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PREFACE

This report is a product of a joint effort between International Energy Agency Solar Heating and
Cooling (IEA SHC) Task 34 and Energy Conservation in Buildings and Community Systems (ECBCS)
Annex 43. Ron Judkoff of the National Renewable Energy Laboratory (NREL) was the Operating
Agent for IEA 34/43 on behalf of the United States Department of Energy.

International Energy Agency

The International Energy Agency (IEA) was established in 1974 within the framework of the
Organisation for Economic Co-operation and Development (OECD) to implement an international
energy programme. A basic aim of the IEA is to foster co-operation among the twenty-four IEA
participating countries and to increase energy security through energy conservation, development of
alternative energy sources and energy research, development and demonstration (RD&D).

Solar Heating and Cooling Program

The Solar Heating and Cooling Program was one of the first IEA Implementing Agreements to be
established. Since 1977, its members have been collaborating to advance active solar, passive solar and
photovoltaic technologies and their application in buildings and other areas, such as agriculture and
industry. Current members are:

Australia Finland Portugal
Austria France Spain
Belgium Italy Sweden
Canada Mexico Switzerland
Denmark Netherlands United States
European Commission New Zealand

Germany Norway

A total of 37 Tasks have been initiated, 26 of which have been completed. Each Task is managed by an
Operating Agent from one of the participating countries. Overall control of the program rests with an
Executive Committee comprised of one representative from each contracting party to the Implementing
Agreement. In addition to the Task work, a number of special activities Memorandum of
Understanding with solar thermal trade organizations, statistics collection and analysis, conferences and
workshops have been undertaken.

The Tasks of the IEA Solar Heating and Cooling Programme, both underway and completed are as
follows:

Current Tasks:
Task 27 Performance of Solar Facade Components



Task 29
Task 31
Task 36
Task 37
Task 38
Task 39

Solar Crop Drying

Daylighting Buildings in the 21% Century

Solar Resource Knowledge Management

Advanced Housing Renovation with Solar & Conservation
Solar Assisted Cooling Systems

Polymeric Materials for Solar Thermal Applications

Completed Tasks:

Task 1

Task 2

Task 3

Task 4

Task 5

Task 6

Task 7

Task 8

Task 9

Task 10
Task 11
Task 12
Task 13
Task 14
Task 16
Task 17
Task 18
Task 19
Task 20
Task 21
Task 22
Task 23
Task 24
Task 25
Task 26
Task 28
Task 32
Task 33
Task 34
Task 35

Investigation of the Performance of Solar Heating and Cooling Systems
Coordination of Solar Heating and Cooling R&D

Performance Testing of Solar Collectors

Development of an Insulation Handbook and Instrument Package

Use of Existing Meteorological Information for Solar Energy Application
Performance of Solar Systems Using Evacuated Collectors

Central Solar Heating Plants with Seasonal Storage

Passive and Hybrid Solar Low Energy Buildings

Solar Radiation and Pyranometry Studies

Solar Materials R&D

Passive and Hybrid Solar Commercial Buildings

Building Energy Analysis and Design Tools for Solar Applications
Advance Solar Low Energy Buildings

Advance Active Solar Energy Systems

Photovoltaic in Buildings

Measuring and Modelling Spectral Radiation

Advanced Glazing and Associated Materials for Solar and Building Application
Solar Air Systems

Solar Energy in Building Renovation

Daylight in Buildings

Building Energy Analysis Tools

Optimization of Solar Energy Use in Large Buildings

Solar Procurement

Solar Assisted Air Conditioning of Building

Solar Combisystems

Solar Sustainable Housing

Advanced Storage Concepts for Solar and Low Energy Buildings

Solar Heat for Industrial Processes

Testing and Validation of Building Energy Simulation Tools
PVIThermal Solar Systems

Completed Working Groups:
CSHPSS, ISOLDE, Materials in Solar Thermal Collectors, and the Evaluation of Task 13 Houses



To find more IEA Solar Heating and Cooling Programme publications or learn about the Programme
visit our Internet site at www.iea-shc.org or contact the SHC Executive Secretary, Pamela Murphy, e-
mail: pmurphy@MorseAssociatesinc.com.



Energy Conservation in Buildings and Community Systems

The IEA sponsors research and development in a number of areas related to energy. The mission of one
of those areas, the ECBCS - Energy Conservation for Building and Community Systems Programme, is
to facilitate and accelerate the introduction of energy conservation, and environmentally sustainable
technologies into healthy buildings and community systems, through innovation and research in
decision-making, building assemblies and systems, and commercialisation. The objectives of
collaborative work within the ECBCS R&D program are directly derived from the on-going energy and
environmental challenges facing IEA countries in the area of construction, energy market and research.
ECBCS addresses major challenges and takes advantage of opportunities in the following areas:

- exploitation of innovation and information technology;

- impact of energy measures on indoor health and usability;

- integration of building energy measures and tools to changes in lifestyles, work
environment alternatives, and business environment.

The Executive Committee

Overall control of the program is maintained by an Executive Committee, which not only monitors
existing projects but also identifies new areas where collaborative effort may be beneficial. To date the
following projects have been initiated by the executive committee on Energy Conservation in Buildings
and Community Systems (completed projects are identified by (*) ):

Annex 1: Load Energy Determination of Buildings (*)

Annex 2: Ekistics and Advanced Community Energy Systems (*)
Annex 3: Energy Conservation in Residential Buildings (*)
Annex 4: Glasgow Commercial Building Monitoring (*)

Annex 5: Air Infiltration and Ventilation Centre

Annex 6: Energy Systems and Design of Communities (*)
Annex 7: Local Government Energy Planning (*)

Annex 8: Inhabitants Behaviour with Regard to Ventilation (*)
Annex 9: Minimum Ventilation Rates (*)

Annex 10: Building HVAC System Simulation (*)

Annex 11: Energy Auditing (*)

Annex 12: Windows and Fenestration (*)

Annex 13: Energy Management in Hospitals (*)

Annex 14: Condensation and Energy (*)

Annex 15: Energy Efficiency in Schools (*)

Annex 16: BEMS 1- User Interfaces and System Integration (*)
Annex 17: BEMS 2- Evaluation and Emulation Techniques (*)
Annex 18: Demand Controlled Ventilation Systems (*)

Annex 19: Low Slope Roof Systems (*)

Annex 20: Air Flow Patterns within Buildings (*)

Vi



Annex 21.
Annex 22:
Annex 23:
Annex 24:
Annex 25:
Annex 26:
Annex 27:
Annex 28:
Annex 29:
Annex 30:
Annex 31:
Annex 32:
Annex 33:
Annex 34:
Annex 35:
Annex 36:
Annex 37:
Annex 38:
Annex 39:
Annex 40:
Annex 41.
Annex 42:

Annex 43:
Annex 44
Annex 45:
Annex 46:

Annex 47:
Annex 48:
Annex 49:
Annex 50:

Thermal Modelling (*)

Energy Efficient Communities (*)

Multi Zone Air Flow Modelling (COMIS) (*)

Heat, Air and Moisture Transfer in Envelopes (*)

Real time HEVAC Simulation (*)

Energy Efficient Ventilation of Large Enclosures (*)

Evaluation and Demonstration of Domestic Ventilation Systems (*)

Low Energy Cooling Systems (*)

Daylight in Buildings (*)

Bringing Simulation to Application (*)

Energy-Related Environmental Impact of Buildings (*)

Integral Building Envelope Performance Assessment (*)

Advanced Local Energy Planning (*)

Computer-Aided Evaluation of HVAC System Performance (*)

Design of Energy Efficient Hybrid Ventilation (HYBVENT) (*)
Retrofitting of Educational Buildings (*)

Low Exergy Systems for Heating and Cooling of Buildings (LowEX) (*)
Solar Sustainable Housing (*)

High Performance Insulation Systems (*)

Building Commissioning to Improve Energy Performance (*)

Whole Building Heat, Air and Moisture Response (MOIST-ENG)

The Simulation of Building-Integrated Fuel Cell and Other Cogeneration Systems
(FC+COGEN-SIM)

Testing and Validation of Building Energy Simulation Tools

Integrating Environmentally Responsive Elements in Buildings

Energy Efficient Electric Lighting for Buildings

Holistic Assessment Tool-kit on Energy Efficient Retrofit Measures for Government
Buildings (EnERGO)

Cost-Effective Commissioning for Existing and Low Energy Buildings
Heat Pumping and Reversible Air Conditioning

Low Exergy Systems for High Performance Built Environments and Communities
Prefabricated Systems for Low Energy / High Comfort Building Renewal

