42 3.73
45 85 120.8 129.5 455.45 3.77
46 85 121.5 131.5 462.49 3.81
48 85 122.9 135.6 476 .91 3.88
50 85 124.5 139.6 490.97 3.94
40 90 123.9 116 407.97 3.29
42 90 125.2 119.8 421.34 3.37
44 90 126.5 123.6 434.70 3.44
45 90 127.2 125.6 441.74 3.47
46 90 127.9 127.5 448.42 3.51
48 90 129.3 131.4 462.13 3.57
50 90 130.8 1354 476.20 3.64
40 95 130.5 1123 394.96 3.03
42 95 131.9 115.9 407.62 3.09
44 95 133.2 119.7 420.98 3.16
45 95 133.9 121.5 427.32 3.19
46 95 134.6 123.4 434.00 3.22
48 95 136 127.3 447.71 3.29
50 95 137.5 131.1 461.08 3.35
York 127.3 40 75 112.1 133.9 470.93 4.20
42 75 1133 138.2 486.05 4.29
44 75 114.5 142.7 501.88 4.38
45 75 115.1 144.9 509.61 4.43
46 75 115.8 147.2 517.70 4.47
48 75 117.1 151.8 533.88 4.56
50 75 118.4 156.4 550.06 4.65
40 80 118.1 130.4 458.62 3.88
42 80 119.3 134.6 473.39 3.97
44 80 120.5 139 488.86 4.06
45 80 121.1 141.2 496.60 4.10
46 80 121.8 143.4 504.34 4.14
48 80 123.1 147.8 519.81 4.22
50 80 124.5 152.4 535.99 431
40 85 124.4 126.8 445.96 3.58
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42 85 125.6 131 460.73 3.67
44 85 126.9 135.2 475.50 3.75
45 85 127.5 137.3 482.88 3.79
46 85 128.2 139.5 490.62 3.83
48 85 129.5 143.9 506.10 391
50 85 131 148.2 521.22 3.98
40 90 1313 123.1 432.94 3.30
42 90 132.5 127.2 447.36 3.38
44 90 133.8 131.3 461.78 3.45
45 90 134.4 133.4 469.17 3.49
46 90 135.1 135.5 476.55 3.53
48 90 136.4 139.7 491.32 3.60
50 90 137.8 144 506.45 3.68
40 95 138.6 119.3 419.58 3.03
42 95 139.8 123.2 433.29 3.10
44 95 141.1 127.3 447.71 3.17
45 95 141.7 129.3 454.75 3.21
46 95 142.3 131.3 461.78 3.25
48 95 143.7 135.5 476.55 3.32
50 95 145.1 139.7 491.32 3.39
York 140.4 40 75 128.1 147.8 519.81 4.06
42 75 129.5 152.6 536.69 4.14
44 75 130.9 157.4 553.58 4.23
45 75 131.6 159.9 562.37 4.27
46 75 1323 162.4 571.16 432
48 75 133.8 167.3 588.39 4.40
50 75 1354 172.4 606.33 4.48
40 80 135 144 506.45 3.75
42 80 136.4 148.6 522.63 3.83
44 80 137.8 153.3 539.16 3.91
45 80 138.5 155.7 547.60 3.95
46 80 139.3 158.1 556.04 3.99
48 80 140.8 163 573.27 4.07
50 80 142.4 167.9 590.50 4.15
40 85 142.3 140 492.38 3.46
42 85 143.7 144.6 508.56 3.54
44 85 145.1 149.2 524.74 3.62
45 85 145.9 151.5 532.83 3.65
46 85 146.6 153.8 540.91 3.69
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48 85 148.2 158.5 557.44 3.76
50 85 149.8 163.3 574.33 3.83
40 90 150.1 135.9 477.96 3.18
42 90 151.5 140.3 493.43 3.26
44 90 153 144.8 509.26 3.33
45 90 153.7 147.1 517.35 3.37
46 90 154.5 149.4 525.44 3.40
48 90 156 154 541.62 3.47
50 90 157.7 158.6 557.80 3.54
40 95 158.4 131.7 463.19 292
42 95 159.8 136 478.31 2.99
44 95 161.3 140.4 493.79 3.06
45 95 162 142.6 501.52 3.10
46 95 162.8 144.8 509.26 3.13
48 95 164.4 149.2 524.74 3.19
50 95 166 153.8 540.91 3.26
York 143.1 40 75 129.4 151.2 531.77 4.11
42 75 130.8 156.1 549.00 4.20
44 75 1323 161.1 566.59 4.28
45 75 133 163.6 575.38 4.33
46 75 133.8 166.1 584.17 437
48 75 135.3 171.2 602.11 4.45
50 75 136 172.7 607.39 4.47
40 80 136.2 147.2 517.70 3.80
42 80 137.7 152 534.58 3.88
44 80 139.2 156.8 551.47 3.96
45 80 139.9 159.3 560.26 4.00
46 80 140.7 161.7 568.70 4.04
48 80 142.3 166.7 586.28 4.12
50 80 143.9 171.7 603.87 4.20
40 85 143.5 143.1 503.28 3.51
42 85 144.9 147.7 519.46 3.58
44 85 146.5 152.5 536.34 3.66
45 85 147.2 154.8 544.43 3.70
46 85 148 157.2 552.87 3.74
48 85 149.7 162 569.75 3.81
50 85 151.4 166.9 586.99 3.88
40 90 151.3 138.8 488.16 3.23
42 90 152.8 143.3 503.99 3.30
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44 90 154.3 147.9 520.16 3.37
45 90 155.1 150.2 528.25 3.41
46 90 155.9 152.6 536.69 3.44
48 90 157.5 157.3 553.22 3.51
50 90 159.2 162 569.75 3.58
40 95 159.5 134.4 472.68 2.96
42 95 161 138.8 488.16 3.03
44 95 162.5 143.3 503.99 3.10
45 95 163.3 145.5 511.72 3.13
46 95 164.1 147.8 519.81 3.17
48 95 165.8 152.4 535.99 3.23
50 95 167.5 157 552.17 3.30
York 167.9 40 75 148.9 176.1 619.34 4.16
42 75 150.5 181.8 639.39 4.25
44 75 152.1 187.5 659.44 4.34
45 75 152.9 190.5 669.99 438
46 75 153.7 193.4 680.19 443
48 75 155.3 199.3 700.94 4.51
50 75 157 205.4 722.39 4.60
40 80 157 171.7 603.87 3.85
42 80 158.5 177.3 623.56 3.93
44 80 160 182.9 643.26 4.02
45 80 160.8 185.8 653.46 4.06
46 80 161.7 188.7 663.66 4.10
48 80 163.3 194.5 684.06 4.19
50 80 165 200.4 704.81 4.27
40 85 165.6 167.1 587.69 3.55
42 85 167.1 172.6 607.03 3.63
44 85 168.7 178.1 626.38 3.71
45 85 169.5 180.9 636.23 3.75
46 85 170.3 183.7 646.07 3.79
48 85 172 189.3 665.77 3.87
50 85 173.7 195.1 686.17 3.95
40 90 174.7 162.4 571.16 3.27
42 90 176.3 167.7 589.80 3.35
44 90 177.9 173 608.44 3.42
45 90 178.7 175.8 618.29 3.46
46 90 179.6 178.5 627.78 3.50
48 90 181.3 184 647.13 3.57
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50 90 183.1 189.6 666.82 3.64
40 95 184.5 157.5 553.93 3.00
42 95 186.1 162.6 571.86 3.07
44 95 187.7 167.8 590.15 3.14
45 95 188.6 170.5 599.65 3.18
46 95 189.4 173.1 608.79 3.21
48 95 191.2 178.5 627.78 3.28
50 95 192.9 184 647.13 3.35
Trane 20 40 75 17.5 18 63.31 3.62
42 75 17.7 18.7 65.77 3.72
44 75 17.9 19.4 68.23 3.81
45 75 18 19.7 69.28 3.85
46 75 18.1 20.1 70.69 391
48 75 18.2 20.8 73.15 4.02
50 75 18.4 21.5 75.62 4.11
40 85 19.3 17.2 60.49 3.13
42 85 19.5 17.8 62.60 3.21
44 85 19.6 18.5 65.06 332
45 85 19.7 18.8 66.12 3.36
46 85 19.8 19.1 67.17 3.39
48 85 20.1 19.8 69.64 3.46
50 85 20.3 20.5 72.10 3.55
40 95 21.3 16.2 56.98 2.67
42 95 21.5 16.9 59.44 2.76
44 95 21.7 17.5 61.55 2.84
45 95 21.8 17.8 62.60 2.87
46 95 21.9 18.1 63.66 291
48 95 22.1 18.7 65.77 2.98
50 95 223 19.4 68.23 3.06
40 105 23.6 153 53.81 2.28
42 105 23.8 15.9 55.92 2.35
44 105 24 16.4 57.68 2.40
45 105 24.1 16.7 58.73 2.44
46 105 242 17 59.79 2.47
48 105 24.5 17.6 61.90 2.53
50 105 24.7 18.3 64.36 2.61
40 115 26.1 14.2 49.94 1.91
42 115 26.4 14.8 52.05 1.97
44 115 26.6 15.4 54.16 2.04
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45 115 26.7 15.6 54.87 2.05
46 115 26.8 15.9 55.92 2.09
48 115 27.1 16.5 58.03 2.14
50 115 273 17.1 60.14 2.20
Trane 25 40 75 23.5 23.9 84.06 3.58
42 75 23.8 24.8 87.22 3.66
44 75 24 25.7 90.39 3.77
45 75 24.1 26.2 92.15 3.82
46 75 242 26.7 93.90 3.88
48 75 24.5 27.6 97.07 3.96
50 75 247 28.6 100.59 4.07
40 85 25.7 22.8 80.19 3.12
42 85 25.9 23.6 83.00 3.20
44 85 26.2 24.5 86.17 3.29
45 85 26.3 24.9 87.57 3.33
46 85 26.4 254 89.33 3.38
48 85 26.7 26.3 92.50 3.46
50 85 27 27.2 95.66 3.54
40 95 28.2 21.6 75.97 2.69
42 95 28.4 22.4 78.78 2.77
44 95 28.7 232 81.59 2.84
45 95 28.8 23.6 83.00 2.88
46 95 29 24.1 84.76 292
48 95 29.2 24.9 87.57 3.00
50 95 29.5 25.8 90.74 3.08
40 105 31 20.3 71.40 2.30
42 105 313 21.1 74.21 2.37
44 105 31.5 21.9 77.02 2.45
45 105 31.7 223 78.43 2.47
46 105 31.8 22.7 79.84 2.51
48 105 32.1 23.5 82.65 2.57
50 105 324 244 85.81 2.65
40 115 34.1 19 66.82 1.96
42 115 344 19.8 69.64 2.02
44 115 34.7 20.5 72.10 2.08
45 115 349 20.9 73.51 2.11
46 115 35 21.3 74.91 2.14
48 115 353 22.1 71.73 2.20
50 115 35.6 22.9 80.54 2.26
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Trane 30 40 75 28.1 28.5 100.23 3.57
42 75 28.3 29.6 104.10 3.68
44 75 28.5 30.7 107.97 3.79
45 75 28.6 31.2 109.73 3.84
46 75 28.8 31.8 111.84 3.88
48 75 29 32.9 115.71 3.99
50 75 29.2 34 119.58 4.10
40 85 30.7 27.1 95.31 3.10
42 85 30.9 28.2 99.18 3.21
44 85 31.2 29.2 102.70 3.29
45 85 313 29.7 104.45 3.34
46 85 314 30.3 106.57 3.39
48 85 31.7 313 110.08 3.47
50 85 31.9 324 113.95 3.57
40 95 33.6 25.7 90.39 2.69
42 95 339 26.7 93.90 2.77
44 95 342 27.7 97.42 2.85
45 95 343 28.2 99.18 2.89
46 95 345 28.7 100.94 2.93
48 95 34.7 29.7 104.45 3.01
50 95 35 30.8 108.32 3.09
40 105 37 242 85.11 2.30
42 105 373 25.1 88.28 237
44 105 37.6 26.1 91.79 2.44
45 105 37.8 26.6 93.55 2.47
46 105 37.9 27.1 95.31 2.51
48 105 38.2 28 98.48 2.58
50 105 38.5 29 101.99 2.65
40 115 40.8 22.7 79.84 1.96
42 115 41.1 23.6 83.00 2.02
44 115 414 24.5 86.17 2.08
45 115 41.6 24.9 87.57 2.11
46 115 41.7 254 89.33 2.14
48 115 42.1 26.3 92.50 2.20
50 115 42.4 273 96.01 2.26