Working Group - Energy Efficiency in Educational Buildings (*)

Working Group - Indicators of Energy Efficiency in Cold Climate Buildings (*)
Working Group - Annex 36 Extension: The Energy Concept Adviser (*)

(*) Completed

Participating countries in ECBCS:

Australia, Belgium, CEC, Canada, Czech Republic, Denmark, Finland, France, Germany, Greece,
Israel, Italy, Japan, the Netherlands, New Zealand, Norway, Poland, Portugal, Sweden, Switzerland,
Turkey, United Kingdom and the United States of America.
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SHC Task 34 / ECBCS Annex 43: Testing and Validation of Building Energy
Simulation Tools

Goal and Objectives

The goal of this Task/Annex is to undertake pre-normative research to develop a comprehensive and
integrated suite of building energy analysis tool tests involving analytical, comparative, and empirical
methods. These methods will provide for quality assurance of software, and some of the methods will
be enacted by codes and standards bodies to certify software used for showing compliance to building
energy standards. This goal will be pursued by accomplishing the following objectives:

Create and make widely available a comprehensive and integrated suite of IEA Building Energy
Simulation Test (BESTEST) cases for evaluating, diagnosing, and correcting building energy
simulation software. Tests will address modelling of the building thermal fabric and building
mechanical equipment systems in the context of innovative low energy buildings.

Maintain and expand as appropriate analytical solutions for building energy analysis tool evaluation.
Create and make widely available high quality empirical validation data sets, including detailed and
unambiguous documentation of the input data required for validating software, for a selected number of
representative design conditions.

Scope

This Task/Annex investigates the availability and accuracy of building energy analysis tools and
engineering models to evaluate the performance of innovative low-energy buildings. Innovative low-
energy buildings attempt to be highly energy efficient through use of advanced energy-efficiency
technologies or a combination of energy efficiency and solar energy technologies. To be useful in a
practical sense such tools must also be capable of modelling conventional buildings. The scope of the
Task is limited to building energy simulation tools, including emerging modular type tools, and to
widely used innovative low-energy design concepts. Activities will include development of analytical,
comparative and empirical methods for evaluating, diagnosing, and correcting errors in building energy
simulation software.

The audience for the results of the Task/Annex is building energy simulation tool developers, and codes
and standards (normes) organizations that need methods for certifying software. However, tool users,
such as architects, engineers, energy consultants, product manufacturers, and building owners and
managers, are the ultimate beneficiaries of the research, and will be informed through targeted reports
and articles.

Means
The objectives are to be achieved by the Participants in the following Projects.

Comparative and Analytical Verification Tests:
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Project A: Ground-Coupled Heat Transfer with respect to Floor Slab and Basement Constructions
Project B: Multi-Zone Buildings and Air Flow

Empirical Validation and Comparative Tests:
Project C: Shading/Daylighting/Load Interaction
Project D: Mechanical Equipment and Controls
Project E: Buildings with Double-Skin Facades

Other:
Project G: Web Site for Consolidation of Tool Evaluation Tests

Participants

The participants in the Task are Australia, Belgium, Canada, Czech Republic, Denmark, France,
Germany, Japan, the Netherlands, Spain, Sweden, Switzerland, the United Kingdom, and the United
States. The United States served as the Operating Agent for this Task, with Ron Judkoff of the National
Renewable Energy Laboratory providing Operating Agent services on behalf of the U.S. Department of
Energy.

This Report

This report documents work carried out under Project D: Mechanical Equipment and Control Strategies.
It is divided into two parts: Part | is on a chilled water system and Part 11 is on a heating water system.
Both systems are real installations found in a laboratory building. They are described in detail. Thus
information provided in this report should allow to model and simulate the performance of certain
components that are part of chilled and / or heating water system. A validation of simulation programs
can be done using the exemple results and diagnosing methods also provided in this report but also
using the very large data set that is provided on an additional CD. Some validation tests described in
this report do need some further development. The work documented here may also help to improve
such validation procedures in a future task.

The Subtask D was leaded by Clemens Felsmann, Technical University Dresden in co-operation with
Jean Lebrun, University of Liege.
Participants of Project D are as follows:

Name of the Program Location

VAl14 VABI Software BV, Delft, The Netherlands
Matlab/Simulink ITG Dresden , Germany

TRNSYS-TUD Technical University Dresden, Germany
EES Universitd de Liege, Belgium

EnergyPlus GARD Analytics, Inc., U.S.
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PART I.
Chilled Water system



Chapter 1 Introduction

This specification describes several comparative and empirical test cases for a chilled
water system which are dedicated to validate HVAC simulation software. It was
developed within the International Energy Agency (IEA) programs: Solar Heating and
Cooling (SHC) Task 34 and Energy Conservation in Building and Community Systems
(ECBCS) Annex 43.

The tests are designed for testing the capability of building energy simulation programs to
predict the performance of the mechanical equipment of buildings including their control
systems.

All input data for simulation are provided in separate files as part of this specification.



Chapter 2 Overall Test Description and Participants

2.1 General
The software validation tests are based on a chilled water system as shown at Figure 2-1.

Figure 2-1 Scheme of the chilled water system with measuring points

The system consists of:
An air-cooled scroll compressor chiller (ACCH)
- A Cooling coil located inside an air-handling unit (ChW Coil)
- Hydraulic network including a circulating pump and a mixing valve
and is used to serve cooling loads of an air conditioning system (Air Handling Unit
AHU) as depicted in Figure 2-2.



Figure 2-2 Schematic plot of AHU system with measuring points

This system is installed at the Energy Resource Station located at Ankeny, lowa (USA).
Further details about the test facility are available at http://www.energy.iastate.edu/ers/.
A lot of physical data and detailed information about the mechanical system required to
setup a simulation model is available via the lowa Energy Center FTP site. This site is a
limited access, password protected site. Nevertheless the ERS staff would be able to
provide detailed information to interested parties in response to any requests.

The idea behind this chilled water system tests are as follows: for the validation of the
simulation programs it should be possible to focus on the behaviour of the main
components as well as have a look at the operation of the whole system. That is why the
test specification consists of three separate exercises as summarized in Table 2-1.



Figure 2-3 Outside view of the AHU



Table 2-1 Chilled water system test case summary

# of exercise

Object of exercise

Comments

Chiller

- Two empirical tests

Results of a comparative test
that has been run in a very early
stage of the project are
provided.

Cooling coil

- A comparative test
- Two empirical tests

Hydraulic network

No tests specifications provided
but a description of the system

Some additional information about parameters and inputs required to run the simulations
are given in the following chapters. There are also instructions on how to report the
outputs of the simulation.

2.2 Physical properties of chilled water
For the purpose of validation two experiments have been performed at the ERS. Figure 2-4
shows time of running the experiments and the related glycol concentration of the chilled

water system.

30
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Figure 2-4: Historical to current ERS Chilled Water System Concentration

Table 2-2 and Table 2-3 contain the values for the physical properties of chilled water
solutions of the heat transfer fluid DOWFROST that are 18 and 21 percent Propylene

Glycol by volume, which are similar to the real concentrations.

For some comparative studies also an aqueous Ethylene Glycol solution with a 35%
concentration by mass will be used. This is the mean value of the range given by the ARI-
410 standard the coil performance data base on, look at chapter 4.2. Table 2-4 contains the
known physical properties of this fluid.

Table 2-2 Physical properties of an aqueous solution of DOWFROST; 18 percent Propylene
Glycol by volume

Temperature
Physical properties -1.1°C 4.4°C 10.0°C 15.6°C
(30°F) (40°F) (50°F) (60°F)
Thermal conductivity W/(mK) | 0.471 0.479 0.488 0.497
Specific heat kd/(kgK) | 3.950 3.958 3.971 3.975
Viscosity 10t Pas 3.94 3.18 2.61 2.18
Density kg/mi 1023.8 1022.1 1020.5 1018.4

Table 2-3 Physical properties of an aqueous solution of DOWFROST; 21 percent Propylene
Glycol by volume

Temperature
Physical properties -3.9°C 1.7°C 7.2°C 12.8°C
(25°F) (35°F) (45°F) (55°F)
Thermal conductivity W/(mK) | 0.454 0.462 0471 0.478
Specific heat kd/(kgK) | 3.908 3.916 3.929 3.941
Viscosity 10t Pa s 5.18 4.1 3.3 2.71
Density kg/mi 1028 1026.4 1024.6 1022.7




Table 2-4 Physical properties of an aqueous Ethylene Glycol solution with 35 percent
concentration by mass

Temperature
Physical properties -3.9°C 1.7°C 7.2°C 12.8°C
(25°F) (35°F) (45°F) (55°F)
Thermal conductivity W/(mK) | 0.414 0.421 0.428 0.435
Specific heat kd/(kgK) | 3.521 3.539 3.556 3.573
Viscosity 10t Pa s 5.42 4.37 3.59 3.00
Density kg/m} 1057.2 1055.7 1053.9 1052.1

2.3 Accuracy of data measurements

2.3.1 Chilled water temperature

Each of the chilled water temperature sensors receive a six point calibration across the
specific range of operating temperature expected for that sensor. The temperature sensors
are calibrated from the sensor to data output screen referencing a precision calibration bath
with a secondary reference standard.