Trane 40 40 75 34.1 353 124.15 3.64
42 75 344 36.6 128.72 3.74
44 75 34.8 37.9 133.29 3.83
45 75 35 38.5 135.40 3.87
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46 75 35.1 39.2 137.87 3.93
48 75 355 40.6 142.79 4.02
50 75 359 42 147.71 4.11
40 85 37.5 335 117.82 3.14
42 85 37.9 34.8 122.39 3.23
44 85 383 36 126.61 3.31
45 85 384 36.7 129.07 3.36
46 85 38.6 373 131.18 3.40
48 85 39 38.6 135.76 3.48
50 85 39.4 39.9 140.33 3.56
40 95 41.5 31.7 111.49 2.69
42 95 41.9 329 115.71 2.76
44 95 423 34.1 119.93 2.84
45 95 42.5 34.7 122.04 2.87
46 95 42.7 353 124.15 291
48 95 43.1 36.6 128.72 2.99
50 95 43.5 37.8 132.94 3.06
40 105 46 29.8 104.81 2.28
42 105 46.4 30.9 108.68 2.34
44 105 46.8 32.1 112.90 2.41
45 105 47 32.7 115.01 2.45
46 105 47.2 33.2 116.76 2.47
48 105 47.7 34.4 120.98 2.54
50 105 48.1 35.6 125.21 2.60
40 115 51 27.8 97.77 1.92
42 115 51.5 28.9 101.64 1.97
44 115 51.9 29.9 105.16 2.03
45 115 52.1 30.5 107.27 2.06
46 115 523 31 109.03 2.08
48 115 52.8 32.1 112.90 2.14
50 115 53.2 333 117.12 2.20
Trane 50 40 75 433 44.1 155.10 3.58
42 75 43.7 45.7 160.73 3.68
44 75 44.1 47.4 166.71 3.78
45 75 443 48.3 169.87 3.83
46 75 44.5 49.2 173.04 3.89
48 75 44.9 50.9 179.02 3.99
50 75 453 52.7 185.35 4.09
40 85 47.3 41.9 147.36 3.12
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42 85 47.7 43.5 152.99 3.21
44 85 48.1 45.1 158.62 3.30
45 85 48.4 45.9 161.43 3.34
46 85 48.6 46.8 164.60 3.39
48 85 49 48.4 170.22 3.47
50 85 49.5 50.1 176.20 3.56
40 95 51.9 39.7 139.62 2.69
42 95 524 41.2 144.90 2.77
44 95 52.8 42.7 150.18 2.84
45 95 53.1 43.5 152.99 2.88
46 95 533 443 155.80 292
48 95 53.8 45.9 161.43 3.00
50 95 543 47.5 167.06 3.08
40 105 57.1 37.4 131.54 2.30
42 105 57.6 38.8 136.46 2.37
44 105 58.1 40.3 141.74 2.44
45 105 58.4 41 144.20 2.47
46 105 58.6 41.8 147.01 2.51
48 105 59.1 433 152.29 2.58
50 105 59.7 44.9 157.91 2.65
40 115 63 35 123.09 1.95
42 115 63.5 36.4 128.02 2.02
44 115 64 37.8 132.94 2.08
45 115 64.3 38.5 135.40 2.11
46 115 64.6 39.2 137.87 2.13
48 115 65.1 40.6 142.79 2.19
50 115 65.7 42.1 148.07 2.25
Trane 60 40 75 56.6 58.5 205.74 3.64
42 75 572 60.5 212.78 3.72
44 75 57.8 62.6 220.16 3.81
45 75 58.1 63.7 224.03 3.86
46 75 58.4 64.7 227.55 3.90
48 75 59 66.9 235.29 3.99
50 75 59.6 69.1 243.02 4.08
40 85 62.2 55.6 195.55 3.14
42 85 62.8 57.5 202.23 3.22
44 85 63.4 59.5 209.26 3.30
45 85 63.8 60.5 212.78 3.34
46 85 64.1 61.6 216.65 3.38
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48 85 64.8 63.6 223.68 3.45
50 85 65.4 65.7 231.07 3.53
40 95 68.5 52.6 184.99 2.70
42 95 69.1 54.4 191.32 2.77
44 95 69.8 56.4 198.36 2.84
45 95 70.2 57.3 201.52 2.87
46 95 70.5 583 205.04 291
48 95 713 60.3 212.08 2.97
50 95 72 62.3 219.11 3.04
40 105 75.5 49.5 174.09 231
42 105 76.3 51.2 180.07 2.36
44 105 77 53.1 186.75 243
45 105 77.4 54 189.92 2.45
46 105 77.8 54.9 193.08 2.48
48 105 78.6 56.8 199.77 2.54
50 105 79.3 58.7 206.45 2.60
40 115 83.4 46.2 162.49 1.95
42 115 84.2 48 168.82 2.00
44 115 85 49.7 174.79 2.06
45 115 85.4 50.6 177.96 2.08
46 115 85.8 51.4 180.77 2.11
48 115 86.6 53.2 187.10 2.16
50 115 87.5 55 193.43 221
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Collection of manufacturers’ part-load data used to model air-cooled scroll chillers.

Reference Capacity

Tcond,in

(tons) (°F) Tevap,out (°F) PLR EER COP
154 70.2 44 1 4.36
70.2 44 0.5 16 4.688
70.2 44 0 0
18.7 72.1 44 1 4.20
72.1 44 0.5 16.9 4.9517
72.1 44 0 0
28.6 70 44 1 4.57
70 44 0.5 15.7 4.6001
70 44 0 0
37.2 55 44 1 6.08
55 44 0.25 17.3 5.0689
55 44 0 0
39.4 55 44 1 6.09
55 44 0.25 17.5 5.1275
55 44 0 0
46.2 55 44 1 5.94
55 44 0.25 19.1 5.5963
55 44 0 0
56.2 55 44 1 5.57
55 44 0.25 18.1 5.3033
55 44 0 0
66.1 82.6 44 1 3.70
82.6 44 0.75 12.9 3.7797
82.6 44 0 0
69.3 44 1 436
69.3 44 0.5 15.2 4.4536
69.3 44 0 0
71.8 71.1 44 1 4.42
71.1 44 0.5 15.6 4.5708
71.1 44 0 0
77.7 71.1 44 1 435
71.1 44 0.503 15.2 4.4536




71.1 44 0 0
85.8 88.1 44 1 3.37
88.1 44 0.836 115 3.3695
88.1 44 0 0
69.3 44 1 430
69.3 44 0.493 16 4.688
69.3 44 0 0
95.8 75.6 44 1 3.86
75.6 44 0.57 14.4 42192
75.6 44 0 0
65.1 44 1 451
65.1 44 0.43 14.5 4.2485
65.1 44 0 0
113.9 843 44 1 3.46
84.3 44 0.75 12 3.516
84.3 44 0 0
72 44 1 4.05
72 44 0.5 153 4.4829
72 44 0 0
55 44 1 5.29
55 44 0.25 16.3 4.7759
55 44 0 0
119.7 83.9 44 1 3.59
83.9 44 0.75 12.4 3.6332
83.9 44 0 0
70.8 44 1 4.24
70.8 44 0.5 15.6 4.5708
70.8 44 0 0
55 44 1 5.44
55 44 0.25 16.3 4.7759
55 44 0 0
127.3 81.3 44 1 3.73
81.3 44 0.75 132 3.8676
81.3 44 0 0
67.8 44 1 447
67.8 44 0.5 16.3 4.7759
67.8 44 0 0
140.4 87.7 44 1 333
87.7 44 0.8 11.7 3.4281
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87.7 44 0 0
77.1 44 1 3.79
77.1 44 0.6 13.7 4.0141
77.1 44 0 0
143.3 87.5 44 1 3.38
87.5 44 0.8 11.9 3.4867
87.5 44 0 0
76.6 44 1 3.85
76.6 44 0.6 13.8 4.0434
76.6 44 0 0
167.8 713 44 1 4.22
713 44 0.5 15.2 4.4536
71.3 44 0 0
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Collection of manufacturers’ full-load data used to model air-cooled screw chillers.

Reference Capacity | Tevap,out | Tcond,in | Powerin | Capacity Capacity COP
(tons) (°F) (°F) kW) (tons) kW)

Trane 69.2 40 75 58.6 72.5 254.98 435
42 75 59.4 75 263.77 4.44
44 75 60.2 77.5 272.57 4.53
46 75 61.1 80.1 281.71 4.61
48 75 61.9 82.7 290.86 4.70
50 75 62.8 85.3 300.00 4.78
55 75 64.9 92.1 323.92 4.99
40 85 64.3 68.6 241.27 3.75
42 85 65.1 71 249.71 3.84
44 85 66 73.4 258.15 3.91
46 85 66.8 75.9 266.94 4.00
48 85 67.6 78.4 275.73 4.08
50 85 68.5 81 284.88 4.16
55 85 70.6 87.5 307.74 4.36
40 95 70.8 64.6 227.20 3.21
42 95 71.6 66.9 235.29 3.29
44 95 72.4 69.2 243.38 3.36
46 95 73.2 71.6 251.82 3.44
48 95 74.1 74 260.26 3.51
50 95 75 76.4 268.70 3.58
55 95 77.2 82.7 290.86 3.77
40 105 77.9 60.4 21243 2.73
42 105 78.8 62.6 220.16 2.79
44 105 79.6 64.8 227.90 2.86
46 105 80.5 67.1 235.99 2.93
48 105 81.4 69.4 244.08 3.00
50 105 823 71.7 252.17 3.06
55 105 84.7 77.7 273.27 3.23
40 115 85.8 56 196.95 2.30
42 115 86.7 58.1 204.34 2.36
44 115 87.6 60.3 212.08 242
46 115 88.5 62.5 219.81 2.48
48 115 89.5 64.7 227.55 2.54




50 115 90.5 66.9 235.29 2.60
55 115 91.5 69.1 243.02 2.66
Trane 79.7 40 75 68.9 82.9 291.56 4.23
42 75 70.1 85.9 302.11 431
44 75 71.3 88.9 312.66 439
46 75 72.5 91.9 323.21 4.46
48 75 73.8 95 334.11 4.53
50 75 75 98.2 345.37 4.60
55 75 78.3 106.3 373.86 4.77
40 85 75.6 78.7 276.79 3.66
42 85 76.8 81.5 286.64 3.73
44 85 71.9 84.4 296.83 3.81
46 85 79.2 87.3 307.03 3.88
48 85 80.4 90.3 317.58 3.95
50 85 81.7 933 328.14 4.02
55 85 84.9 101.1 355.57 4.19
40 95 83.1 74.3 261.31 3.14
42 95 84.2 77 270.81 3.22
44 95 854 79.7 280.30 3.28
46 95 86.6 82.5 290.15 3.35
48 95 87.9 853 300.00 341
50 95 89.1 88.2 310.20 3.48
55 95 924 95.6 336.23 3.64
40 105 913 69.7 245.13 2.68
42 105 92.5 72.2 253.93 2.75
44 105 93.7 74.8 263.07 2.81
46 105 94.9 77.5 272.57 2.87
48 105 96.2 80.1 281.71 293
50 105 974 82.9 291.56 2.99
55 105 100.7 89.9 316.18 3.14
40 115 100.4 64.9 228.25 227
42 115 101.6 67.3 236.69 233
44 115 102.8 69.8 245.49 2.39
46 115 104 72.3 254.28 2.44
48 115 105.3 74.8 263.07 2.50
50 115 106.6 77.4 272.22 2.55
55 115 109.9 84 295.43 2.69
Trane 90.6 40 75 81.8 94.5 332.36 4.06
42 75 83.2 97.8 343.96 4.13
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44 75 84.7 101.1 355.57 4.20
46 75 86.1 104.4 367.17 4.26
48 75 87.6 107.9 379.48 4.33
50 75 89.2 111.3 391.44 4.39
55 75 93.1 120.3 423.09 4.54
40 85 88.9 89.8 315.83 3.55
42 85 90.3 92.8 326.38 3.61
44 85 91.7 96 337.63 3.68
46 85 93.1 99.2 348.89 3.75
48 85 94.6 102.5 360.49 3.81
50 85 96.1 105.8 372.10 3.87
55 85 100 1143 401.99 4.02
40 95 97 84.7 297.89 3.07
42 95 98.3 87.6 308.09 3.13
44 95 99.7 90.6 318.64 3.20
46 95 101.2 93.6 329.19 3.25
48 95 102.7 96.7 340.09 3.31
50 95 104.2 99.9 351.35 3.37
55 95 108 108 379.84 3.52
40 105 106.1 79.3 278.90 2.63
42 105 107.5 82.1 288.75 2.69
44 105 108.9 85 298.94 2.75
46 105 110.3 87.8 308.79 2.80
48 105 111.8 90.8 319.34 2.86
50 105 1133 93.7 329.54 291
55 105 117.2 101.4 356.62 3.04
40 115 116.4 73.8 259.55 2.23
42 115 117.7 76.4 268.70 2.28
44 115 119.2 79.1 278.19 2.33
46 115 120.6 81.8 287.69 2.39
48 115 122.1 84.5 297.19 243
50 115 123.6 87.3 307.03 2.48
55 115 124 91.8 322.86 2.60
Trane 100.6 40 75 94.3 105.1 369.64 3.92
42 75 95.9 108.6 381.95 3.98
44 75 97.6 112.2 394.61 4.04
46 75 99.3 115.9 407.62 4.10
48 75 101 119.6 420.63 4.16
50 75 102.8 123.4 434.00 4.22
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55 75 107.5 133.1 468.11 4.35
40 85 101.8 99.9 351.35 3.45
42 85 103.4 103.2 362.95 3.51
44 85 105 106.6 37491 3.57
46 85 106.6 110.1 387.22 3.63
48 85 108.3 113.6 399.53 3.69
50 85 110.1 117.2 412.19 3.74
55 85 114.7 126.4 444.55 3.88
40 95 110.5 94.2 331.30 3.00
42 95 112.1 97.4 342.56 3.06
44 95 113.7 100.6 353.81 3.11
46 95 1153 103.9 365.42 3.17
48 95 117 107.2 377.02 3.22
50 95 118.7 110.6 388.98 3.28
55 95 123.2 119.4 419.93 3.41
40 105 120.6 88.2 310.20 2.57
42 105 122.1 91.2 320.75 2.63
44 105 123.7 94.3 331.65 2.68
46 105 125.3 97.4 342.56 2.73
48 105 127 100.5 353.46 2.78
50 105 128.7 103.7 364.71 2.83
55 105 133.1 111.9 393.55 2.96
40 115 131.9 81.9 288.04 2.18
42 115 133.5 84.7 297.89 2.23
44 115 135.1 87.6 308.09 2.28
46 115 136.8 90.5 318.29 2.33
48 115 138.4 93.5 328.84 2.38
50 115 140.1 96.5 339.39 242
55 115 138 99 348.18 2.52
Trane 108.3 40 75 102.5 113.2 398.12 3.88
42 75 104.2 116.9 411.14 3.95
44 75 106 120.7 424.50 4.00
46 75 107.9 124.6 438.22 4.06
48 75 109.7 128.6 452.29 4.12
50 75 111.7 132.6 466.35 4.18
55 75 116.7 142.9 502.58 431
40 85 110.7 107.6 378.43 3.42
42 85 112.4 111.1 390.74 3.48
44 85 114.1 114.7 403.40 3.54
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46 85 115.9 118.4 416.41 3.59
48 85 117.8 122.2 429.78 3.65
50 85 119.7 126 443.14 3.70
55 85 124.6 135.9 477.96 3.84
40 95 120.2 101.5 356.98 297
42 95 121.9 104.9 368.93 3.03
44 95 123.7 108.3 380.89 3.08
46 95 125.4 111.9 393.55 3.14
48 95 127.3 115.4 405.86 3.19
50 95 129.2 119.1 418.87 3.24
55 95 134 128.4 451.58 3.37
40 105 131.2 95.1 334.47 2.55
42 105 132.9 98.3 345.72 2.60
44 105 134.6 101.6 357.33 2.65
46 105 136.4 104.9 368.93 2.70
48 105 138.2 108.3 380.89 2.76
50 105 140.1 111.7 392.85 2.80
55 105 144.9 120.4 423.45 292
40 115 143.6 88.3 310.55 2.16
42 115 145.3 91.3 321.10 221
44 115 147.1 94.4 332.00 2.26
46 115 148.9 97.6 343.26 2.31
48 115 150.5 100.5 353.46 2.35
50 115 150.3 102.3 359.79 2.39
55 115 147.4 105 369.28 2.51
Trane 119.6 40 75 113 125.2 440.33 3.90
42 75 115 129.4 455.10 3.96
44 75 117.1 133.6 469.87 4.01
46 75 119.1 138 485.35 4.08
48 75 121.3 142.4 500.82 4.13
50 75 123.5 146.8 516.30 4.18
55 75 129.2 158.4 557.09 4.31
40 85 121.9 118.9 418.17 343
42 85 123.8 122.8 431.89 3.49
44 85 125.8 126.8 445.96 3.54
46 85 127.9 130.9 460.38 3.60
48 85 130 135.1 475.15 3.65
50 85 132.1 139.4 490.27 3.71
55 85 137.8 150.3 528.60 3.84
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40 95 132.2 112 393.90 2.98
42 95 134.1 115.8 407.27 3.04
44 95 136.1 119.6 420.63 3.09
46 95 138.1 123.5 434.35 3.15
48 95 140.2 127.5 448.42 3.20
50 95 142.4 131.5 462.49 3.25
55 95 147.9 141.7 498.36 3.37
40 105 144 104.8 368.58 2.56
42 105 145.9 108.4 381.24 2.61
44 105 147.9 112 393.90 2.66
46 105 150 115.6 406.57 2.71
48 105 152 119.4 419.93 2.76
50 105 154.2 123.1 432.94 2.81
55 105 159.6 132.7 466.71 292
40 115 157.4 97.2 341.85 2.17
42 115 159.4 100.5 353.46 222
44 115 161.4 103.9 365.42 2.26
46 115 162 106.3 373.86 231
48 115 160.6 107.1 376.67 2.35
50 115 158.4 107.6 378.43 2.39
55 115 152.6 109.4 384.76 2.52
Trane 132.2 40 75 122.5 138.3 486.40 3.97
42 75 124.5 143.2 503.63 4.05
44 75 126.6 148.2 521.22 4.12
46 75 128.8 153.2 538.80 4.18
48 75 131 158.4 557.09 4.25
50 75 133.3 163.6 575.38 432
55 75 139.3 177.1 622.86 4.47
40 85 135 131 460.73 3.41
42 85 137.2 135.6 476.91 3.48
44 85 139.4 140.4 493.79 3.54
46 85 141.6 145.2 510.67 3.61
48 85 143.9 150.1 527.90 3.67
50 85 146.3 155.1 545.49 3.73
55 85 152.5 168 590.86 3.87
40 95 149.6 1233 433.65 2.90
42 95 151.8 127.7 449.12 2.96
44 95 154 132.2 464.95 3.02
46 95 156.4 136.7 480.77 3.07
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48 95 158.8 141.4 497.30 3.13
50 95 161.2 146.1 513.83 3.19
55 95 167.7 158.3 556.74 3.32
40 105 166.1 115.3 405.51 2.44
42 105 168.4 119.4 419.93 2.49
44 105 170.7 123.6 434.70 2.55
46 105 173.1 127.9 449.82 2.60
48 105 175.6 1323 465.30 2.65
50 105 178.1 136.7 480.77 2.70
55 105 184.8 148.1 520.87 2.82
40 115 184.7 107 376.32 2.04
42 115 187 110.8 389.68 2.08
44 115 189.4 114.7 403.40 2.13
46 115 191.9 118.7 417.47 2.18
48 115 194.4 122.7 431.54 2.22
50 115 193.5 125.2 440.33 2.28
55 115 183.9 127.8 449.47 2.44
Trane 142.6 40 75 132.4 149.6 526.14 3.97
42 75 134.6 154.8 544.43 4.04
44 75 137 160.1 563.07 4.11
46 75 139.4 165.5 582.06 4.18
48 75 141.8 171 601.41 4.24
50 75 144.4 176.6 621.10 4.30
55 75 151 191 671.75 445
40 85 146 141.5 497.66 3.41
42 85 148.4 146.5 515.24 3.47
44 85 150.8 151.5 532.83 3.53
46 85 153.3 156.7 551.11 3.60
48 85 155.8 161.9 569.40 3.65
50 85 158.5 167.2 588.04 3.71
55 85 165.4 180.9 636.23 3.85
40 95 161.7 133.1 468.11 2.89
42 95 164.2 137.8 484.64 2.95
44 95 166.7 142.6 501.52 3.01
46 95 169.3 147.4 518.41 3.06
48 95 171.9 1523 535.64 3.12
50 95 174.6 157.4 553.58 3.17
55 95 181.8 170.2 598.59 3.29
40 105 179.5 124.4 437.51 2.44
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42 105 182.1 128.7 452.64 2.49
44 105 184.7 133.2 468.46 2.54
46 105 187.3 137.7 484.29 2.59
48 105 190.1 142.3 500.47 2.63
50 105 192.9 147 517.00 2.68
55 105 200.3 159.1 559.55 2.79
40 115 199.5 1153 405.51 2.03
42 115 202.1 119.3 419.58 2.08
44 115 201.1 121.8 428.37 2.13
46 115 200 124.2 436.81 2.18
48 115 195 124.9 439.27 2.25
50 115 190.3 125.6 441.74 232
55 115 181.4 128.8 452.99 2.50
Trane 151 40 75 141.1 156.7 551.11 391
42 75 143.5 162.6 571.86 3.99
44 75 146 168.5 592.61 4.06
46 75 148.5 174.5 613.72 4.13
48 75 151.1 180.7 635.52 4.21
50 75 153.8 186.9 657.33 4.27
55 75 160.7 203 713.95 4.44
40 85 155.9 148.8 523.33 3.36
42 85 158.4 154.5 543.38 343
44 85 161 160 562.72 3.50
46 85 163.6 165.8 583.12 3.56
48 85 166.3 171.6 603.52 3.63
50 85 169.1 177.6 624.62 3.69
55 85 176.3 192.9 678.43 3.85
40 95 172.7 140.5 494.14 2.86
42 95 175.3 145.7 512.43 292
44 95 178 151 531.07 2.98
46 95 180.7 156.5 550.41 3.05
48 95 183.5 162 569.75 3.10
50 95 186.4 167.7 589.80 3.16
55 95 193.9 182.1 640.45 3.30
40 105 191.6 131.7 463.19 242
42 105 194.2 136.6 480.42 2.47
44 105 197 141.6 498.01 2.53
46 105 199.8 146.7 515.94 2.58
48 105 202.7 151.9 534.23 2.64
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50 105 205.6 157.2 552.87 2.69
55 105 213.4 170.7 600.35 2.81
40 115 212.5 122.6 431.18 2.03
42 115 215.2 127.1 447.01 2.08
44 115 218 131.8 463.54 2.13
46 115 2133 132.9 467.41 2.19
48 115 210.4 134.7 473.74 2.25
50 115 205.6 135.6 476.91 232
55 115 196.5 139.1 489.21 2.49
Trane 166.1 40 75 160.2 172.9 608.09 3.80
42 75 163.1 178.9 629.19 3.86
44 75 166.1 185 650.64 3.92
46 75 169.2 191.2 672.45 3.97
48 75 172.4 197.6 694.96 4.03
50 75 175.6 204 717.47 4.09
55 75 184 220.5 775.50 4.21
40 85 175.9 164.1 577.14 3.28
42 85 178.9 169.8 597.19 3.34
44 85 182 175.6 617.58 3.39
46 85 185.2 181.6 638.69 3.45
48 85 188.4 187.6 659.79 3.50
50 85 191.8 193.7 681.24 3.55
55 85 200.4 209.5 736.81 3.68
40 95 193.9 155.1 545.49 2.81
42 95 197 160.5 564.48 2.87
44 95 200.2 166.1 584.17 292
46 95 203.5 171.7 603.87 297
48 95 206.9 177.4 623.92 3.02
50 95 210.3 183.3 644.67 3.07
55 95 219.3 198.2 697.07 3.18
40 105 2143 145.9 513.13 2.39
42 105 217.5 151.1 531.42 2.44
44 105 220.9 156.3 549.71 2.49
46 105 2243 161.6 568.35 2.53
48 105 227.7 167 587.34 2.58
50 105 231.3 172.5 606.68 2.62
55 105 240.6 186.7 656.62 2.73
40 115 226.5 131.2 461.43 2.04
42 115 2253 133.8 470.57 2.09
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44 115 224 136.2 479.02 2.14
46 115 218.8 137 481.83 2.20
48 115 215.7 138.9 488.51 2.26
50 115 212 140.4 493.79 233
55 115 201.7 143.7 505.39 2.51
Trane 174.9 40 75 169.3 180.5 634.82 3.75
42 75 172.4 187.1 658.03 3.82
44 75 175.6 193.8 681.59 3.88
46 75 178.8 200.6 705.51 3.95
48 75 182.1 207.5 729.78 4.01
50 75 185.5 214.6 754.75 4.07
55 75 194.2 232.6 818.05 4.21
40 85 186.2 171.8 604.22 3.25
42 85 189.4 178.1 626.38 3.31
44 85 192.7 184.5 648.89 3.37
46 85 196 191 671.75 343
48 85 199.4 197.6 694.96 3.49
50 85 202.9 204.3 718.52 3.54
55 85 211.9 221.6 779.37 3.68
40 95 205.3 162.9 572.92 2.79
42 95 208.6 168.8 593.67 2.85
44 95 212 174.9 615.12 2.90
46 95 215.4 181.1 636.93 2.96
48 95 219 187.4 659.09 3.01
50 95 222.6 193.8 681.59 3.06
55 95 231.9 210.2 739.27 3.19
40 105 226.8 153.7 540.56 2.38
42 105 230.2 159.3 560.26 243
44 105 233.7 165 580.30 248
46 105 237.2 170.9 601.06 2.53
48 105 240.9 176.8 621.81 2.58
50 105 244.6 182.8 642.91 2.63
55 105 2543 198.4 697.77 2.74
40 115 235.7 136.8 481.13 2.04
42 115 236.6 140.8 495.19 2.09
44 115 2353 143.8 505.74 2.15
46 115 234 146.7 515.94 2.20
48 115 229.6 148.2 521.22 227
50 115 226.4 150.3 528.60 2.33
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55 115 214.9 153.6 540.21 2.51
Trane 190.1 40 75 188.3 196.8 692.15 3.68
42 75 191.8 203.6 716.06 3.73
44 75 195.5 210.5 740.33 3.79
46 75 199.2 217.5 764.95 3.84
48 75 203.1 2247 790.27 3.89
50 75 207 231.9 815.59 3.94
55 75 217.2 250.5 881.01 4.06
40 85 205.9 187.2 658.38 3.20
42 85 209.6 193.7 681.24 3.25
44 85 213.4 200.3 704.45 3.30
46 85 217.2 207 728.02 3.35
48 85 221.2 213.8 751.93 3.40
50 85 225.2 220.7 776.20 3.45
55 85 235.6 238.5 838.80 3.56
40 95 226.3 177.6 624.62 2.76
42 95 230.1 183.8 646.42 2.81
44 95 233.9 190.1 668.58 2.86
46 95 237.9 196.5 691.09 2.90
48 95 242 203 713.95 2.95
50 95 246.1 209.6 737.16 3.00
55 95 256.9 226.6 796.95 3.10
40 105 2493 168 590.86 2.37
42 105 253.2 173.9 611.61 242
44 105 257.3 179.8 632.36 2.46
46 105 261.4 185.9 653.81 2.50
48 105 265.6 192.1 675.62 2.54
50 105 269.9 198.4 697.77 2.59
55 105 281 214.7 755.10 2.69
40 115 253.8 147.7 519.46 2.05
42 115 248.8 148.7 522.98 2.10
44 115 243.5 149.6 526.14 2.16
46 115 242.4 152.6 536.69 2.21
48 115 236.6 153.3 539.16 2.28
50 115 230.4 153.9 541.27 2.35
55 115 218.5 157.4 553.58 2.53
Trane 195.2 40 75 191.3 202.5 712.19 3.72
42 75 194.9 209.5 736.81 3.78
44 75 198.7 216.6 761.78 3.83
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46 75 202.6 223.8 787.10 3.89
48 75 206.5 231.1 812.78 3.94
50 75 210.6 238.5 838.80 3.98
55 75 221 257.4 905.28 4.10
40 85 208.9 192.5 677.02 3.24
42 85 212.7 199.1 700.23 3.29
44 85 216.6 205.9 724.15 3.34
46 85 220.5 212.8 748.42 3.39
48 85 224.6 219.7 772.68 3.44
50 85 228.7 226.8 797.66 3.49
55 85 239.4 245 861.66 3.60
40 95 229.2 182.5 641.85 2.80
42 95 233.1 188.8 664.01 2.85
44 95 237.1 195.2 686.52 2.90
46 95 241.2 201.8 709.73 2.94
48 95 245.4 208.4 732.94 2.99
50 95 249.6 215.2 756.86 3.03
55 95 260.7 232.6 818.05 3.14
40 105 2523 172.4 606.33 2.40
42 105 256.3 178.4 627.43 2.45
44 105 260.5 184.5 648.89 2.49
46 105 264.7 190.8 671.04 2.54
48 105 269 197.1 693.20 2.58
50 105 273.4 203.6 716.06 2.62
55 105 284.8 220.2 774.44 2.72
40 115 252.1 149.3 525.09 2.08
42 115 246.9 150.2 528.25 2.14
44 115 241.4 151 531.07 2.20
46 115 240.1 154.1 541.97 2.26
48 115 234.1 154.7 544.08 232
50 115 227.8 155.2 545.84 2.40
55 115 215.5 158.6 557.80 2.59
Trane 235.4 40 75 221 2448 860.96 3.90
42 75 224.9 253.4 891.21 3.96
44 75 228.9 262.2 922.16 4.03
46 75 233 271.2 953.81 4.09
48 75 237.2 280.3 985.81 4.16
50 75 241.6 289.5 1018.17 4.21
55 75 2529 313.3 1101.88 4.36