Based on calibration results for chiller entering (ACCH-EWT ) and leaving water
temperatures (ACCH-LWT), the following can be concluded for the absolute accuracy
over the range of -5...20 C (23...68 F):

ACCH-EWT: Accuracy is: 0.036K (0.064 F) with maximum deviation of 0.01K
(0.02 F) at 95% confidence interval.
ACCH-LWT: Accuracy is: 0.039K (0.070 F) with maximum deviation of 0.01K

(0.02 F) at 95% confidence interval.

Since these temperature sensors are generally used to determine a temperature difference,
these calibration results conclude a relative accuracy for the differential temperature of
ACCH-EWT and ACCH-LWT that is 0.075K (0.134 F) with maximum deviation of
0.02K (0.029 F) at 95% confidence interval.

Based on this information the cooling load calculation at a chilled water flow of
approximately 5.9mi/h (Propylene-Glycol mixture) has an error of

DQ. =5.9m®/h 1/3600s/h 1021kg/m® 3.97 ki/kgK 0.074 K
= 0.5kW

(2.1)



Take a look at the AHU Schematic in Figure 2-2 to determine the relative location of the
temperature sensors.

2.3.2 Chilled water flow rate

The chilled water flow rate was measured using electromagnetic flowmeters. Their
accuracy is depending on flow rate but higher than —0.5%.

2.3.3 Relative air humidity and air temperature

The calibration of the sensors was conducted in December 2005. Information and
accuracy statements for the sensors at that calibration are noted as follows:

The corresponding field calibration relative to these sensors was a sensor-to-data field
calibration using a Thunder Scientific humidity generator, which has the accuracy of +/-
0.5% RH in the range of 10%RH 95%RH. The sensor-to-data method eliminates all the
intermediate uncertainties involved with the transducer, wiring, A/D conversion, etc. and
can result in a greater accuracy for the measured value. The As Left results of that
calibration were as follows:

CHWC-EAH:

The accuracy of the sensor is within +0.65%RH of the reference meter, thus the accuracy
of the sensor is within +1.15%RH/-0.5%RH of the true relative humidity value (in the
range of 10%RH 95%RH).

CHWC-LAH:

The accuracy of the sensor is within +0.85%RH of the reference meter, thus the accuracy
of the sensor is within +1.35%RH/-0.5%RH of the true relative humidity value (in the
range of 10%RH 95%RH).

CHWC-EAT and CHWC-LAT:
The final sensor-to-data accuracy indicates the sensor would be within +0.14 C/-0.17 C
(+0.25 F/-0.31 F) of true value in the range of 10 25 C (50 77 F).

The CHWC-EAH sensor is a Vaisala HMP233 with the manufacturers stated accuracy of
+/-1% RH over the range of 0% to 90% and +/-2% from 90% to 100% RH. The
associated CHWC-EAT temperature sensor is rated at +/-0.10 C (+/-0.18 F) at 20 C
(68 F).

The CHWC-LAH sensor is a Vaisala HMP243 with the manufacturers stated accuracy of
+/- (0.5%RH plus 2.5% of reading). The associated CHWC-LAT temperature sensor is
rated at +/-0.10 C (+/-0.18 F) at 20 C (68 F). An air intake distribution manifold was
fabricated for continuous collection of air samples from across the face of the cooling coil
to produce a better average of the cooling coil leaving air conditions. The single point
temperature and humidity sensors are situated in the average air stream.



SA-TEMP:

The sensor is a platinum RTD 4-sensor array. The As-Left calibration result from a
sensor-to-data calibration (performed March 2006) indicates the sensor would be within
+0.11 C (+0.20 F) of true value in the range of 5 25 C (41 77 F). Note that the
Supply Air Temperature sensor is located in the supply air ductwork downstream of the
Supply Air Fan (see Figure 2-2).

SA-HUMD:

There is also a SA-HUMD sensor in the supply air duct downstream of the Supply Air Fan
with a manufacturers stated accuracy of +/- 2% RH over the range of 10 to 90% RH at
20 C (68 F), however, the in place accuracy is uncertain since it is not on the calibration
schedule.

The location of the temperature and RH sensors can be seen from the AHU Schematic in
Figure 2-2. The CHWC-LAT and LAH sensors are located between the cooling coil and
the supply air fan. The air from the leaving side of the cooling coil passes over the SA fan
motor and into the inlet of the SA fan (a forward curved centrifugal fan) and continues out
the fan discharge duct and about 7.6m (25 ft) down the duct passes over the SA-TEMP
sensor and the SA-CFM airflow measuring station. As a result, the SA-TEMP includes
the temperature rise across the SA fan/motor.

2.3.4 Air mass flow

The system mass flow rate should be calculated from density of the supply air as
determined from the measurements of the SA-CFM volumetric flow sensor and SA-TEMP
air temperature sensor. If any correction for air pressure is desired, the SA-SP duct static
(gauge) pressure could be used (note that the SA-SP sensor is about 9 12 m (30 40 ft)
downstream of the SA-TEMP and SA-CFM measuring station).

2.3.5 Measuring error compensation

Experimental data will be slightly corrected if necessary to get nearly equalized energy
(energy at water side = energy at air side) and mass flow (moisture decrease in air =
amount of condensation) balances. The corrections should be within the known error
bands of sensors and will be documented for all input and output data used for validation
of simulation models.

2.3.6 General

Modellers will be provided with both raw experimental data and corrected data that gives
the opportunity to perform independent error compensation. Further information on
sensors and equipment can be get from the before mentioned ERS ftp site.
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Chapter 3 Chiller

This exercise focuses on the validation of a chiller model only. As to be seen from the
schematic shown in Figure 3-1, neither the cooling coil, nor the hydraulic network is taken
into consideration.

EAT y ChWFR
' ("
' o~ EWT
E Air Cooled @
} Chiller 3
: > LWT
LAT
4 —— CEP

Figure 3-1 Chiller

The chiller that is examined here is an air-cooled liquid chiller manufactured by McQuay.
Table 3-1 provides some general data. Most of the following descriptions are taken from
the technical documentation of the chiller.

Table 3-1 Chiller general data

Chiller general data
Manufacturer McQuay International
Chiller Model AGZ 010AS
Chiller type Air Cooled Liquid Chiller
Nominal Unit @ ARI Conditions 35 C Entering Air Temperature
Capacity 34.3 kW (9.8 tons)
Flow Rate 1.51 I/s (24.0 gpm)
Leaving Water Temperature 6.7 C(44.0 F)
Full Load COP 2.84
Integrated Part Load COP 3.58
Refrigerant Type HCFC -22
Refrigerant Circuits 1 Refrigerant Circuit
Heat Transfer Fluid 25% Propylene Glycol
Electrical Characteristics 460 Volt / 3 Phase / 60 Hz
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The chiller by itself is a complete, self-contained automatic refrigerating unit that is
completely assembled, factory wired, charged, and tested. It consists of air-cooled
condensers, two Copeland Compliant Scroll hermetic compressors, one brazed plate-to-
plate evaporator, and a complete refrigerant piping. Liquid line components include
sightglass/moisture indicator, solenoid valve, and thermal expansion valve. The electrical
control centre includes all equipment protection and operating controls necessary for
automatic operation.

Dimensional data of the chiller can be taken from Figure 3-2.
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Figure 3-2 Chiller dimensional data

The chiller refrigeration circuit with all its components is shown in Figure 3-3. Figure 3-4
to Figure 3-6 offer exterior views on the chiller as well as a look into the compressor
section. The Hot Gas Bypass is controlled by a solenoid valve. The solenoid valve is
energized when hot gas bypass is required. The hot gas bypass valve is set to energize at
393 kPa (57 psig).