148



40 85 243.5 232.4 817.35 3.36
42 85 247.5 240.7 846.54 3.42
44 85 251.6 249 875.73 3.48
46 85 255.9 257.6 905.98 3.54
48 85 260.2 266.2 936.23 3.60
50 85 264.7 275.1 967.53 3.66
55 85 276.4 297.8 1047.36 3.79
40 95 269.3 219.7 772.68 2.87
42 95 273.5 227.5 800.12 2.93
44 95 277.8 235.4 827.90 2.98
46 95 282.2 243.5 856.39 3.03
48 95 286.7 251.8 885.58 3.09
50 95 291.3 260.1 914.77 3.14
55 95 303.4 281.7 990.74 3.27
40 105 298.6 206.6 726.61 243
42 105 303 213.9 752.29 2.48
44 105 307.4 2214 778.66 2.53
46 105 311.9 229 805.39 2.58
48 105 316.6 236.8 832.83 2.63
50 105 321.4 2447 860.61 2.68
55 105 334 265.1 932.36 2.79
40 115 3253 189.9 667.88 2.05
42 115 3254 194.5 684.06 2.10
44 115 3254 199.2 700.59 2.15
46 115 3253 203.9 717.12 2.20
48 115 317.8 205.1 721.34 227
50 115 313.8 208 731.54 2.33
55 115 295.8 211.5 743.85 2.51
Trane 261.6 40 75 249.2 271.1 953.46 3.83
42 75 253.7 281.6 990.39 3.90
44 75 258.4 290.2 1020.63 3.95
46 75 263.2 300.1 1055.45 4.01
48 75 268.1 310.1 1090.62 4.07
50 75 273.1 320.2 1126.14 4.12
55 75 286.2 346.3 1217.94 4.26
40 85 273.6 257.8 906.68 3.31
42 85 278.3 266.8 938.34 3.37
44 85 283.1 276 970.69 343
46 85 288.1 285.4 1003.75 3.48
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48 85 293.1 294.9 1037.16 3.54
50 85 298.3 304.6 1071.28 3.59
55 85 311.8 329.5 1158.85 3.72
40 95 301.8 244.2 858.85 2.85
42 95 306.6 252.8 889.10 2.90
44 95 311.6 261.6 920.05 2.95
46 95 316.7 270.5 951.35 3.00
48 95 321.9 279.5 983.00 3.05
50 95 3273 288.8 1015.71 3.10
55 95 341.2 312.5 1099.06 3.22
40 105 333.7 230.4 810.32 243
42 105 338.7 238.6 839.16 2.48
44 105 343.9 246.9 868.35 2.52
46 105 349.1 255.3 897.89 2.57
48 105 354.6 263.9 928.14 2.62
50 105 360.1 272.6 958.73 2.66
55 105 374.6 295.2 1038.22 2.77
40 115 361 2121 745.96 2.07
42 115 357.9 215.6 758.26 2.12
44 115 350.7 2171 763.54 2.18
46 115 345.4 219.7 772.68 224
48 115 341.5 2229 783.94 2.30
50 115 3334 2241 788.16 2.36
55 115 318.1 229.8 808.21 2.54
Trane 287.4 40 75 278 297 1044.55 3.76
42 75 283.2 307.3 1080.77 3.82
44 75 288.6 317.8 1117.70 3.87
46 75 294 328.5 1155.33 3.93
48 75 299.7 3393 1193.32 3.98
50 75 305.4 350.3 1232.00 4.03
55 75 320.4 378.6 1331.54 4.16
40 85 304.5 282.8 994.61 3.27
42 85 309.9 292.6 1029.07 332
44 85 315.4 302.6 1064.24 3.37
46 85 321 312.8 1100.12 343
48 85 326.8 323.2 1136.69 3.48
50 85 332.7 333.7 1173.62 3.53
55 85 348.1 360.7 1268.58 3.64
40 95 334.9 268.5 944.31 2.82
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42 95 340.5 277.9 977.37 2.87
44 95 346.2 287.4 1010.79 292
46 95 352 297.1 1044.90 2.97
48 95 358 307 1079.72 3.02
50 95 364.1 317 1114.89 3.06
55 95 380 342.9 1205.98 3.17
40 105 369.4 254.1 893.67 242
42 105 375.2 263 924.97 2.47
44 105 381.1 272.1 956.98 2.51
46 105 387.2 281.3 989.33 2.56
48 105 393.4 290.7 1022.39 2.60
50 105 399.8 300.3 1056.15 2.64
55 105 416.2 325 1143.02 2.75
40 115 387.3 229.1 805.74 2.08
42 115 380.1 230.8 811.72 2.14
44 115 372.6 232.4 817.35 2.19
46 115 364.6 233.8 822.27 2.26
48 115 358.5 236.3 831.07 232
50 115 349.6 237.4 834.94 2.39
55 115 3325 243 854.63 2.57
Trane 3334 40 75 3143 345.9 1216.53 3.87
42 75 319.9 358.1 1259.44 3.94
44 75 325.7 370.5 1303.05 4.00
46 75 331.7 383.1 1347.36 4.06
48 75 337.8 396 1392.73 4.12
50 75 344.1 409 1438.45 4.18
55 75 360.4 442.6 1556.62 4.32
40 85 345.6 328.7 1156.04 335
42 85 351.4 340.4 1197.19 3.41
44 85 357.4 352.2 1238.69 3.47
46 85 363.5 364.2 1280.89 3.52
48 85 369.9 376.5 1324.15 3.58
50 85 376.3 389 1368.11 3.64
55 85 393.2 421 1480.66 3.77
40 95 381.5 311.2 1094.49 2.87
42 95 387.6 322.2 1133.18 292
44 95 393.8 3334 1172.57 2.98
46 95 400.1 344.9 1213.01 3.03
48 95 406.7 356.5 1253.81 3.08
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50 95 413.4 368.4 1295.66 3.13
55 95 430.8 398.9 1402.93 3.26
40 105 4223 293.2 1031.18 244
42 105 428.6 303.6 1067.76 2.49
44 105 435 314.2 1105.04 2.54
46 105 441.6 325 1143.02 2.59
48 105 448.4 336.1 1182.06 2.64
50 105 4553 347.3 1221.45 2.68
55 105 473.4 376.2 1323.09 2.79
40 115 455.7 268.5 944.31 2.07
42 115 453.5 273.8 962.95 2.12
44 115 451.1 279.2 981.95 2.18
46 115 448.5 284.4 1000.23 2.23
48 115 438.2 286.1 1006.21 2.30
50 115 427.6 287.6 1011.49 2.37
55 115 407.6 295 1037.51 2.55
Trane 359.7 40 75 3425 372.3 1309.38 3.82
42 75 348.8 385.4 1355.45 3.89
44 75 3553 398.6 1401.88 3.95
46 75 361.9 412.1 1449.36 4.00
48 75 368.7 425.9 1497.89 4.06
50 75 375.7 439.8 1546.78 4.12
55 75 393.9 475.7 1673.04 4.25
40 85 375.8 354.2 1245.72 3.31
42 85 3823 366.6 1289.33 3.37
44 85 389 379.3 1334.00 343
46 85 395.8 392.2 1379.37 3.49
48 85 402.8 405.3 1425.44 3.54
50 85 410 418.6 1472.22 3.59
55 85 428.7 452.9 1592.85 3.72
40 95 414.1 335.8 1181.01 2.85
42 95 420.8 347.7 1222.86 291
44 95 427.7 359.7 1265.06 2.96
46 95 434.8 372 1308.32 3.01
48 95 442 384.5 1352.29 3.06
50 95 449.4 397.2 1396.95 3.11
55 95 468.8 429.9 1511.96 3.23
40 105 457.5 317.2 1115.59 2.44
42 105 464.4 328.4 1154.98 2.49
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44 105 471.6 339.8 1195.08 2.53
46 105 479 351.5 1236.23 2.58
48 105 486.5 363.6 1278.78 2.63
50 105 494.2 375.4 1320.28 2.67
55 105 514.2 406.5 1429.66 2.78
40 115 489.5 289.9 1019.58 2.08
42 115 484.1 294 1034.00 2.14
44 115 478.6 298.3 1049.12 2.19
46 115 468.5 300.2 1055.80 2.25
48 115 457.8 302 1062.13 2.32
50 115 446.7 303.5 1067.41 2.39
55 115 425.5 311.1 1094.14 2.57
Trane 385.7 40 75 371.4 398.3 1400.82 3.77
42 75 378.4 412.2 1449.71 3.83
44 75 385.6 426.3 1499.30 3.89
46 75 392.9 440.7 1549.94 3.94
48 75 400.4 455.3 1601.29 4.00
50 75 408.1 470.1 1653.34 4.05
55 75 428.2 508.1 1786.99 4.17
40 85 406.8 379.3 1334.00 3.28
42 85 413.9 392.5 1380.42 3.34
44 85 4213 406 1427.90 3.39
46 85 428.9 419.7 1476.08 3.44
48 85 436.6 433.7 1525.32 3.49
50 85 444.5 447.9 1575.26 3.54
55 85 465.1 484.3 1703.28 3.66
40 95 447.3 360.2 1266.82 2.83
42 95 454.8 372.8 1311.14 2.88
44 95 462.4 385.7 1356.51 2.93
46 95 470.2 398.8 1402.58 2.98
48 95 478.2 412.1 1449.36 3.03
50 95 486.4 425.6 1496.83 3.08
55 95 507.6 460.5 1619.58 3.19
40 105 493.3 341 1199.30 243
42 105 501 353 1241.50 2.48
44 105 509 365.2 1284.41 2.52
46 105 517.1 377.7 1328.37 2.57
48 105 525.4 390.3 1372.68 2.61
50 105 533.9 403.3 1418.41 2.66
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55 105 555.9 436.6 1535.52 2.76
40 115 511.6 304.8 1071.98 2.10
42 115 502 307.1 1080.07 2.15
44 115 491.9 309.1 1087.10 2.21
46 115 489.9 315.6 1109.96 2.27
48 115 478.7 317.3 1115.94 233
50 115 466.9 318.8 1121.22 2.40
55 115 4441 326.5 1148.30 2.59
York 152.6 40 75 131.5 149.1 524.38 3.99
42 75 132.5 153.7 540.56 4.08
44 75 133.5 158.3 556.74 4.17
45 75 134 160.7 565.18 4.22
46 75 134.6 163.1 573.62 4.26
48 75 135.7 167.9 590.50 435
50 75 137 172.8 607.74 4.44
40 80 141.8 148 520.52 3.67
42 80 142.6 152.5 536.34 3.76
44 80 143.6 157.1 552.52 3.85
45 80 144.1 159.4 560.61 3.89
46 80 144.6 161.8 569.05 3.94
48 80 145.7 166.6 585.93 4.02
50 80 146.9 171.4 602.81 4.10
40 85 152.6 146.7 515.94 3.38
42 85 153.5 151.2 531.77 3.46
44 85 154.4 155.7 547.60 3.55
45 85 154.9 158.1 556.04 3.59
46 85 155.4 160.4 564.13 3.63
48 85 156.5 165.1 580.66 3.71
50 85 157.7 169.9 597.54 3.79
40 90 164.1 145.4 511.37 3.12
42 90 165 149.8 526.85 3.19
44 90 165.9 154.3 542.67 3.27
45 90 166.4 156.5 550.41 331
46 90 166.9 158.8 558.50 3.35
48 90 167.9 163.5 575.03 3.42
50 90 169 168.2 591.56 3.50
40 95 176 143.9 506.10 2.88
42 95 177 148.2 521.22 2.94
44 95 177.9 152.6 536.69 3.02
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45 95 178.4 154.9 544.78 3.05
46 95 178.9 157.1 552.52 3.09
48 95 180 161.7 568.70 3.16
50 95 181.1 166.4 585.23 323
York 168.4 40 75 144.7 165.7 582.77 4.03
42 75 145.7 170.9 601.06 4.13
44 75 146.8 176.1 619.34 4.22
45 75 147.5 178.8 628.84 4.26
46 75 148.2 181.5 638.34 4.31
48 75 149.5 186.9 657.33 4.40
50 75 151 192.4 676.67 4.48
40 80 156.2 164.2 577.49 3.70
42 80 157.3 169.3 595.43 3.79
44 80 158.3 174.6 614.07 3.88
45 80 158.9 177.2 623.21 3.92
46 80 159.5 179.9 632.71 3.97
48 80 160.8 185.4 652.05 4.06
50 80 162.2 190.8 671.04 4.14
40 85 168.5 162.4 571.16 3.39
42 85 169.5 167.5 589.10 3.48
44 85 170.6 172.8 607.74 3.56
45 85 171.1 175.4 616.88 3.61
46 85 171.7 178.1 626.38 3.65
48 85 173 183.5 645.37 3.73
50 85 174.3 189 664.71 3.81
40 90 181.2 160.5 564.48 3.12
42 90 182.3 165.5 582.06 3.19
44 90 183.5 170.7 600.35 3.27
45 90 184 173.3 609.50 3.31
46 90 184.6 175.9 618.64 3.35
48 90 185.9 181.3 637.63 343
50 90 187.2 186.7 656.62 3.51
40 95 194.4 158.4 557.09 2.87
42 95 195.6 163.3 574.33 2.94
44 95 196.8 168.4 592.26 3.01
45 95 197.5 171 601.41 3.05
46 95 197.8 173.5 610.20 3.08
48 95 198.3 178.4 627.43 3.16
50 95 198.8 183.4 645.02 3.24
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York 184.2 40 75 156.2 180.3 634.11 4.06
42 75 157.4 185.9 653.81 4.15
44 75 158.8 191.7 674.21 4.25
45 75 159.6 194.6 684.41 4.29
46 75 160.4 197.5 694.61 4.33
48 75 162.1 203.5 715.71 4.42
50 75 163.8 209.5 736.81 4.50
40 80 168.2 178.8 628.84 3.74
42 80 169.4 184.4 648.53 3.83
44 80 170.7 190 668.23 391
45 80 171.4 192.9 678.43 3.96
46 80 172.1 195.8 688.63 4.00
48 80 173.7 201.7 709.38 4.08
50 80 175.3 207.7 730.48 4.17
40 85 181.1 177.1 622.86 3.44
42 85 182.3 182.6 642.20 3.52
44 85 183.5 188.2 661.90 3.61
45 85 184.2 191.1 672.10 3.65
46 85 184.9 193.9 681.95 3.69
48 85 186.3 199.8 702.70 3.77
50 85 187.8 205.7 723.45 3.85
40 90 194.7 175.3 616.53 3.17
42 90 195.8 180.7 635.52 3.25
44 90 197.1 186.3 655.22 3.32
45 90 197.7 189.1 665.06 3.36
46 90 198.4 191.9 67491 3.40
48 90 199.8 197.6 694.96 3.48
50 90 201.3 203.5 715.71 3.56
40 95 208.9 173.4 609.85 292
42 95 210.1 178.7 628.49 2.99
44 95 2113 184.2 647.83 3.07
45 95 212 186.9 657.33 3.10
46 95 212.7 189.7 667.17 3.14
48 95 214.1 195.3 686.87 3.21
50 95 215.5 201.1 707.27 3.28

York 197.6 40 75 168.3 194.8 685.11 4.07
42 75 169.6 200.9 706.57 4.17
44 75 171.2 207.2 728.72 4.26
45 75 172 210.4 739.98 4.30
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46 75 173 213.6 751.23 4.34
48 75 175.1 220.2 774.44 4.42
50 75 177.4 226.9 798.01 4.50
40 80 182.2 192.9 678.43 3.72
42 80 183.3 199 699.88 3.82
44 80 184.5 205.2 721.69 391
45 80 185.2 208.3 732.59 3.96
46 80 185.9 211.5 743.85 4.00
48 80 187.6 218 766.71 4.09
50 80 189.6 224.5 789.57 4.16
40 85 197.4 190.9 671.40 3.40
42 85 198.2 196.8 692.15 3.49
44 85 199.3 202.9 713.60 3.58
45 85 199.8 206 724.50 3.63
46 85 200.4 209.1 735.40 3.67
48 85 201.8 215.5 75791 3.76
50 85 203.5 222 780.77 3.84
40 90 213.5 188.7 663.66 3.11
42 90 2143 194.6 684.41 3.19
44 90 215.2 200.5 705.16 3.28
45 90 215.7 203.6 716.06 332
46 90 216.3 206.6 726.61 3.36
48 90 217.5 212.9 748.77 3.44
50 90 218.9 219.2 770.93 3.52
40 95 230.3 186.4 655.57 2.85
42 95 231.2 192.1 675.62 292
44 95 231.3 197.6 694.96 3.00
45 95 231.4 200.4 704.81 3.05
46 95 231.5 203.2 714.65 3.09
48 95 231.7 208.9 734.70 3.17
50 95 232.1 214.8 755.45 3.25
York 2153 40 75 180.4 2113 743.14 4.12
42 75 182 218 766.71 4.21
44 75 183.7 224.9 790.97 431
45 75 184.7 2283 802.93 435
46 75 185.7 231.8 815.24 4.39
48 75 187.8 238.9 840.21 4.47
50 75 190.1 246.2 865.89 4.55
40 80 194.3 209.4 736.46 3.79
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42 80 195.7 216 759.67 3.88
44 80 197.3 2227 783.24 3.97
45 80 198.2 226.2 795.55 4.01
46 80 199.1 229.6 807.50 4.06
48 80 201.1 236.7 832.47 4.14
50 80 203.1 243.8 857.44 4.22
40 85 209.2 207.3 729.07 3.49
42 85 210.5 213.8 751.93 3.57
44 85 212 220.4 775.15 3.66
45 85 212.8 223.8 787.10 3.70
46 85 213.7 227.2 799.06 3.74
48 85 2154 234.2 823.68 3.82
50 85 217.4 241.2 848.30 3.90
40 90 224.8 205.1 721.34 3.21
42 90 226.2 211.4 743.49 3.29
44 90 227.7 218 766.71 3.37
45 90 228.5 221.3 778.31 3.41
46 90 2293 224.6 789.92 3.44
48 90 231 231.4 813.83 3.52
50 90 232.8 238.4 838.45 3.60
40 95 241.3 202.7 712.90 2.95
42 95 2427 208.9 734.770 3.03
44 95 2442 2153 757.21 3.10
45 95 245.1 218.5 768.46 3.14
46 95 245.9 221.8 780.07 3.17
48 95 247.5 228.5 803.63 3.25
50 95 249.2 235.3 827.55 3.32
York 236.4 40 75 198.8 231.8 815.24 4.10
42 75 200.6 239.1 840.91 4.19
44 75 202.6 246.5 866.94 4.28
45 75 203.7 250.2 879.95 432
46 75 204.8 254 893.32 4.36
48 75 207.1 261.7 920.40 4.44
50 75 209.5 269.6 948.18 4.53
40 80 213.8 229.8 808.21 3.78
42 80 215.6 236.9 833.18 3.86
44 80 217.4 2443 859.20 3.95
45 80 218.4 248 872.22 3.99
46 80 2194 251.7 885.23 4.03

158



48 80 221.6 259.4 912.31 4.12
50 80 223.9 267.1 939.39 4.20
40 85 229.8 227.6 800.47 3.48
42 85 231.5 234.6 825.09 3.56
44 85 2333 241.9 850.76 3.65
45 85 2343 245.5 863.42 3.69
46 85 235.2 249.2 876.44 3.73
48 85 237.3 256.7 902.81 3.80
50 85 239.5 264.4 929.89 3.88
40 90 246.7 225.2 792.03 3.21
42 90 248.4 232.1 816.30 3.29
44 90 250.2 239.2 841.27 3.36
45 90 251.2 242.8 853.93 3.40
46 90 252.1 246.5 866.94 3.44
48 90 254.1 253.9 892.97 3.51
50 90 256.2 261.4 919.34 3.59
40 95 264.4 2227 783.24 2.96
42 95 266.1 229.5 807.15 3.03
44 95 268 236.4 831.42 3.10
45 95 268.9 239.9 843.73 3.14
46 95 269.9 243.5 856.39 3.17
48 95 271.9 250.8 882.06 3.24
50 95 274 258.2 908.09 331
York 257.6 40 75 217 252.3 887.34 4.09
42 75 219 260.2 915.12 4.18
44 75 221.2 268.2 943.26 4.26
45 75 222.5 272.2 957.33 4.30
46 75 223.6 276.3 971.75 435
48 75 226.1 284.6 1000.94 4.43
50 75 228.7 293.1 1030.83 4.51
40 80 233.1 250.2 879.95 3.78
42 80 235.2 258 907.39 3.86
44 80 237.3 265.9 935.17 3.94
45 80 2384 269.9 949.24 3.98
46 80 239.5 273.9 963.31 4.02
48 80 242 282.1 992.15 4.10
50 80 244.5 290.5 1021.69 4.18
40 85 250.3 2479 871.86 3.48
42 85 252.2 255.6 898.94 3.56
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44 85 254.3 263.3 926.03 3.64
45 85 255.5 267.3 940.09 3.68
46 85 256.6 271.3 954.16 3.72
48 85 258.9 279.4 982.65 3.80
50 85 261.3 287.7 1011.84 3.87
40 90 268.3 245.4 863.07 3.22
42 90 270.4 252.9 889.45 3.29
44 90 272.4 260.6 916.53 3.36
45 90 273.6 264.5 930.25 3.40
46 90 274.7 268.4 943.96 3.44
48 90 276.9 276.4 972.10 3.51
50 90 279.3 284.6 1000.94 3.58
40 95 287.2 242.7 853.58 2.97
42 95 289.2 250.1 879.60 3.04
44 95 291.5 257.6 905.98 3.11
45 95 292.5 261.4 919.34 3.14
46 95 293.6 265.3 933.06 3.18
48 95 296 273.1 960.49 3.24
50 95 298.4 281.1 988.63 3.31
York 272.7 40 75 228 268.2 943.26 4.14
42 75 229.7 276.6 972.80 4.24
44 75 231.6 285.2 1003.05 4.33
45 75 232.6 289.6 1018.52 438
46 75 233.7 294 1034.00 4.42
48 75 236.1 303 1065.65 4.51
50 75 238.8 312.1 1097.66 4.60
40 80 246.5 265.7 934.47 3.79
42 80 248 274.1 964.01 3.89
44 80 249.6 282.6 993.90 3.98
45 80 250.5 286.9 1009.03 4.03
46 80 251.4 291.3 1024.50 4.08
48 80 253.5 300.2 1055.80 4.16
50 80 255.8 309.3 1087.81 4.25
40 85 266.4 262.9 924.62 3.47
42 85 267.7 271.2 953.81 3.56
44 85 269.2 279.6 983.35 3.65
45 85 270 283.9 998.48 3.70
46 85 270.8 288.3 1013.95 3.74
48 85 2727 297.1 1044.90 3.83
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50 85 274.7 306 1076.20 3.92
40 90 287.2 259.9 914.07 3.18
42 90 288.6 268 942.56 3.27
44 90 290 276.3 971.75 335
45 90 290.8 280.6 986.87 3.39
46 90 291.6 284.9 1001.99 3.44
48 90 293.3 293.5 1032.24 3.52
50 90 295.2 302.4 1063.54 3.60
40 95 308.8 256.7 902.81 292
42 95 310.3 264.6 930.60 3.00
44 95 311.7 2727 959.09 3.08
45 95 312.1 276.7 973.15 3.12
46 95 312.5 280.7 987.22 3.16
48 95 3134 288.9 1016.06 3.24
50 95 314.4 297.2 1045.25 3.32
York 302.9 40 75 251.5 298 1048.07 4.17
42 75 2533 307.4 1081.13 4.27
44 75 255.6 317 1114.89 4.36
45 75 256.9 321.9 1132.12 441
46 75 258.2 326.9 1149.71 4.45
48 75 261.3 336.9 1184.88 4.53
50 75 264.7 347.2 1221.10 4.61
40 80 272.2 295.2 1038.22 3.81
42 80 273.7 304.5 1070.93 391
44 80 275.5 314 1104.34 4.01
45 80 276.5 318.8 1121.22 4.06
46 80 2717.6 323.7 1138.45 4.10
48 80 280 333.6 1173.27 4.19
50 80 282.9 343.7 1208.79 4.27
40 85 294.8 292.2 1027.67 3.49
42 85 296 301.3 1059.67 3.58
44 85 297.5 310.6 1092.38 3.67
45 85 298.3 3154 1109.26 3.72
46 85 299.2 320.2 1126.14 3.76
48 85 301.2 329.9 1160.26 3.85
50 85 303.5 339.9 1195.43 3.94
40 90 318.9 289 1016.41 3.19
42 90 320 297.9 1047.71 3.27
44 90 3213 307.1 1080.07 3.36
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45 90 322 311.7 1096.25 3.40
46 90 322.7 316.4 1112.78 3.45
48 90 324.5 326 1146.54 3.53
50 90 326.6 335.8 1181.01 3.62
40 95 344 285.6 1004.45 2.92
42 95 345.1 2943 1035.05 3.00
44 95 345.6 302.9 1065.30 3.08
45 95 345.8 307.3 1080.77 3.13
46 95 346.1 311.7 1096.25 3.17
48 95 346.9 320.6 1127.55 3.25
50 95 347.7 329.8 1159.91 3.34
York 342.9 40 75 288 336.3 1182.77 4.11
42 75 290.6 346.9 1220.05 4.20
44 75 2933 357.7 1258.03 4.29
45 75 294.8 363.2 1277.37 4.33
46 75 296.5 368.8 1297.07 437
48 75 299.7 380.1 1336.81 4.46
50 75 303.2 391.6 1377.26 4.54
40 80 309.9 3334 1172.57 3.78
42 80 312.4 343.8 1209.14 3.87
44 80 315 354.5 1246.78 3.96
45 80 316.4 359.9 1265.77 4.00
46 80 317.8 365.4 1285.11 4.04
48 80 320.9 376.6 1324.50 4.13
50 80 324.2 387.9 1364.24 4.21
40 85 3335 330.1 1160.96 3.48
42 85 335.8 340.4 1197.19 3.57
44 85 3383 350.9 1234.11 3.65
45 85 339.6 356.3 1253.11 3.69
46 85 341 361.7 1272.10 3.73
48 85 343.8 372.7 1310.79 3.81
50 85 347 383.9 1350.18 3.89
40 90 358.2 326.6 1148.65 3.21
42 90 360.5 336.7 1184.17 3.28
44 90 363.1 347.1 1220.75 3.36
45 90 364.3 3523 1239.04 3.40
46 90 365.7 357.6 1257.68 3.44
48 90 368.5 368.5 1296.01 3.52
50 90 371.4 379.5 1334.70 3.59
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40 95 384.1 322.9 1135.64 2.96
42 95 386.5 332.8 1170.46 3.03
44 95 389 342.9 1205.98 3.10
45 95 390.4 348.1 1224.27 3.14
46 95 391.7 3533 1242.56 3.17
48 95 394.5 363.9 1279.84 3.24
50 95 397.4 374.8 1318.17 332
York 385.3 40 75 324.5 3773 1326.96 4.09
42 75 327.5 389.1 1368.46 4.18
44 75 330.7 401.2 1411.02 4.27
45 75 3324 407.4 1432.83 431
46 75 3343 413.5 1454.28 435
48 75 337.9 426.1 1498.59 4.44
50 75 341.8 439 1543.96 4.52
40 80 348.7 374.2 1316.06 3.77
42 80 351.6 385.8 1356.86 3.86
44 80 354.8 397.8 1399.06 3.94
45 80 356.4 403.8 1420.16 3.98
46 80 358.1 410 1441.97 4.03
48 80 361.6 422.4 1485.58 4.11
50 80 365.5 435.1 1530.25 4.19
40 85 374.4 370.7 1303.75 3.48
42 85 3773 382.2 1344.20 3.56
44 85 380.3 394 1385.70 3.64
45 85 382.1 399.9 1406.45 3.68
46 85 383.7 406 1427.90 3.72
48 85 387.1 418.2 1470.81 3.80
50 85 390.7 430.8 1515.12 3.88
40 90 401.4 366.9 1290.39 3.21
42 90 404.5 378.2 1330.13 3.29
44 90 407.5 389.8 1370.93 3.36
45 90 409.1 395.7 1391.68 3.40
46 90 410.9 401.6 1412.43 3.44
48 90 414.2 413.7 1454.98 3.51
50 90 417.8 426 1498.24 3.59
40 95 429.8 362.9 1276.32 297
42 95 432.8 374 1315.36 3.04
44 95 436 385.3 1355.10 3.11
45 95 437.7 391 1375.15 3.14
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46 95 4393 396.9 1395.90 3.18
48 95 442.9 408.7 1437.40 3.25
50 95 446.4 420.9 1480.30 3.32
York 409.9 40 75 344 401.1 1410.67 4.10
42 75 346.5 413.4 1453.93 4.20
44 75 349.2 425.9 1497.89 4.29
45 75 350.6 4323 1520.40 4.34
46 75 352.2 438.7 1542.91 4.38
48 75 355.6 451.7 1588.63 4.47
50 75 359.5 464.9 1635.05 4.55
40 80 371.8 397.9 1399.41 3.76
42 80 373.8 410 1441.97 3.86
44 80 376.3 422.4 1485.58 3.95
45 80 377.6 428.6 1507.39 3.99
46 80 378.9 435 1529.89 4.04
48 80 381.8 447.8 1574.91 4.12
50 80 385 460.9 1620.98 4.21
40 85 401.8 394.4 1387.10 3.45
42 85 403.6 406.3 1428.96 3.54
44 85 405.8 418.5 1471.86 3.63
45 85 406.9 4247 1493.67 3.67
46 85 408.1 430.9 1515.47 3.71
48 85 410.6 443.6 1560.14 3.80
50 85 413.5 456.5 1605.51 3.88
40 90 433.6 390.6 1373.74 3.17
42 90 4353 402.4 1415.24 3.25
44 90 437.2 4143 1457.09 3.33
45 90 438.3 420.4 1478.55 3.37
46 90 439.3 426.6 1500.35 3.42
48 90 441.8 439 1543.96 3.49
50 90 444.4 451.7 1588.63 3.57
40 95 466.6 386.5 1359.32 291
42 95 468.5 398.1 1400.12 2.99
44 95 470.5 409.9 1441.62 3.06
45 95 471.5 415.9 1462.72 3.10
46 95 472.6 421.9 1483.82 3.14
48 95 475 434.1 1526.73 3.21
50 95 477.4 446.6 1570.69 3.29
York 4393 40 75 377 429.2 1509.50 4.00
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42 75 380.2 442.4 1555.92 4.09
44 75 383.7 455.8 1603.05 4.18
45 75 385.5 462.5 1626.61 4.22
46 75 387.3 469.4 1650.88 4.26
48 75 391.4 483.2 1699.41 4.34
50 75 395.7 497.2 1748.65 4.42
40 80 406 425.5 1496.48 3.69
42 80 408.9 438.5 1542.20 3.77
44 80 412.2 451.8 1588.98 3.85
45 80 413.9 458.5 1612.54 3.90
46 80 415.6 465.3 1636.46 3.94
48 80 419.4 479 1684.64 4.02
50 80 423.4 492.9 1733.53 4.09
40 85 436.7 421.4 1482.06 3.39
42 85 439.6 434.3 1527.43 3.47
44 85 4427 447.4 1573.51 3.55
45 85 4443 454 1596.72 3.59
46 85 446.1 460.7 1620.28 3.63
48 85 449.6 4743 1668.11 3.71
50 85 453.4 488.1 1716.65 3.79
40 90 469.3 416.9 1466.24 3.12
42 90 472.2 429.7 1511.25 3.20
44 90 475.2 442.6 1556.62 3.28
45 90 476.8 449.1 1579.48 3.31
46 90 478.5 455.7 1602.70 3.35
48 90 481.9 469.1 1649.82 3.42
50 90 485.6 482.7 1697.66 3.50
40 95 503.3 412.1 1449.36 2.88
42 95 506.3 4247 1493.67 2.95
44 95 509.4 437.4 1538.34 3.02
45 95 510.9 443.9 1561.20 3.06
46 95 512.6 450.4 1584.06 3.09
48 95 516.1 463.5 1630.13 3.16
50 95 519.1 476.7 1676.55 3.23
York 471 40 75 396.3 461.7 1623.80 4.10
42 75 399.8 476.2 1674.79 4.19
44 75 403.6 491 1726.85 4.28
45 75 405.7 498.6 1753.58 432
46 75 408 506.2 1780.30 4.36
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48 75 412.4 521.7 1834.82 4.45
50 75 417.1 5373 1889.68 4.53
40 80 426.2 457.7 1609.73 3.78
42 80 429.7 472 1660.02 3.86
44 80 433.4 486.7 1711.72 3.95
45 80 4353 494.1 1737.75 3.99
46 80 4373 501.7 1764.48 4.03
48 80 441.5 517 1818.29 4.12
50 80 446.1 532.4 1872.45 4.20
40 85 458.5 4533 1594.26 3.48
42 85 461.7 467.4 1643.85 3.56
44 85 465.2 481.9 1694.84 3.64
45 85 467 489.2 1720.52 3.68
46 85 469 496.6 1746.54 3.72
48 85 473 511.7 1799.65 3.80
50 85 4773 527.1 1853.81 3.88
40 90 492.1 448.6 1577.73 3.21
42 90 495.5 462.5 1626.61 3.28
44 90 499.1 476.6 1676.20 3.36
45 90 500.8 483.9 1701.88 3.40
46 90 502.8 491.1 1727.20 3.44
48 90 506.7 506 1779.60 3.51
50 90 510.8 521.2 1833.06 3.59
40 95 527.5 443.5 1559.79 2.96
42 95 530.9 457.1 1607.62 3.03
44 95 534.5 471 1656.51 3.10
45 95 536.4 478.1 1681.48 3.13
46 95 538.3 485.3 1706.80 3.17
48 95 542.3 499.8 1757.80 3.24
50 95 546.3 514.7 1810.20 3.31
York 492.1 40 75 414.4 482 1695.19 4.09
42 75 418.2 497.2 1748.65 4.18
44 75 4222 512.7 1803.17 4.27
45 75 424.4 520.5 1830.60 431
46 75 426.8 528.5 1858.73 4.36
48 75 431.5 544.6 1915.36 4.44
50 75 436.3 560.7 1971.98 4.52
40 80 445.5 478 1681.13 3.77
42 80 449.2 492.9 1733.53 3.86
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44 80 453.2 508.2 1787.34 3.94
45 80 455.2 516 1814.77 3.99
46 80 4573 523.8 1842.20 4.03
48 80 461.8 539.8 1898.48 4.11
50 80 466.6 555.8 1954.75 4.19
40 85 478.8 473.5 1665.30 3.48
42 85 482.4 488.2 1717.00 3.56
44 85 486.1 503.3 1770.11 3.64
45 85 488.1 510.9 1796.83 3.68
46 85 490.3 518.6 1823.92 3.72
48 85 494.5 534.4 1879.48 3.80
50 85 499.1 550.4 1935.76 3.88
40 90 513.7 468.6 1648.07 3.21
42 90 517.4 483.1 1699.06 3.28
44 90 521.1 497.9 1751.11 3.36
45 90 523.1 505.4 1777.49 3.40
46 90 5253 513 1804.22 343
48 90 529.5 528.5 1858.73 3.51
50 90 533.9 5443 1914.30 3.59
40 95 550.3 463.4 1629.78 2.96
42 95 553.9 477.6 1679.72 3.03
44 95 558 492.1 1730.72 3.10
45 95 560 499.5 1756.74 3.14
46 95 562 507 1783.12 3.17
48 95 566.4 522.1 1836.23 3.24
50 95 570.8 537.7 1891.09 3.31
York 5132 40 75 4325 502.5 1767.29 4.09
42 75 436.5 518.2 1822.51 4.18
44 75 440.8 534.3 1879.13 4.26
45 75 443 542.5 1907.97 4.31
46 75 445.5 550.8 1937.16 435
48 75 450.4 567.6 1996.25 4.43
50 75 455.4 584.2 2054.63 4.51
40 80 464.7 498.3 1752.52 3.77
42 80 468.6 513.9 1807.39 3.86
44 80 472.9 529.8 1863.31 3.94
45 80 475.1 537.8 1891.44 3.98
46 80 477.3 546 1920.28 4.02
48 80 482 562.6 1978.66 4.11
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50 80 487 579.2 2037.05 4.18
40 85 499.1 493.7 1736.34 3.48
42 85 502.9 509 1790.15 3.56
44 85 507 524.7 1845.37 3.64
45 85 509.1 532.7 1873.51 3.68
46 85 511.5 540.7 1901.64 3.72
48 85 516 557.1 1959.32 3.80
50 85 520.8 573.8 2018.05 3.87
40 90 535.1 488.7 1718.76 3.21
42 90 539.2 503.7 1771.51 3.29
44 90 543.2 519.2 1826.03 3.36
45 90 5453 527 1853.46 3.40
46 90 547.7 534.9 1881.24 343
48 90 552.2 551 1937.87 3.51
50 90 556.9 567.5 1995.90 3.58
40 95 572.9 483.3 1699.77 297
42 95 576.9 498.1 1751.82 3.04
44 95 581.3 513.2 1804.92 3.10
45 95 583.4 520.9 1832.00 3.14
46 95 585.6 528.7 1859.44 3.18
48 95 590.3 544.5 1915.01 3.24
50 95 595 560.7 1971.98 3.31
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Collection of manufacturers’ part-load data used to model air-cooled screw chillers.