Figure 3-3 Air-cooled chiller refrigeration circuit
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Figure 3-4 North facing side of the chiller
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Figure 3-5 South facing side of the chiller

Figure 3-6 Interior of compressor section

3.1 Compressor

The chiller uses a Copeland s Compliant Scroll tandem compressor ZRT136KC-TFD that
iIs made-up of two ZR68KC-TFD. These rugged hermetic compressors are constructed
with an integral cast iron frame, cast iron scrolls, three Teflon impregnated bearings, and
three oil filtration devices for each compressor.

The displacement of ZR68KC-TFD compressor is 93.013 cm® per revolution. This
displacement corresponds to swept volume flow rate of 16.183 m%h at 50 Hz operation,
and 19.533 m%h at 60 Hz operation.

The manufacturer of the equipment provides further descriptions:

"Using Copeland Compliant Scroll tandems provides two steps of modulation. One or
both compressors can run, depending on the load of the system, resulting in part-load
efficiency that is greater than full-load efficiency. The design also offers a large internal
volume for liquid handling. In addition, the compressor is self-compensating for wear,
handles liquid and debris .The compressor includes an internal power breakage for
inherent thermal overload protection of the motor, four individual motor-winding sensors,
a patented internal discharge temperature probe, and a patented shutdown feature that
prevents reverse rotation. An internal discharge check valve helps prevent shutdown noise
and comes standard with high- and low-pressure taps with Shrader valves, a sight glass, an
oil level adjustment valve, and an off-cycle crankcase heater."
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Table 3-2 contains most important compressor data.

Table 3-2 Compresso

r data

Compressor Data

Number of Compressors

2 Compressors

Compressor Type

Hermetic S

croll

ZRT136KC-TFD (made-up of two ZR68)

Compressor displacement

19.53 mi/h at 460 V / 60 Hz

Capacity Control

Compressor On / Off

The two scroll compressors are staged on and off as a function of leaving chilled water
temperature, see Figure 3.8. Lead/lag is automatic and switched every ten starts (see
chapter 3.9 for further details).

Performances of the compressor are presented in Table 3-3 and Table 3-4, giving the
capacity and the power input of the compressor as a function of the evaporating and
condensing temperatures. Rating conditions are:
superheat at the compressor inlet: 20 F (11.11 C)
subcooling at the condenser outlet: 15 F (8.33 C)

ambient air temperature: 95 F (35 C)
50Hz operation
Refrigerant : HCFC R-22

Table 3-3 Capacity (W) of the compressor ZR68KC-TFD

Ted
[C]

Tev [C]
-233 | -17.8 | -12.2 -6.7 -1.1 44 7.2 10.0 12.8
26.7 | 5830 | 7880 | 10230 | 12980 | 16180 | 19840 | 21920 | 24120 | 26460
32.2 | 5390 | 7380 |9670 12310 | 15390 | 18930 | 20900 | 23040 | 25290
37.8 | 4950 |6920 |9120 11660 | 14620 | 18050 | 19930 | 21980 | 24180
43.3 6390 | 8530 11020 | 13860 | 17140 | 18960 | 20920 | 23040
48.9 7880 10290 | 13040 | 16210 | 17960 | 19840 | 21860
54.4 9470 12130 | 15180 | 16850 | 18670 | 20630
60.0 11080 | 14010 | 15650 | 17410 | 19280
65.6 12720 | 14300 | 15970 | 17790
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The subcooling is defined as the difference between the compressor saturated discharge
temperature (condensing temperature T.q) and the actual liquid temperature at the
expansion device. The suction superheat is the difference between the actual gas
temperature at the compressor supply and the saturated suction temperature (evaporating
temperature Te,).

Table 3-4 Power input (W) of the compressor ZR68KC-TFD

Tev [C]

-233 | -17.8 |-122 | -6.7 -1.1 4.4 7.2 100 | 1238

26.7 | 2560 | 2570 | 2580 | 2620 | 2660 |2710 |2740 |2780 | 2810

32.2 | 2970 | 2960 |2960 |2970 |3000 |3030 |3060 |3090 | 3120

Toq | 378 | 3430 | 3400 | 3380 |3380 |3390 |3420 |3430 | 3460 | 3480

[C] | 433 3900 | 3870 | 3850 | 3850 |3860 |3870 |[3890 | 3910
48.9 4420 | 4390 | 4370 |4370 | 4380 |4390 |4410
54.4 4990 | 4960 |4950 |4960 | 4860 | 4980
60.0 5630 | 5610 | 5610 |5610 | 5620
65.6 6350 | 6340 | 6340 | 6350

The refrigerant mass flow rate swept by the compressor can be derived from the cooling
capacity, the evaporating temperature, the compressor suction superheat and the condenser
outlet subcooling. Table 3-5 contains refrigerant mass flow rates.

Table 3-5 Mass flow (g/s) of the compressor ZR68KC-TFD

Te [C]
-23.3 -17.8 -12.2 -6.7 -1.1 4.4 7.2 10.0 12.8

26.7 | 32.3 43.0 55.0 69.0 84.9 1029 | 113.0 |123.7 | 135.0

322 | 31.0 41.9 54.1 67.9 83.8 101.8 | 111.7 | 1224 | 133.7

Teg | 378 | 297 40.8 53.0 66.9 82.8 100.9 | 110.7 | 121.4 | 1327

[C] | 433 394 51.8 65.9 81.8 99.8 109.7 | 120.3 | 131.6
48.9 50.1 64.3 80.4 98.5 1085 | 119.0 | 130.3
54.4 62.1 78.4 96.6 106.5 | 117.2 | 128.7
60.0 75.3 93.7 103.9 | 1148 | 126.3
65.6 89.8 100.2 | 111.0 | 1228
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The cooling capacity is the enthalpy difference over the evaporator multiplied by the mass
flow rate. The enthalpy at the evaporator inlet is equal to the one at the condenser outlet
(including subcooling) and the enthalpy at the evaporator outlet is the one at the
compressor suction.

3.2 Condenser Coils

The condenser coils consist of internally enhanced, seamless copper tubes arranged in a
staggered row pattern. The coils are mechanically expanded into McQuay s lanced and
rippled aluminum fins with full fin collars. Coil guards providing fin protection are
standard equipment. Additional information is available in Table 3-6.

Table 3-6 Condenser heat exchanger data

Condenser Heat Exchanger
Condenser Type Copper Tube / Aluminum Plate Fin with Integral
Subcooling
Number of Passes / Rows 2 Pass / Single Row Serpentine
] ] 630 Fins per meter
Fin Spacing )
(192 Fins per foot)
. 2134 mm wide by 1321 mm high
Finned Area ] i
(84 inches by 52 inches)
Coil Face Area 2.815 mt (30.3 ftf)
Tube Construction Copper Tube
Tube outside diameter 0.95mm (3/8 inch) OD diameter
Tube Wall Thickness 0.51mm (0.020 inch) wall thickness

The chiller entering air temperature is measured at the inlet grille of the chiller condenser
coils and the chillers are located in the outside mechanical area at the ERS with concrete
walls near two sides of the chiller. See Figure 3-5. During periods of strong solar
irradiation, this area is heated by the sun which makes the surrounding air temperature
greater than the official outside air temperature that is recorded from a sensor on the
weather station and is located about 25 feet above grade. The temperature differences are
less during the night time hours or on cloudy days. See Figure 3-7. It is also possible that a
portion of the heat discharge upwards from the top mounted condenser fans is drawn down
and back into the condenser coil inlet, thereby increasing the temperature at that point.
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Figure 3-7 Chiller entering air temperature and outside air temperature profiles from August 8
to August 11, 2006

3.3 Condenser Fans and Motors

The direct-drive propeller fans operate in formed bell-shaped orifices at low tip speeds for
maximum efficiency and minimum noise and vibration. A heavy-gauge close mesh fan
guard protects each fan. Each condenser fan has a heavy-duty, three-phase TEAO motor
with permanently lubricated ball bearings and inherent overload protection. Condenser fan
motors are three-phase (except single-phase on No. 1 fan with SpeedTrol option) and
started by their own contactors and have inherent overload protection. The condenser fans
will not operate with ductwork on the fan outlet. Condenser fan data are summarized in
Table 3-7.

3.4 Evaporator

The evaporator is a compact, high efficiency, single circuit, brazed plate-to-plate type heat
exchanger consisting of parallel stainless steel plates. The evaporator is protected with an
electric resistance heater and insulated with 19 mm (3/4 ) thick closed-cell polyurethane
insulation. This combination provides freeze protection down to 29 C ( 20 F) ambient
air temperature. The water side working pressure is 2413 kPa (350 psig). Evaporators are
designed and constructed according to, and listed by, Underwriters Laboratories (UL).
Evaporator data are listed in Table 3-8.
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Table 3-7 Condenser fan data

Condenser Fans
Condenser Fan Type Direct Drive Propeller Fan
Number and Size of Fans 2 Fans at 26 inches Diameter each
Number and Type of Motors 2 Motors (1 variable & 1 fixed speed)
Fan Motor Power 0.746 kW each Fan Motor
Fan Rated Speed 1140 1/min
Condenser Rated Airflow 23700 mi/h total
Fan Sequencing Yariable Speed Fan: first orT / last off
Fixed Speed Fan: last on / first off

Table 3-8 Evaporator heat exchanger data

Evaporator Heat Exchanger

Evaporator Type Refrigerant to Liquid Flat Plate HX
Liquid Solution 25% Propylene Glycol
Liquid Flow rate 1.48 I/s (Water)

1.54 I/s (25% Propylene Glycol)
Liquid Pressure Drop 16.74 kPa (Water)

18.54 kPa (25% Propylene Glycol)
Liquid Side Volume 3.56 |
Fouling Factor 0.0001 Factor

Evaporator flow rate must fall between the minimum and maximum values shown in
Table 5.6. Flow rates outside of these limits result in a chilled water Delta-T outside the
operating range of the controller. Figure 5.8 shows the full evaporator pressure drop curve.

3.5 Performance
The performance data of the chiller in dependence from both leaving water temperature
(LWT) as well as ambient air temperature can be derived from Table 3-9 and Table 3-10.
The notes have to be considered.
Notes: 1. Ratings in accordance with ARI Standard 550/590-98.

2. Ratings based on HCFC-22, evaporator fouling factor of 0.0001,

evaporator water flow of 43 I/kJ (2.4 gpm/ton) and sea level altitude.
3. kW input is for compressor only. COP (EER) is for the entire unit,
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including compressors, fan motors and control power.
4. Interpolation is allowed; extrapolation is not permitted.
Consult McQuay for performance outside the cataloged ratings.

5. For LWT below 4.4 C please refer to Application Considerations.

Table 3-9 Chiller performance data Sl units

Ambient Air Temperature ( C)

LWT 25 30 35 40 45
(C) | Unit | PWR | Unit | Unit | PWR | Unit | Unit | PWR | Unit | Unit | PWR | Unit | Unit | PWR | Unit
KW | KW | COP | kW | kW | COP | kW | kW | COP | kW | kW | COP | kW | kw | COP
5 350 | 80 34 | 337 | 88 30 | 323 | 97 27 | 309 | 107 | 24 | 294 | 11.8 | 21
6 362 | 81 35 | 349 | 89 31 | 335 | 98 28 | 321 | 108 | 25 | 305 | 11.9 | 22
7 375 | 82 36 | 362 | 9.0 32 | 348 | 99 29 | 333|109 | 25 | 317 | 120 | 22
8 389 | 83 37 | 375 | 91 33 | 360 | 99 29 | 345 | 109 | 26 | 328 | 121 | 23
9 402 | 84 38 | 388 | 91 34 | 373 | 100 | 30 | 357 | 11.0 | 27 | 340 | 122 | 24
10 | 416 | 84 39 | 401 | 9.2 35 | 386 | 101 | 31 | 369 | 111 | 28 | 352 | 123 | 24

Table 3-10 Chiller performance IP units
Ambient Air Temperature ( F)

LWT 75 85 95 105 115
(F) | Unit | PWR | Unit | Unit | PWR | Unit | Unit | PWR | Unit | Unit | PWR | Unit | Unit | PWR | Unit
Tons | kWi | EER | Tons | kWi | EER | Tons | kWi | EER | Tons | kWi | EER | Tons | kWi | EER
40 9.8 78 | 117 | 94 87 | 103 | 9.0 9.6 9.1 86 | 108 | 7.9 81 | 120 | 6.8
42 102 | 79 | 120 | 98 88 | 107 | 94 9.7 9.4 89 | 108 | 82 84 | 121 | 7.0
44 106 | 80 | 124 | 102 | 88 | 11.0 | 98 9.8 9.7 93 | 109 | 84 88 | 122 | 73
46 111 | 81 | 128 | 106 | 89 | 11.3 | 102 | 102 | 10.0 | 97 | 11.0 | 87 92 | 123 | 75
48 115 | 82 | 132 | 11.0 | 90 | 11.7 | 106 | 106 | 103 | 101 | 11.1 | 9.0 95 | 124 | 7.8
50 119 | 83 | 135 | 114 | 91 | 12.0 | 110 | 11.0 | 106 | 105 | 11.2 | 93 99 | 125 | 8.0

The part load performance of the chiller is described with the data from Table 3-11.

Table 3-11 Chiller part load data certified according to ARI Standard 550/590-98 (water

application)
Chiller Performance (Water Application)

Percent of Rated Capacity 100 % 75 % 50 % 25 %
Capacity kW 34.5 25.7 17.2 8.4
Unit KW Input 121 7.4 4.6 2.4
CoP 2.84 3.49 3.69 3.52
Entering Liquid Temp C 12.22 10.83 9.44 8.06
Leaving Liquid Temp. C 6.67

Liquid Flow I/s 1.48

Entering Air Temp. C 35 26.7 18.3 12.8
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The chiller can operate with a leaving chilled fluid temperature range of 6 C (20 F) to
16 C (60 F). A glycol solution is required when leaving chilled fluid temperature is below
4 C (40 F). The use of glycol will reduce the performance of the unit depending on
concentration; see Table 3-12 and Table 3-13.

Table 3-12 Chiller performance (25 % Propylene Glycol Application)

Chiller Performance (25% Propylene Glycol Application)
Percent of Rated Capacity 100%
Cooling Output (kW / Tons) 33.8/9.6
Unit KW Input 12.0
Cop 2.81
Entering Liquid Temp. C 12.22
Leaving Liquid Temp. C 6.67
Liquid Flow I/s 1.51
Entering Air Temp. C 35

Table 3-13 Adjustment factors for use of propylene glycol anti-freeze fluids

3.6 Evaporator Temperature Drop Factors

Performance tables are based on a 5 C (10 F) temperature drop through the evaporator.
Adjustment factors for applications having temperature drops from 3 C to 9 C (6 F to
16 F) are in 3.11. Temperature drops outside this range can affect the control system s
capability to maintain acceptable control and are not recommended. The maximum water
temperature that can be circulated through the evaporator in a non-operating mode is 38 C
(100 F).

3.7 Altitude Correction Factors
Performance tables are based at sea level. Elevations other than sea level affect the
performance of the unit. The decreased air density will reduce condenser capacity and
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reduce the unit s performance. For performance at elevations other than sea level refer to
3.11. ERS is located at an altitude of 286m (938 ft).

3.8 Fouling Factor

Performance tables are based on water with a fouling factor of 0.0001 ft2h_F/Btu (0.0176
mtK/kW) per ARI 550/590-98. As fouling is increased, performance decreases.

For performance at other than 0.0001 (0.0176) fouling factor, refer to Table 3-14. Foreign
matter in the chilled water system will change the heat transfer capability of the
evaporator, and could increase the pressure drop and reduce the water flow. A water
strainer must be installed in the return line at the entrance of the evaporator. For optimum
unit operation, maintain proper water treatment.

Table 3-14 Capacity and Power dates

% & |)= + 1 s ios ios ios

3.9 Control

3.9.1 Compressors

The chiller is controlled depending on leaving water temperature. According to the control
scheme Figure 3-8 the compressor stages are switched on and off.

The dead band is automatically set of 60% of the user defined temperature difference
between chiller entering water temperature and the leaving water temperature set point.

T, =0.6-DT

Evap

DTEvap = TEWT - TLWT set

Compressor start and stop is determined by the dead band and DT, settings. DT, is the

number of degrees above the temperature setting that determines when the lead
compressor starts.
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Figure 3-8 Chiller control scheme

For a warm start-up the lead compressor will start at any temperature above
DT wret 05T + DTy, - The lag will start after the start interval Dt,, has timed out.

The chilled water temperature will begin to be pulled down. At DT, ., = 0.5T,5 the lag
compressor will shut off. If the temperature climbs above DT, -0.5T,; within a

limited time range Dt the lead compressor will remain on. This would be normal

down !
operation. If for some reason the temperature does not rise, the lead compressor will also
shut off. The lead compressor will start again when the chilled water temperature reaches
DT st T 0.5Tpg + DTy, . The compressor designated as the lead will be the first to start
and the last to shut off. Lead/lag designation is switched based on the number of starts.