Tcond,in

Tevap,out

Reference Capacity (tons) (°F) (°F) PLR EER COP
69.2 80 44 1 3.95
80 44 0.75 12 3.516
80 44 0 0
65 44 1 4.93
65 44 0.5 14.6 42778
65 44 0 0
100.6 80 44 1 3.56
80 44 0.75 11 3.223
80 44 0 0
65 44 1 427
65 44 0.5 13.5 3.9555
65 44 0 0
108.3 80 44 1 3.52
80 44 0.75 11 3.223
80 44 0 0
65 44 1 422
65 44 0.5 13.7 4.0141
65 44 0 0
132.2 80 44 1 3.56
80 44 0.75 11.9 3.4867
80 44 0 0
65 44 1 4.47
65 44 0.5 14.3 4.1899
65 44 0 0
142.6 80 44 1 3.51
80 44 0.75 12.1 3.5453
80 44 0 0
65 44 1 4.33
65 44 0.5 14.5 4.2485
65 44 0 0
151 80 44 1 3.49
80 44 0.75 11.8 3.4574




80 44 0 0
65 44 1 430
65 44 0.5 13.5 3.9555
65 44 0 0
166.1 80 44 1 335
80 44 0.75 122 3.5746
80 44 0 0
65 44 1 3.95
65 44 0.5 144 42192
65 44 0 0
174.9 80 44 1 3.33
80 44 0.75 12 3516
80 44 0 0
65 44 1 3.93
65 44 0.5 14 4.102
65 44 0 0
190.1 80 44 1 3.24
80 44 0.75 12.3 3.6039
80 44 0 0
65 44 1 3.71
65 44 0.5 13.7 4.0141
65 44 0 0
1952 80 44 1 327
80 44 0.75 12.5 3.6625
80 44 0 0
65 44 1 3.72
65 44 0.5 13.9 4.0727
65 44 0 0
235.4 80 44 1 3.46
80 44 0.75 12.3 3.6039
80 44 0 0
65 44 1 4.19
65 44 0.5 152 44536
65 44 0 0
261.6 80 44 1 3.39
80 44 0.75 12.3 3.6039
80 44 0 0
65 44 1 4.03
65 44 0.5 15.8 4.6294
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65 44 0 0
287.4 80 44 1 3.32
80 44 0.75 11.9 3.4867
80 44 0 0
65 44 1 3.85
65 44 0.5 15.6 4.5708
65 44 0 0
3334 80 44 1 3.44
80 44 0.75 12.3 3.6039
80 44 0 0
65 44 1 4.11
65 44 0.5 15.4 45122
65 44 0 0
359.7 80 44 1 3.39
80 44 0.75 12.1 3.5453
80 44 0 0
65 44 1 3.99
65 44 0.5 15.5 4.5415
65 44 0 0
385.7 80 44 1 3.34
80 44 0.75 12.1 3.5453
80 44 0 0
65 44 1 3.86
65 44 0.5 15.2 44536
65 44 0 0
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Collection of manufacturers’ full-load data used to model water-cooled scroll chillers.

Reference Capacity | Tevap,out | Tcond,in | Powerin | Capacity | Capacity COP
(tons) (°F) (°F) (kW) (tons) (kW)

York 52.4 40 85 353 51.3 180.42 5.11

42 85 355 53.2 187.10 5.27

44 85 35.8 55.1 193.79 5.41

46 85 36.2 57 200.47 5.54

48 85 36.5 59 207.50 5.69

50 85 36.9 61.1 214.89 5.82

40 95 38.8 48.8 171.63 442

42 95 39 50.6 177.96 4.56

44 95 39.2 52.4 184.29 4.70

46 95 39.4 54.3 190.97 4.85

48 95 39.7 56.2 197.66 4.98

50 95 39.9 58.1 204.34 5.12

40 105 432 46.1 162.13 3.75

42 105 433 47.8 168.11 3.88

44 105 43.5 49.6 174.44 4.01

46 105 43.6 51.4 180.77 4.15

48 105 43.8 532 187.10 4.27

50 105 44 55.1 193.79 4.40

| York | 59.9 40 85 41.1 58.7 20645 | 5.02

42 85 414 60.8 213.83 5.17

44 85 41.8 62.9 221.22 5.29

46 85 42.1 65.1 228.96 5.44

48 85 42.5 67.4 237.05 5.58

50 85 43 69.7 245.13 5.70

40 95 453 55.8 196.25 433

42 95 455 57.8 203.28 4.47

44 95 45.7 59.9 210.67 4.61

46 95 46 62 218.05 4.74

48 95 46.3 64.2 225.79 4.88

50 95 46.6 66.4 233.53 5.01

40 105 50.6 52.8 185.70 3.67

42 105 50.7 54.8 192.73 3.80

44 105 50.8 56.7 199.41 3.93




46 105 51 58.8 20680 | 4.05
48 105 512 60.8 21383 | 4.18
50 105 514 63 2157 | 431
| Yok | 67.8 40 85 483 66.6 23423 | 485
) 85 48.6 69 24267 | 499
44 85 48.9 71.4 25111 | 5.14
46 85 49.2 73.9 25991 | 528
48 85 49.5 76.5 269.05 | 5.44
50 85 49.9 79.1 278.19 | 558
40 95 53.1 63.2 22227 | 419
4 95 533 65.5 23036 | 432
44 95 53.6 67.8 23845 | 445
46 95 53.9 702 24689 | 458
48 95 54.2 72.7 25569 | 4.72
50 95 54.5 75.2 26448 | 4.85
40 105 58.8 59.6 20961 | 3.56
4 105 59 61.8 21735 | 3.68
44 105 593 64.1 22544 | 3.80
46 105 59.5 66.4 23353 | 3.92
48 105 59.8 68.8 24197 | 4.05
50 105 60.1 712 25041 | 4.17
| York | 76.6 40 85 52.6 75.2 26448 | 5.03
4 85 52.8 78 27433 | 520
44 85 53 80.8 284.17 | 536
46 85 532 83.7 20437 | 553
48 85 53.4 86.6 30457 | 5.70
50 85 53.6 89.6 31512 | 5.88
40 95 57.8 713 250.76 | 434
4 95 58.1 73.9 25991 | 447
44 95 583 76.6 269.40 | 4.62
46 95 58.6 793 27890 | 4.76
48 95 58.8 82.1 28875 | 491
50 95 59.1 85 29894 | 5.06
40 105 63.7 67.2 23634 | 3.71
42 105 64 69.7 24513 | 3.83
44 105 643 723 25428 | 3.95
46 105 64.6 74.9 26342 | 4.08
48 105 64.9 776 27292 | 421
50 105 65.2 80.4 28277 | 434
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| Yok | 85.8 40 85 573 84.3 29648 | 5.17
42 85 57.6 873 307.03 | 5.33
44 85 57.9 90.4 317.94 | 549
46 85 58.2 93.5 32884 | 5.65
48 85 58.5 96.8 34045 | 5.82
50 85 58.8 100.1 35205 | 5.99
40 95 63.2 80 28136 | 4.45
4 95 63.5 82.9 291.56 | 4.59
44 95 63.8 85.9 302.11 | 4.74
46 95 64.1 88.9 31266 | 4.8
48 95 64.4 92 32356 | 5.02
50 95 64.7 95.2 33482 | 5.17
40 105 70 75.6 26589 | 3.80
4 105 703 78.4 27573 | 3.92
44 105 70.6 81.2 28558 | 4.05
46 105 70.9 84.1 29578 | 4.17
48 105 712 87.1 30633 | 4.30
50 105 715 90.2 31723 | 4.44

| York | 92.7 40 85 61.8 90.9 31970 | 5.17
4 85 62.2 94.1 33095 | 5.32
44 85 62.6 97.4 34256 | 547
46 85 63 100.8 35451 | 5.63
48 85 63.4 1042 | 36647 | 5.78
50 85 63.9 107.8 379.13 | 5.93
40 95 68.3 86.6 30457 | 4.46
42 95 68.6 89.7 31547 | 4.60
44 95 68.9 92.8 32638 | 4.74
46 95 69.3 96.1 33798 | 4.88
48 95 69.7 99.4 34959 | 5.02
50 95 70.1 102.8 36155 | 5.16
40 105 75.8 82.1 28875 | 3.81
4 105 76.1 85.1 29930 | 3.93
44 105 76.4 88.1 309.85 | 4.06
46 105 76.7 91.2 32075 | 4.18
48 105 77.1 94.3 33165 | 4.30
50 105 774 97.6 34326 | 4.43