After 10 starts on Compressor #1 as lead, Compressor #2 starts as Lead for 10 starts, and
then the cycle is repeated. Table 3-15 summarizes the rules for staging the compressors.

The time delays Dt,, and Dt,,,, are fixed as follows:
Dt,, = 240s
Dt youn =308

down
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Table 3-15 Compressor staging rules
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3.9.2 Condenser Fans

Condenser fan motors are automatically cycled in response to condenser pressure by a
standard method of head pressure control called FanTrol. This function is controlled by
the microprocessor, maintains head pressure and allows the unit to run at low ambient air

temperatures down to 1.7 C (35 F). Fans are normally staged as follows:

Stage 1:

Stage 2:

Fan #1 is on with first compressor above 24 C (75 F).

On 1034 kPa (150 psig)
Off with unit
On 2000 kPa (290 psig)
Off 1172 kPa (170 psig)

The SpeedTrol method of head pressure control operates in conjunction with FanTrol by
modulating the motor speed on system #1 fan in response to condenser pressure. By
reducing the speed of the last fan as the condensing pressure falls, the unit can operate
down to -18 C (0 F) ambient air temperature. Beside this electric power for fan operation
is reduced, see Figure 3.10.
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3.10 Chiller Electricity Power

The chiller has several components that consume power in the standby mode. They
include one crankcase heater for each of the two compressors that is continuously on when
the compressor is off. Each crankcase heater is rated at 70 W. The controller and BACNet
control module for the chiller consume between 40 and 50 W and consume power any
time the chiller is energized and enabled (essentially continuously). The other item is one
control box heater that is cycled with a thermostat to maintain the temperature in the
chiller control box and is rated at 100 W. Due to the high ambient temperature during the
tests, this control box heater would not be expected to be on. At all a power of 198.8 W for
the standby mode of the chiller was observed during the tests.

Figure 3-9 shows total electric power when the chiller is running. Total power input to the
chiller includes both compressors, both condensers, both crankcase heaters, controller
power, and control box heaters mentioned previously. Curves were extracted from
experimental data. There are two curves for total electric power consumption depending
on the control stages. Figure 3-10 shows a similar curve but for condenser fan power only.
Condenser fan #2 was always off during the tests due to low condenser pressure. That is
why there is no data available for the second fan.

I should be taken into account that pressures used in diagram are no absolute but gauge
pressures.
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Figure 3-9 Total power of the chiller as function of condenser pressure

Figure 3-10 Condenser fan power as function of condenser pressure
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3.11  Chiller Empirical Test |

3.11.1 Test configuration and overall goal

The goal of this empirical test is to predict chiller capacity, electric power consumption as
well as conditions of chilled water leaving the chiller. Input data come from an experiment
which was conducted at the ERS from August 24-30, 2005. Simulation results will be
compared to the empirical data from measurements.

The chilled water temperature was set at 6 C (42 F) and the chilled water pump rpm was
kept constant. Chilled water flow rate was observed as 5.5mi/h (24.3gpm). Chiller entering
air temperature (EAT) is the average temperature of four RTD sensors installed at suction
side of condenser and chiller leaving air temperature (LAT) is the average of two RTD
sensors installed discharge side of condenser.

3.11.2 Input data

The following input data in a minute-by-minute time step for the period August 24 to
August 30 are given in a separate file CHEmpInputl.txt:

Row Shortcut Description

1 Time Month

2 Time Day

3 Time Hour

4 Time Minute

5 EWT Chilled water entering temperature in C

6 ChWFR Total chilled water flow rate through the chiller in I/s
7 EAT Chiller entering air temperature, dry bulb in C

8 BARP Barometric pressure of outside air in kPa

For this test an aqueous solution of propylene glycol (DOWFROST) was used as a
secondary refrigerant and the concentration of the solution was 20.3% by volume. Table
2.3 contains values for the physical properties of the fluid.

3.11.3 Outputs

The following outputs also in minute-by-minute time steps are requested and should be
submitted in a single file.

Row Shortcut Description

1 Time

2 EWT Chilled water entering temperature in C

3 LWT Chilled water leaving temperature in C

4 ChWFR Total chilled water flow rate through the chiller in I/s
5 EAT Chiller entering air temperature, dry bulb in C

6 LAT Chiller leaving air temperature, dry bulb in C

7 CLT Chiller cooling capacity in kW
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8 CEP Electric power in KW

3.12  Chiller Empirical Test Il

3.12.1 Test configuration and overall goal

The goal of this empirical test is to predict chiller capacity, electric power consumption as
well as conditions of chilled water leaving the chiller. Input data come from an experiment
which was conducted at the ERS from August 8-23, 2006. Simulation results will be
compared to the empirical data from measurements.

The chiller was operated according to the manufacturer s specification. The chilled water
temperature was set at 4 C (40 F) and the chilled water pump rpm was kept constant.
Average chilled water flow rate was observed as 5.9mi/h (26 gpm). Chiller entering air
temperature (EAT) is the average temperature of four RTD sensors installed at suction
side of condenser and Chiller leaving air temperature (LAT) is the average of two RTD
sensors installed at discharge side of condenser.

3.12.2 Input data

The following input data in a minute-by-minute time step for the period August 8 to
August 23 are given in a separate file CHEmplInput2.txt:

Row Shortcut Description

1 Time Month

2 Time Day

3 Time Hour

4 Time Minute

5 EWT Chilled water entering temperature in C

6 ChWFR Total chilled water flow rate through the chiller in I/s
7 EAT Chiller entering air temperature, dry bulb in C

8 BARP Barometric pressure of outside air in kPa

For this test an aqueous solution of the heat transfer fluid DOWFROST with a
concentration of 17.6% Propylene-Glycol by volume was used. Table 2.2 contains the
values for the physical properties of the fluid.

3.12.3 Outputs

The following outputs also in minute-by-minute time steps are requested and should be
submitted in a single file.

Row Shortcut Description

1 Time

2 EWT Chilled water entering temperature in C

3 LWT Chilled water leaving temperature in C

4 ChWFR Total chilled water flow rate through the chiller in I/s
5 EAT Chiller entering air temperature, dry bulb in C

6 LAT Chiller leaving air temperature, dry bulb in C
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CLT
CEP

Chiller cooling capacity in kW
Electric power in KW
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Chapter 4 Cooling Coil

4.1 Geometry

The high performance fin tube coil is an integral part of a central station air handling unit
manufactured by Trane. It can be used for general purposes. The horizontal coil section
operates as a full coil. It consists of a chilled water single serpentine with 6 rows. Figure
4-1 shows an exterior view of the coil as well as directions of water and air flows.

Figure 4-1 Standard water cooling coil

Some general data about the coil can be taken from Table 4-1. The given face area is the
actual area. This may differ slightly from the nominal size due to rounding. The cast iron
headers are brazed copper headers, extruded at tube-to-header joint for strength and low-
resistance water flow.

Dimensions and sizes of the coil are given in Figure 4-2 with values C = 64.8 cm (25
1/2), D = 286 cm (11 1/4), and H = 31.8 cm (12 1/2 ). All dimensions are
approximately.

Figure 4-3 and Figure 4-4 allow a look at inlet and outlet sides of the cooling coil.
Turbulators inside the tubes are used to reduce heat transfer resistance and to improve
performance of the cooling coil. Figure 4-5 shows such a typical turbulator.
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Table 4-1 Cooling Coil general data

Cooling Coil
Manufacturer Trane
Air Handling Unit Model CLCH Size 06

Cooling Coil Number

Trane Type "UW" coil

Cooling Coil Type

Copper Tube / Aluminum Plate Fin

Cooling Coil Header

Drainable Copper Header

Number of Passes / Rows

6 Rows / Standard Single Serpentine

Fin Spacing

377 Fins per meter
(115 Fins per foot)

Finned Area

914 mm wide by 610 mm high
(36 inches by 24 inches)

Coil Face Area

0.544 mt (30.3 ft)

Tube Construction

Copper Tube 1/2" O.D.

Tube outside diameter

15.9 mm

Turbulators

Water side turbulators
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A 4~ ¥ HPT [INT1 YENT

i
1
— ¥, 018, HOLEE EVERT 37

A

e K e F]MMED LEMCTH ¢ 1%

gl HPT LINTI FFatel o S 1AMED LEMCTH = B &
RETUMRH = Fl B

Figure 4-2 Cooling coil dimension data
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Figure 4-3 Cooling coil viewed from the entering air side of the coil

Figure 4-4 Chilled water coil header viewed from the leaving air side of the coil
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Figure 4-5 Typical turbulator [TRANE]

4.2 Performance

Information about the performance of the cooling coil can be taken from the equipment
submittal. However the submittal available for this cooling coil only describes one
operating state rated with ARI Standard 410'. From this single state again only limited
knowledge about the full range of coil performance can be extracted.