| vork | 110.4 40 85 74 108.7 38230 | 5.17
4 85 73.8 112.5 395.66 | 5.36
44 85 73.6 1164 | 40938 | 556
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46 85 735 1203 | 423.00 | 5.76
48 85 733 1244 | 437.51 | 597
50 85 732 1285 | 45193 | 6.17
40 95 853 1032 | 36295 | 4.26
4 95 85.1 1068 | 37562 | 441
44 95 84.9 1105 | 38863 | 4.58
46 95 84.7 1142 | 40164 | 474
48 95 84.5 118.1 41536 | 4.92
50 95 843 122.1 42943 | 5.09
40 105 98.3 97.3 34220 | 3.48
4 105 98.1 1007 | 35416 | 3.61
44 105 97.9 104.3 366.82 | 3.75
46 105 97.6 1079 | 37948 | 3.89
48 105 97.4 1116 | 392.50 | 4.03
50 105 97.2 1153 | 40551 | 4.17
| York | 1274 40 85 82.5 1254 | 441.03 | 535
4 85 82.4 1207 | 456.15 | 5.54
44 85 823 1342 | 47198 | 573
46 85 82.2 1388 | 48816 | 5.94
48 85 82.1 1436 | 50504 | 6.15
50 85 82 1484 | 52192 | 636
40 95 95 1189 | 418.17 | 440
42 95 94.8 123.1 43294 | 457
44 95 94.7 1274 | 44807 | 473
46 95 94.5 1318 | 463.54 | 491
48 95 94.3 1363 | 47937 | 5.08
50 95 94.2 1409 | 49555 | 5.6
40 105 109.4 112.1 39426 | 3.60
4 105 109.2 116.1 40832 | 3.74
44 105 109 120.1 42239 | 3.88
46 105 108.8 1243 | 437.16 | 4.02
48 105 108.5 1286 | 45229 | 4.17
50 105 108.3 133 46776 | 432
| York | 140.5 40 85 93.9 137.7 48429 | 5.16
42 85 94.5 1426 | s01.52 | 531
44 85 95 1477 | 51946 | 547
46 85 95.7 1528 | 53740 | 5.62
48 85 96.3 158.1 556.04 | 5.77
50 85 97 163.5 | 57503 | 593
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40 95 103.7 1312 | 46143 | 445
4 95 104.2 1359 | 47796 | 4.59
44 95 104.7 1407 | 49484 | 4.73
46 95 105.2 1456 | 51208 | 4.87
48 95 105.8 1507 | 53001 | 501
50 95 106.4 1559 | 54830 | 5.15
40 105 115.1 1243 | 437.16 | 3.80
4 105 1155 1288 | 45299 | 3.92
44 105 116 1334 | 46917 | 4.04
46 105 116.4 1382 | 48605 | 4.18
48 105 116.9 143 50293 | 430
50 105 117.5 148 52052 | 443

| Yok | 144 40 85 91.7 141.9 499.06 | 5.44
4 85 91.5 147 517.00 | 5.65
44 85 91.4 1522 | 53529 | 5.86
46 85 913 1576 | 55428 | 6.07
48 85 91.1 163.1 573.62 | 6.30
50 85 91 1687 | 59332 | 6.52
40 95 105.1 134.1 47163 | 449
4 95 104.9 139 488.86 | 4.66
44 95 104.7 144 50645 | 4.84
46 95 104.5 149.1 52438 | 5.02
48 95 1043 1543 54267 | 520
50 95 104.1 1597 | 561.66 | 540
40 105 1205 126.1 44349 | 3.68
4 105 1202 1308 | 460.02 | 3.83
44 105 120 1355 | 47655 | 3.97
46 105 119.7 1404 | 49379 | 4.13
48 105 119.4 145.3 511.02 | 4.28
50 105 119.1 1504 | 52896 | 4.44

| York | 167.7 40 85 104.6 1639 | 57644 | 5.51
4 85 103.6 170.1 59824 | 5.77
44 85 102.5 1765 | 62075 | 6.06
46 85 101.4 183 643.61 | 635
48 85 1003 1898 | 667.53 | 6.66
50 85 99.1 1967 | 69179 | 6.98
40 95 119.5 156 548.65 | 4.59
4 95 118.8 1618 | 569.05 | 4.79
44 95 118 1677 | 589.80 | 5.00
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46 95 1173 1738 | 61125 | 521
48 95 116.5 1802 | 63376 | 5.44
50 95 115.6 1867 | 65662 | 5.68
40 105 1374 147.1 51735 | 3.77
4 105 136.9 1525 | 53634 | 3.92
44 105 136.4 158.1 556.04 | 4.08
46 105 135.8 1638 | 57608 | 4.24
48 105 1353 1697 | 59683 | 4.41
50 105 134.6 1758 | 61829 | 4.59
| York | 199.6 40 85 127.1 195.1 686.17 | 5.40
4 85 1259 | 2024 | 71184 | 565
44 85 1247 | 2098 | 73787 | 592
46 85 1235 | 2175 | 76495 | 6.19
48 85 1222 | 2254 | 79273 | 649
50 85 1208 | 2335 82122 | 6.80
40 95 144.9 1858 | 65346 | 4.51
4 95 144.1 1926 | 67737 | 470
44 95 1433 1996 | 70199 | 4.90
46 95 1424 | 2068 | 72732 | 511
48 95 1415 | 2142 | 75334 | 532
50 95 1406 | 2218 | 78007 | 5.55
40 105 166.4 1754 | 61688 | 3.71
4 105 165.9 1818 | 63939 | 3.85
44 105 1653 1884 | 662.60 | 4.01
46 105 164.7 195.1 686.17 | 4.17
48 105 164 202 71043 | 433
50 105 1634 | 2092 | 73576 | 4.50
| Trane | 19.9 40 75 13.8 19.2 67.53 | 4.89
4 75 13.9 20 7034 | 5.06
44 75 13.9 208 7315 | 526
46 75 14 215 7562 | 5.40
48 75 14 24 7878 | 5.63
50 75 14.1 232 8159 | 5.79
40 80 14.5 19 6682 | 4.61
42 80 14.6 19.8 69.64 | 4.77
44 80 14.7 20.5 7210 | 4.90
46 80 14.7 213 7491 | 5.10
48 80 14.8 2.1 7773 | 525
50 80 14.8 229 80.54 | 5.44
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40 85 15.4 18.6 6542 | 425
4 85 15.4 19.3 67.88 | 441
44 85 15.4 19.9 69.99 | 4.54
46 85 15.5 20.9 7351 | 4.74
48 85 15.6 216 7597 | 4.87
50 85 15.6 24 7878 | 5.05
40 90 16.1 18.1 63.66 | 3.95
4 90 16.2 18.9 6647 | 4.10
44 90 16.3 19.6 68.93 | 4.23
46 90 16.3 20.4 7175 | 4.40
48 90 16.4 211 7421 | 4.52
50 90 16.5 219 7702 | 4.67
40 95 17.1 17.7 6225 | 3.64
42 95 17.1 18.4 6471 | 3.78
44 95 17.2 19.1 67.17 | 3.91
46 95 17.3 19.9 69.99 | 4.05
48 95 17.3 20.6 7245 | 4.19
50 95 17.4 214 7526 | 433

| Trane | 245 40 75 17.2 23.8 8370 | 4.87
4 75 17.3 247 86.87 | 5.02
44 75 17.4 257 9039 | 5.19
46 75 17.4 26.6 93.55 | 5.38
48 75 17.5 27.6 97.07 | 5.55
50 75 17.6 28.7 100.94 | 5.74
40 80 18.1 232 8159 | 451
42 80 18.2 242 85.11 | 4.68
44 80 18.3 25.1 8828 | 4.82
46 80 18.3 26.1 9179 | 5.02
48 80 18.4 27 9496 | 5.16
50 80 18.5 28 9848 | 532
40 85 19.1 27 7984 | 4.18
4 85 19.2 23.6 83.00 | 4.32
44 85 19.1 24.5 86.17 | 4.51
46 85 19.3 25.5 89.68 | 4.65
48 85 19.4 26.4 9285 | 4.79
50 85 19.4 274 9637 | 4.97
40 90 20.1 2.1 7773 | 3.87
42 90 20.2 23 80.89 | 4.00
44 90 203 23.9 84.06 | 4.14
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46 90 203 249 8757 | 431
48 90 204 258 90.74 | 445
50 90 20.5 26.8 9426 | 4.60
40 95 212 216 7597 | 3.58
4 95 213 24 7878 | 3.70
44 95 214 233 8195 | 3.83
46 95 215 242 85.11 | 3.96
48 95 216 252 88.63 | 4.10
50 95 216 26.1 91.79 | 425
| Trane | 29.2 40 75 20.7 283 99.53 | 4.81
4 75 208 29.4 103.40 | 4.97
44 75 208 30.6 107.62 | 5.17
46 75 20.9 317 11149 | 533
48 75 21 32.9 11571 | 551
50 75 211 34.1 119.93 | 568
40 80 217 276 97.07 | 447
4 80 218 28.7 100.94 | 4.63
44 80 21.9 29.9 105.16 | 4.80
46 80 2 31 109.03 | 4.96
48 80 2.1 322 11325 | 5.12
50 80 2.1 33.4 11747 | 532
40 85 229 27 9496 | 4.15
42 85 23 28 98.48 | 4.28
44 85 229 292 10270 | 4.48
46 85 23.1 303 106.57 | 461
48 85 232 314 11043 | 4.76
50 85 233 326 11465 | 4.92
40 90 24.1 263 92.50 | 3.84
4 90 242 27.3 96.01 | 3.97
44 90 243 284 99.88 | 4.11
46 90 244 29.5 103.75 | 425
48 90 24.5 307 10797 | 441
50 90 24.6 318 111.84 | 455
40 95 254 17.7 6225 | 2.45
42 95 25.5 26.6 93.55 | 3.67
44 95 25.6 277 9742 | 381
46 95 25.7 28.7 10094 | 3.93
48 95 258 29.9 105.16 | 4.08
50 95 25 31 109.03 | 436
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| Trane | 39.4 40 75 273 38 133.65 | 4.90
4 75 274 39.5 13892 | 5.07
44 75 275 41.1 14455 | 526
46 75 276 426 14982 | 5.43
48 75 27.8 442 15545 | 5.59
50 75 27.9 459 16143 | 5.79
40 80 28.7 3722 130.83 | 4.56
4 80 28.8 38.7 136.11 | 473
44 80 28.9 402 14138 | 4.89
46 80 29 417 146.66 | 5.06
48 80 292 433 15229 | 522
50 80 293 449 15791 | 539
40 85 302 36.5 12837 | 425
42 85 303 378 13294 | 439
44 85 303 39.4 13857 | 457
46 85 30.6 40.8 143.49 | 4.69
48 85 30.7 24 149.12 | 4.86
50 85 30.8 439 15440 | 5.01
40 90 31.8 35.5 12485 | 3.93
4 90 32 36.9 12078 | 4.06
44 90 32.1 38.4 135.05 | 421
46 90 323 39.9 14033 | 434
48 90 32.4 414 14560 | 4.49
50 90 325 429 150.88 | 4.64
40 95 33.6 34.6 12169 | 3.62
4 95 33.8 36 12661 | 3.75
44 95 33.9 374 131.54 | 3.88
46 95 34.1 38.9 13681 | 4.01
48 95 34.2 404 14200 | 4.15
50 95 343 419 14736 | 430

| Trane | 48.6 40 75 34.1 47 16530 | 4.85
4 75 342 489 17198 | 5.03
44 75 34.4 50.8 178.66 | 5.19
46 75 34.5 52.8 18570 | 538
48 75 34.6 54.7 19238 | 5.56
50 75 34.8 56.8 199.77 | 5.74
40 80 35.8 46 161.78 | 4.52
4 80 36 4738 168.11 | 4.67
44 80 35.1 49.7 17479 | 4.98
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46 80 363 51.6 18148 | 5.00
48 80 35.4 53.6 18851 | 533
50 80 36.5 55.5 19519 | 535
40 85 377 44.9 15791 | 4.19
4 85 37.9 46.7 16424 | 433
44 85 378 48.6 17093 | 4.52
46 85 38.2 50.4 17726 | 4.64
48 85 383 523 183.94 | 4.80
50 85 38.5 543 190.97 | 4.96
40 90 39.7 4328 15404 | 3.88
4 90 39.9 45.6 16038 | 4.02
44 90 40.1 474 166.71 | 4.16
46 90 402 492 173.04 | 430
48 90 40.4 51.1 179.72 | 445
50 90 40.5 53 186.40 | 4.60
40 95 41 427 150.18 | 3.66
4 95 42.1 444 156.15 | 3.71
44 95 423 46.2 16249 | 3.84
46 95 424 48 168.82 | 3.98
48 95 4.6 498 175.15 | 4.11
50 95 2.8 517 181.83 | 425
| Trane | 59.4 40 75 42.1 57.7 20293 | 4.82
42 75 423 59.9 21067 | 4.98
44 75 4.5 62.1 21841 | 5.14
46 75 4.6 64.4 22649 | 532
48 75 4.8 66.7 23458 | 548
50 75 43 69.1 243.02 | 5.65
40 80 44.2 56.4 19836 | 4.49
4 80 444 58.5 20574 | 4.63
44 80 44.6 60.7 21348 | 479
46 80 44.8 63 2157 | 495
48 80 45 652 22931 | 5.10
50 80 45.1 67.6 23775 | 527
40 85 46.5 55 19343 | 4.16
42 85 46.7 57.2 20117 | 431
44 85 46.8 59.4 20891 | 4.46
46 85 47.1 61.5 21630 | 459
48 85 473 63.7 22403 | 474
50 85 475 66 232,12 | 4.89
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40 90 49 53.7 188.86 3.85
42 90 49.2 55.7 195.90 3.98
44 90 49.4 57.9 203.63 4.12
46 90 49.6 60 211.02 4.25
48 90 49.8 62.2 218.76 4.39
50 90 50 64.5 226.85 4.54
40 95 51.7 523 183.94 3.56
42 95 51.9 543 190.97 3.68
44 95 52.1 56.4 198.36 3.81
46 95 523 58.5 205.74 3.93
48 95 52.5 60.7 213.48 4.07
50 95 52.8 62.9 221.22 4.19
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Collection of manufacturers’ part-load data used to model water-cooled scroll chillers.

Reference Capacity (tons) TC(%I;;’in Te\?gsout PLR EER COP
52.4 75 44 1 6.068954
75 44 0.75 18.5 5.4205
75 44 0 0
65 44 1 7.173893
65 44 0.5 21.1 6.1823
65 44 0 0
59.9 75 44 1 5.959733
75 44 0.75 18.2 5.3326
75 44 0 0
65 44 1 7.059484
65 44 0.5 20.9 6.1237
65 44 0 0
67.8 75 44 1 5.758473
75 44 0.722 18.5 5.4205
75 44 0 0
65 44 1 6.808729
65 44 0.5 21.2 6.2116
65 44 0 0
76.6 75 44 1 6.032295
75 44 0.75 19.4 5.6842
75 44 0 0
65 44 1 7.169754
65 44 0.5 23.9 7.0027
65 44 0 0
85.9 75 44 1 6.201135
75 44 0.726 20.3 5.9479
75 44 0 0
65 44 1 7.396035
65 44 0.5 23.7 6.9441
65 44 0 0
92.8 75 44 1 6.176823
75 44 0.75 19.7 5.7721
75 44 0 0




65 44 1 7.348029
65 44 0.5 233 6.8269
65 44 0 0
110.5 75 44 1 6.735816
75 44 0.718 20.2 5.9186
75 44 0 0
65 44 1 8.918359
65 44 0.5 25 7.325
65 44 0 0
127.4 75 44 1 6.949508
75 44 0.75 19.7 5.7721
75 44 0 0
65 44 1 9.179751
65 44 0.5 25.2 7.3836
65 44 0 0
144 75 44 1 7.050248
75 44 0.75 20 5.86
75 44 0 0
65 44 1 9.24186
65 44 0.5 25.3 7.4129
65 44 0 0
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Collection of reported quasi-steady-state constants for water-cooled reciprocating

APPENDIX G

chillers.