All data from the equipment submittal are listed in Table 4-2.

The given coil rating is based on conditions as described in ARI-410. Values of entering
temperatures as well as flow rates are within the ranges defined by the standard. It is
assumed that the coil was provided with an aqueous Ethylene Glycol solution. Then the
concentration by mass of this chilled water should have been 35% which is the mean value
of the range given by the ARI standard. Physical properties of the Ethylene Glycol
solution can be seen from Table 2-4. Performance data from Table 4-2 can thus be
recalculated as follows:

Q=mc,DJ
=Vre,DJ
(4.1)
=1.77) 1057%9 355 % (12,06 c - 6.67 C)
S m kgK
= 35.8 kW

! ARI Standard 410 for forced-circulation air-cooling and air-heating coils

33



Table 4-2 Cooling coil performance data (Data marked with *) were calculated and are not part

of the equipment submittal)

Cooling Coil Performance

Barometric pressure*) kPa 101.3
Entering Air Temperature C Dry bulb 278

C Wet bulb 19.2
Entering Air Relative Humidity*) % 444
Entering Air Moisture*) ka/kg 0.0104
Leaving Air Temperature C Dry bulb 125

C Wet bulb 12.2
Leaving Air Relative Humidity*) % 96.9
Leaving Air Moisture*) ka/kg 0.0087
Leaving Air Density kg/mi 1.23
f;rr]dFilt(i);/\r/]ff;e at leaving air mi/h 5430
Air Pressure Drop kPa 0.194
Entering Liquid Temp. C 6.7
Leaving Liquid Temp. C 121
Liquid Flow I/s 1.8
Liquid Pressure Drop kPa 22.4
Total Cooling Capacity kW 35.8
Latent Cooling Capacity*) kw 7.3

The air flow rate, which was originally not known from the manufacture s submittal, can
be estimated from given temperatures and coil capacity. For that purpose the air enthalpies
at both sides of the coil were calculated as

h,, =34.4KkJ/kgK

The air flow rate is then

(4.2)
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Q tot

SAFR = —/—¢ <
r(hin - hout)
_ 35.8 kW
= - (4.3)
1.23kg/m® (53.7 ki/kgK - 34.4 ki/kgK)
=5432m°/h
The latent cooling capacity was defined by the following equation.
Qlat =SAFR ryie (Xin - Xout) DhV
=5432m°/h 1.23kg/m* (10.4 g/kg - 8.7 g/kg) 2.45 ki/kg (4.4)

=7.3kwW

In addition to the nominal performance data of Table 4-2 which are given by the
manufacturer the performance data for different quasi-steady state part load conditions
were extracted from experimental data. See Tables 4.4 and 4.6 for further details.

4.3 Cooling Coll test logic
The validation of a cooling coil model in the context of this IEA task should be done
according to the overall test logic that is shortly described in this chapter.
There have been three tests created for cooling coil validation purposes:

- Comparative test (chapter 4.4),

- Empirical test | (chapter 4.5),

- Empirical test 11 (chapter 4.6).
The tests should be run step-by-step beginning with the comparative test. The idea behind
this consecutive process is to start with a simulation model that has been calibrated based
on some general information about coil performance that was available from the
manufacturer submittal and to end with a model calibrated based on detailed experimental
data collected from coil operation in a real plant. From the manufacturer submittal only
one single point of coil performance was known (see Table 4-2) that roughly represents a
full load coil performance. No more information about part load performance is available
for running the comparative tests. Thus the modeller has to run the comparative tests with
their own standard model part load approach that can considerably differ between models.
The additional calibration points provided to the modeller when running the empirical
tests should allow calibrating the model with respect to both part load performance as well
as real installation and operating conditions (i.e. physical properties of the chilled water)
that differ from the performance conditions found in the manufacturer submittal.
The overall cooling coil test logic is illustrated in Figure 4-6. It also refers to some
diagnostic checks that can help to find the probable cause of errors, i.e. when the model
predictions do not agree with results neither from other models nor from experimental
data. Those diagnostic checks are described in Chapter 6.2.5.
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Since there is no truth standard (as for instance an analytical solution would be) it is up to
the modeller to decide whether their results are in agreement for a specific test case, or
whether there is disagreement that requires further examination of their program or inputs.

Start of Validation

-
Coolingcoil

Comparative test

Use manufacturerdatato
calibrate coil model (Table4-2)

)

Coolingcoil
Empiricaltest |

Use guasi-steady statesto
calibrate coil model (Table 4-4)

&)

Coolingcoil
Empirical test Il

Use quasi-steady statesto
calibrate coil model (Table 4-6)

)

[ Validation Finished

e

Comparative diagnostic checks
M1-M11/T1-T11/MT1 /MT2
(Chapter 6.2.4)

Empirical diagnostic checks
E-I1-E-I13
(Chapter 6.2.4)

Empirical diagnostic checks
E-NI1-E-II3
(Chapter 6.2.4)

Abbreviations: A=Agree; D=Disagree

Figure 4-6 Cooling coil overall test logic
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4.4 Cooling Coil comparative test

4.4.1 Test configuration and overall goal

The goal of this comparative test is to predict both cooling loads as well as operational
conditions of water entering the coil required to maintain a given set point of discharge air
temperature. The prediction horizon is limited to the months May - September. Outside air
conditions are taken from a TMY2 data set.
There are in general two different configurations that can be used to control the
performance of the coil:
1. Variable water flow rate with a constant water inlet temperature (myar)
The performance of the cooling coil is controlled by changing the flow rate through
the coil. A schematic of the hydraulic circuit is depicted in Figure 4-7.
The total chilled water flow rate ChWFRSystem is the flow rate through the cooling
coil ChWFRCaoil plus the flow rate in the by-pass line.

LAT >
! LAH
- EAT
EAH EWT
ChWFR_ Caoil
LT

@

WAWVNT SWT
ChWWFRE_System

Figure 4-7 Cooling coil with variable water flow rate

The maximum water flow rate entering the coil is 1.77 I/s, which represents the
nominal value given in Table 4-2. The entering water temperature and supply water
temperature are identical but mixing water temperature is different from leaving water
temperature depending on the flow rate in the by-pass.

This configuration describes the built-in situation of the cooling coil at the ERS. For
this reason it also could be used for the empirical validation of the cooling coil model
(see Chapter 4.5 and Chapter 4.6).

2. Constant water flow rate with a variable water inlet temperature (Tyar)

The performance of the cooling coil is controlled by changing the coil entering water
temperature. A schematic of the hydraulic circuit is depicted in Figure 4-8.
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The total chilled water flow rate ChWFRSystem is the flow rate through the cooling
coil ChWFRCoil minus the flow rate in the by-pass line.

LAT >
. LAH
- EAT
EAH EWT
CHWER_Coil

&
@

L)

LWT SWT
ChWFRE_System

Figure 4-8 Cooling coil with constant water flow rate

The constant water flow rate entering the coil is fixed at 1.77 I/s, which represents the
nominal value given in Table 4-2. The coil entering water temperature results from the
mixture of supply water temperature and coil leaving water temperature.

This comparative test does not take into consideration the action of the control valve and
focuses on the operation of the cooling coil only. If there is no cooling load the chilled
water pump has to switch off.

For further information on input data air side and water side please refer to Chapter 4.4.2.

4.4.2 Input data

The outside air input conditions are taken from the Des Moines, lowa TMY?2 data set that
is distributed as a part of this specification. The TMY2 weather is used for the
comparative test only. It is average weather data for Des Moines, lowa and does not
represent any actual specific on-site weather data for the ERS.
It is assumed that there is 100% outside air with no re-circulated air through the coil.
Furthermore two different systems have to be taken into consideration regarding the air
flow rate:
1. Constant air volume (CAV)
The air flow rate is constant all the time at 3000mi/h.
2. Quasi-Variable air volume (VAV)
The air flow rate switches between 2000mi/h (6 p.m. to 7 a.m.) and 5000mi/h (7 a.m.
to 6 p.m.); see Figure 4-9.
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Figure 4-9 Air flow rate daily profile

The time schedule given refers to time of the day. A daylight saving effects was not taken
into account. Air flow rate is defined at supply air conditions. As the impact of the supply
fan on air side conditions is neglected supply air conditions (temperature, humidity) are
identical to coil leaving air conditions.
The discharge air set point temperature is fixed at also two different levels:
1. Low set point temperature
The discharge air temperature is set to 13 C (55.4 F), which should lead to a cooling
coil that certainly operates in a wet regime.
2. High set point temperature
The discharge air temperature is set to 18 C (64.4 F), which should lead to a operation
in a predominant dry regime.