Cameiy bWy | B | eh | A2 | AL | a0

Carrier 30HKAO015 47.6 49.73 94.73 39.53 0.2239 | 1821
Carrier 30HKA020 64 49.73 94.73 4252 0.2667 | 26.96
Carrier 30HKA030 82.4 49.73 94.73 80.27 0.3444 | 6.733

Carrier 30HK 040 119 49.73 94.73 142.2 0.6226 15.1
Carrier 30HK050 160 49.73 94.73 183.7 0.8913 | 44.68
Carrier 30HK060 192 49.73 94.73 179.4 0.8986 | 51.91
Carrier 30HK080 238 49.73 94.73 2843 1.24 28.72
Carrier 30HK 100 315 49.73 94.73 310.2 1437 | 56.12
Carrier 30HK 120 358 49.73 94.73 424.6 1.855 | 43.55
Carrier 30HK 140 440 49.73 94.73 460.7 2.161 93.13
Carrier 30HK 160 481 49.73 94.73 566.6 2446 | 50.14
Trane CGAV214 585.8 49.73 94.73 924 3712 | 7.032
Trane CGAV422 852.4 49.73 94.73 1342 5622 | 73.07
Trane CGAV426 o/s 930.6 49.73 94.73 1094 4687 | 86.27
Trane CGAV426 1065 49.73 94.73 1456 5855 | 7.727
Trane CGAV428 1172 49.73 94.73 1851 7.433 14.26
Trane CGAV430 1279 49.73 94.73 2256 9.059 | 25.01
Trane CCAC 70R C60 2422 49.73 94.73 354.6 1352 | -21.93
Trane CCAC 70R C80 255.6 49.73 94.73 301 1209 | -2.832
Trane CCAC 80R C80 255.6 49.73 94.73 388.2 1.583 | 5.357
Trane CCAC 80R D10 295.33 49.73 94.73 352 1.458 | 9.861

Trane CGWC C70R 257.7 49.73 94.73 258 1.019 -12
Trane CGWC C80R 296.4 49.73 94.73 3183 1268 | -10.71
Trane CGWC C90R 328.4 49.73 94.73 3182 1371 | -16.53
Trane CGWC D10R 367.8 49.73 94.73 334.8 1387 | -1.012
Trane CGWC DI11R 402.7 49.73 94.73 353.1 1.501 9.678
Trane CGWC DI2R 445.6 49.73 94.73 4302 1913 | 44.37
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Collection of water-cooled screw chiller coefficients obtained from EnergyPlus library.

Capacity EIRFPLR
kW | Tons Cl C2 C3
York YS 781 221 | 0.25191 | 0.275691 | 0.472583
York YS 879 249 | 0.30295 | 0.322312 | 0.375195
York YS 1758 | 498 | 0.31499 | 0.317127 | 0.370977
Carrier 23XL 686 194 | 0.21139 | 0.419023 | 0.368614
Carrier 23XL 830 235 | 0.23075 | 0.778416 | -0.007517
Carrier 23XL 862 244 | 0.22928 | 0.366272 | 0.403202
Carrier 23XL 1062 | 301 | 0.25763 | 0.341691 | 0.400767
Carrier 23XL | 1108 | 314 | 0.13707 | 0.837482 | 0.025343
Carrier 23XL | 1196 | 339 | 0.10611 | 0.730551 | 0.163288
Capacity EIRFT
kW | Tons C1 C2 C3 C4 C5 Coé
York YS 781 221 0.4476 | -0.01055 | 0.000713 | 0.011586 | 0.000515 | -0.00098
York YS 879 249 | 0.55953 | -0.01088 | 0.000872 | 0.010103 | 0.000509 | -0.00121
York YS 1758 | 498 | 0.63813 | 0.006304 | 0.000923 | -0.00455 | 0.000826 | -0.00156
Carrier 23XL 686 194 | 0.50141 | 0.001561 | -0.000135 | 0.01525 0.00057 -0.00122
Carrier 23XL 830 | 235 | 04611 | -0.0156 | -0.000274 | 0.026506 | -7.8E-05 0.000186
Carrier 23XL 862 244 | 0.54206 | -0.0211 0.001514 | 0.020679 | 0.000529 | -0.00163
Carrier 23XL | 1062 | 301 | 0.26341 | -0.00703 | -0.000494 | 0.025169 | 0.000171 -0.00043
Carrier 23XL | 1108 | 314 | 0.56683 | -0.02801 | 0.000936 | 0.022108 | 0.000466 -0.0008
Carrier 23XL | 1196 | 339 | 0.50778 | -0.01608 | 0.000174 | 0.020939 | 0.000416 | -0.00072
Capacity CAPFT
kW | Tons C1 C2 C3 C4 C5 Coé
York YS 781 221 | 1.00215 | 0.033002 | 0.000374 | -0.00593 -2.6E-05 -0.00022
York YS 879 249 | 1.03143 | 0.033647 | -0.000274 | -0.00379 -0.00016 | 0.000278
York YS 1758 | 498 | 0.81302 | -0.01425 | -0.001618 | 0.026384 | -0.00092 | 0.001696
Carrier 23XL 686 194 | 0.29035 | -0.02677 | -0.004772 | 0.081624 | -0.00303 | 0.005713
Carrier 23XL 830 | 235 | 0.81985 [ 0.0043 -0.000245 | 0.01431 -0.00036 | 0.000251
Carrier 23XL 362 244 0.03-646 -0.06061 | -0.003709 0.1198 -0.00372 | 0.005369
Carrier 23XL | 1062 | 301 1.0257 | 0.023275 | -0.004694 | -0.00709 -0.00038 | 0.002843
Carrier 23XL | 1108 | 314 | 0.66313 | -0.01027 | -0.000539 | 0.033203 -0.0013 0.002169
Carrier 23XL | 1196 | 339 | 0.57759 | 0.022061 | -0.003342 | 0.039702 | -0.00167 | 0.002763

Regression Functions (Henninger et al. 2010):
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EIRFPLR = C1 + C2 % PLR + C3 * PLR?
EIRFT = C1 4 C2 * Tepw oue + C3 * T2 cywout + C4 * Tew in + C5 ¥ T2 oy i + C6

* Tenw,out * Tew,in
CAPFT =C1 + C2 * TCHW,O‘LLt + C3 * TzCHW,Out + C4 * TCW,iTl + CS * TzCW,iTl + Cé6

* Teaw,out * Tew,in

: o
Tenw,out and Tey i 1in °C
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Collection of water-cooled centrifugal chiller coefficients obtained from EnergyPlus

library.
Capacity EIRFPLR
kW | Tons Cl C2 C3
York
YT vanes | 960 272 | 0.27379 | 0.31411 | 0.411367
York
YT vanes | 1023 | 290 | 0.23684 | 0.32864 | 0.434494
York
YT vanes | 1048 | 297 | 0.15438 | 0.72761 | 0.116239
York
YT vanes | 1396 | 395 0.3043 0.0372 | 0.659034
York
YT vanes | 1758 | 498 | 0.36948 | 0.09552 | 0.534729
York
YT vanes | 2110 | 597 | 0.24692 | 0.18627 | 0.56609
Carreir
19XR vanes | 823 233 | 0.29654 | 0.46897 | 0.233234
Carrier
19XR vanes | 1196 | 339 | 0.27245 | 0.27104 | 0.455236
Carrier
19XR vanes | 1259 | 356 | 0.22262 | 0.51993 | 0.257847
Carreir
19XR vanes | 1635 | 463 | 0.25816 | 0.27072 | 0.470743
Carrier
19XR vanes | 2391 | 677 | 0.30364 | 0.25249 | 0.442929
York
YT VSD | 897 254 | 0.04709 | 0.0707 0.88022
York
YT VSD | 1090 | 309 0.1432 | -0.4921 | 1.341333
York
YT VSD | 1368 | 387 | 0.09484 | 0.15211 | 0.754303
York
YT VSD | 1758 | 498 0.0786 | 0.19503 | 0.724158
York
YT VSD | 1881 | 532 | 0.06088 | 0.48422 | 0.457152
Carrier
19XR VSD | 742 210 | 0.12023 | 0.13964 | 0.739404
Carrier
19XR VSD | 897 254 | 0.20364 | -0.3913 | 1.187172
Carreir
19XR VSD | 1143 | 324 | 0.14088 | -0.1578 | 1.014316
Carrier
19XR VSD | 1558 | 441 | 0.16209 | -0.2554 | 1.092232
Carrier
19XR VSD | 2391 | 677 | 0.09775 | 0.24901 | 0.653938
Capacity EIRFT
kW | Tons Cl C2 C3 C4 C5 C6
York
YT vanes | 960 272 | 0.57359 | 0.0227 | -0.00333 | 0.00603 0.000325 3.23E-05




York
YT vanes | 1023 | 290 0.5255 | -0.0197 | 0.000344 | 0.01651 0.000201 -0.00032
York
YT vanes | 1048 | 297 | 0.72556 | -0.035 | 0.002213 | 0.00393 0.000554 -0.00086
York
YT vanes | 1396 | 395 | 0.52075 | -0.0091 | -0.00018 | 0.02569 4.26E-05 -0.00059
York
YT vanes | 1758 | 498 | 0.23112 | 0.09582 | -0.00567 | 0.02766 | -0.000141 -0.00101
York
YT vanes | 2110 | 597 | 0.62709 | -0.0412 | 0.001327 | 0.02661 -0.000186 | 0.000509
Carreir
19XR vanes | 823 233 | 0.80291 | 0.02171 | 0.000239 | -0.01096 | 0.001065 -0.00206
Carrier
19XR vanes | 1196 | 339 | 0.95144 | -0.0225 | -1.1E-05 | -0.00014 | 0.000391 8.13E-05
Carrier
19XR vanes | 1259 | 356 0.7582 0.0069 | -0.00149 | 0.00225 0.000391 -0.00017
Carreir
19XR vanes | 1635 | 463 0.7356 | -0.0108 | -0.00092 | 0.01459 8.49E-06 0.000128
Carrier
19XR vanes | 2391 | 677 | 0.62666 | -0.0237 | 0.000403 | 0.02828 | -0.000199 | -0.00015
York
YT VSD | 897 254 | 0.55261 | 0.0033 -0.0008 0.04246 | -0.000353 -0.00094
York
YT VSD | 1090 | 309 0.9241 | -0.0496 | 0.000129 | 0.03299 | -0.000677 | 0.001693
York
YT VSD | 1368 | 387 | 0.32275 | -0.0142 | -0.00509 | 0.04607 | -0.000877 0.0026
York
YT VSD | 1758 | 498 | 0.67945 | 0.06695 | -0.00363 | -0.01019 | 0.001066 -0.00211
York
YT VSD | 1881 | 532 | 0.61753 | -0.0391 | 0.000618 | 0.02776 | -0.000215 | 0.000551
Carrier
19XR VSD | 742 210 | 0.99461 | -0.0483 | 0.000467 | -0.00116 | 0.000576 0.000215
Carrier
19XR VSD | 897 254 0.6511 | 0.04949 | -0.00082 | 0.02323 0.000199 -0.00267
Carreir
19XR VSD | 1143 | 324 | 0.94756 | -0.0119 | 8.8E-05 0.00023 0.000182 0.000218
Carrier
19XR VSD | 1558 | 441 1.09934 | -0.0313 | 0.000411 | -0.00738 | 0.000578 -0.00035
Carrier
19XR VSD | 2391 | 677 | 0.62301 | -0.0237 0.0004 0.02875 | -0.000212 -0.00015

Capacity CAPFT

kW | Tons Cl C2 C3 C4 C5 C6
York -
YT vanes | 960 272 | 0.22785 | 0.40559 | -0.03247 | 0.00379 | -0.000224 | 0.000672
York
YT vanes | 1023 | 290 | 0.25712 | -0.0157 | -0.00304 | 0.08107 | -0.002569 | 0.004247
York
YT vanes | 1048 | 297 | 0.72382 | 0.01748 | -0.00452 | 0.02138 | -0.000934 | 0.002515
York
YT vanes | 1396 | 395 | 0.51679 | -0.0279 | -0.00095 | 0.06693 | -0.002728 | 0.004723
York
YT vanes | 1758 | 498 | 0.89759 | -0.0146 | 0.003647 | 0.03203 -0.00119 0.00033
York
YT vanes | 2110 | 597 | 0.53592 | 0.01786 | 0.001579 | 0.04523 | -0.001632 | 0.000601
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Carreir
19XR vanes | 823 233 | 0.55732 | 0.08715 | -0.00292 0.025 -0.000886 | -0.00032
Carrier
19XR vanes | 1196 | 339 1.1268 | -0.0042 -0.002 0.00736 | -0.001157 | 0.003065
Carrier
19XR vanes | 1259 | 356 | 1.08207 | 0.03201 | -0.00399 | -0.00579 | -0.000824 | 0.002934
Carreir
19XR vanes | 1635 | 463 | 0.76392 | 0.0116 | -0.00534 | 0.03307 | -0.002101 0.004921
Carrier
19XR vanes | 2391 | 677 | 0.36764 | -0.0509 | -0.00177 | 0.09518 | -0.003404 | 0.004527
York
YT VSD | 897 254 0.1198 0.1569 | -0.00443 0.0345 -0.000816 | -0.00224
York
YT VSD | 1090 | 309 0.6769 | 0.05712 | -0.00061 0.01657 | -0.000809 0.00023
York
YT VSD | 1368 | 387 | 0.38322 | -0.0327 | -0.00339 0.0858 -0.003513 | 0.006528
York
YT VSD | 1758 | 498 | 0.45751 | 0.13135 | -0.00441 0.0193 -0.000548 -0.00138
York
YT VSD | 1881 | 532 | 0.50652 | -0.0042 | -0.00268 | 0.04763 | -0.001951 0.003994
Carrier
19XR VSD | 742 210 | 0.97971 | -0.0029 | -0.0009 0.01031 -0.000743 | 0.001454
Carrier
19XR VSD | 897 254 | 0.55597 | 0.07631 | -0.00143 | 0.02168 | -0.000623 -0.00099
Carreir
19XR VSD | 1143 | 324 | 0.79395 | 0.04096 | -0.00142 | -0.00164 | -0.000522 | 0.001349
Carrier
19XR VSD | 1558 | 441 1.03431 | 0.02391 | -0.00122 | -0.00535 | -0.000218 | 0.000628
Carrier
19XR VSD | 2391 | 677 | 0.36764 | -0.0509 | -0.00177 | 0.09518 | -0.003404 | 0.004527

Regression Functions (Henninger et al. 2010):

EIRFPLR = C1 + C2 % PLR + C3 * PLR?

EIRFT = C1 + C2 * Teyy oy + C3 * TZCHW,out + C4 * Ty in + C5 * TZCW,in + C6

CAPFT = C1+ C2 * Tepw oue + C3 * T2 cyw oue + C4 * Ty in + C5 % T2 ey 1y + C6

: o
Tenw,out and Tey i 1in °C

* Teaw,out * Tew,in

* Teuw out * Tew,in
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