Both set points do not vary and are thus to be held as a constant for the entire simulation
period. The chilled water supply temperature (SWT) is constant at 6 C (42.8 F). Chilled
water supply temperature and entering water temperature are identical if the coil operates
with a variable water flow rate.

The atmospheric pressure inside the coil is set to 98 kPa. Physical properties of chilled
water can be seen from Chapter 2.2.

Table 4-3 gives an overview of comparative test cases that should be implemented.
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4.4.3 Outputs

The following outputs also in minute-by-minute time steps are requested and should be
submitted in a single file.

Row Shortcut Description

1 Time

2 EAT Entering air temperature, dry bulb in C

3 EArH Entering air relative humidity in %

4 EAH Entering air humidity in kg/kg

5 LAT Discharge/Leaving air temperature, dry bulb in C
6 LArH Discharge/Leaving air relative humidity in %
7 LAH Discharge/Leaving air humidity in kg/kg

8 AFR Air flow rate in mi/h

9 EWT Chilled water coil entering temperature in C
10 LWT Chilled water coil leaving temperature in C
11 ChWFRcoii  Chilled water flow rate through the coil in I/s
12 UA Overall UA-Value of the coil in kW/K

13 CLT Total cooling load in kW

14 CLS Sensible cooling load in kW

15 CLL Latent cooling load in kW

The overall UA-Value of the coil has to be calculated from sensible cooling load and mean
logarithmic temperature difference DT,, using Eq.(4.5).

ua =22 “5)
DT,

Mean logarithmic temperature difference DT, is defined by Eq.(4.6)

oT = (LWT - EAT) - (EWT - LAT)
m- iy LWT - EAT
EWT - LAT

(4.6)

It should me mentioned that UA-value calculated with Equation 4.5 is not equal to the dry
UA-value. The so calculated UA-value is lower than the dry UA-value; only in the case
that there is no condensation both UA-values are identical.
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Table 4-3 Cooling coil comparative test case matrix

Test Case | Configuration Air Flow Fluid DCA-ST
CC100 35% 13
CC120 Ethylene Glycol 18

CAV
CC140 18% 13
CC160 Propylene Glycol 18
my,
CC200 i 35% 13
CC220 Ethylene Glycol 18
VAV
CC240 18% 13
CC260 Propylene Glycol 18
CC300 35% 13
CC320 Ethylene Glycol 18
CAV
CC340 18% 13
CC360 Propylene Glycol 18
Tvar
CC400 35% 13
CC420 Ethylene Glycol 18
VAV
CC440 18% 13
CC460 Propylene Glycol 18

4.5 Cooling Coil Empirical Test |

4.5.1 Test configuration and overall goal

The goal of this empirical test is to predict cooling loads as well as conditions of both air
and water leaving the coil. Input data come from an experiment which was conducted at
the ERS from August 24-30, 2005. Simulation results will be compared to the empirical
data from measurements.

The test configuration corresponds to a coil with variable water flow as described in
Figure 4-7. The three-way chilled water control valve was modulated to produce a
constant supply air temperature. An exception to this condition occurred when the system
load exceeded the chiller capacity.

In addition to the nominal performance data of Table 4-2 which are from the manufacturer

submittal four quasi-steady state points extracted from the experimental data are given in
Table 4-4 and can be used to calibrate the cooling coil model.
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Table 4-4 Quasi-steady state points based on experimental data for test | (Data marked with *)
have been calculated and are not part of the recorded experimental data)

Cooling Coil Performance | #1 #2 #3 #4
Barometric pressure*) | kPa 97.8 98.1 98.4 98.4
Entering Air Temp. C 22.2 22.5 22.9 23.4
Entering Alr Relative |, 51.2 50.3 68.5 65.0
Humidity*)

Entering Air
Moisture®) ka/kg 0.0088 0.0088 0.0120 0.0121
Leaving Air Temp. C 11.8 11.7 12.6 11.7
Leaving Air Relati

caving AITIREIAIVE 1 o4 96.3 96.3 100 100
Humidity*)
Leaving Air

. kg/k 0.0086 0.0085 0.009 0.0088
Moisture*) o/kg 3

Air Flow Rate at coil
leaving air mi/h 2910 3786 2834 3200
conditions*)

Entering Liquid Temp. | C 4.60 6.27 7.15 4.74
Leaving Liquid Temp. | C 12.14 10.95 11.05 9.10
Mixing Liquid Temp. C 6.34 8.72 9.81 8.44
Liquid Flow*) I/s 0.36 0.79 1.04 1.28
Zzgaa:cisi;i”g KW 10.91 15.02 16.32 22.24

Latent Cooling

kW 0.55 0.92 6.61 9.25
Capacity*)

4.5.2 Data compensation

For the cooling coil empirical test I mainly experimental data of relative air humidity had
to be compensated whereas air and water temperatures underlay small changes only.
Compensation rules were found manually with regard to
- Air and water side energy balance at the coil.
This balance is shown for the whole test period in Figure 6-46.
- Amount of condensation that was re-calculated from experimental data and
compared to the measurements.
- Accuracy of sensors.
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Figure 4-10 and Figure 4-11 show temperature and humidity compensations of
experimental data. The air and water side energy balance of the coil show good agreement
due to data compensation. See Figure 6-48 for further details.

Performance data given in Table 4-4 represent compensated experimental data not raw
data from the measurements.

The file CCEmplnputl_raw.txt contains uncompensated raw experimental data where also
leaving water temperature, mixed water temperature and chilled water system flow rate are
given instead of chilled water flow rate through the coil.

35 40 45 50 55 60 65 70 75
Temperature Measurement / °F

Figure 4-10 Cooling coil empirical test I - Compensation of water temperature measurements
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Figure 4-11 Cooling coil empirical test I- Compensation of air humidity and air temperature

4.5.3 Input data

measurements

The following input data in a minute-by-minute time step for the period August 24 to
August 30 are given in a separate file CCEmplnputl.txt:

Row Shortcut
Time
Time
Time
Time
EAT
EArH
AFR
AFR T
AFR_rH
EWT
ChWFRcil
BARP

© 00 N O Ol b W N P

el
N R O

Description

Month

Day

Hour

Minute

Entering air temperature, dry bulb in C
Entering air relative humidity in %

Air flow rate in mi/h

Temperature of given air flow rate AFR
Relative Humidity of given air flow rate AFR
Chilled water entering temperature in C
Chilled water flow rate through the coil in I/s
Barometric pressure of outside air in kPa

The water entering temperature is not really constant and varies from 4 to 9 C as to be
seen from Figure 4-12 due to the operation of the chiller plant.
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Figure 4-12 Water temperature entering the cooling coil

Chilled water flow rate through the coil has not been measured but was calculated based
on the total flow rate from mass and energy balances at the three-way valve (see Figure
4-7) by Eq.(4.7).

MWT - EWT

ChWFR.,; = ChAWFRg oy —
LWT - EWT

4.7

For this test an aqueous solution of propylene glycol (DOWFROST) was used as a
secondary refrigerant and the concentration of the solution was 20.3% by volume. Table
2.3 contains values for the physical properties of the fluid.

4.5.4 Outputs

The following outputs also in minute-by-minute time steps are requested and should be
submitted in a single file.

Row Shortcut Description

1 Time

2 EAT Entering air temperature, dry bulb in C

3 EArH Entering air relative humidity in %

4 EAH Entering air humidity in kg/kg

5 LAT Discharge/Leaving air temperature, dry bulbin C
6 LArH Discharge/Leaving air relative humidity in %
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7 LAH Discharge/Leaving air humidity in kg/kg

8 AFR Air flow rate in mi/h

9 EWT Chilled water coil entering temperature in C
10 LWT Chilled water coil leaving temperature in C
11 ChWFRcoii  Chilled water flow rate through the coil in I/s
12 UA Overall UA-Value of the coil in kW/K

13 CLT Total cooling load in kW

14 CLS Sensible cooling load in kW

15 CLL Latent cooling load in KW

The overall UA-Value of the coil has to be calculated based on the mean logarithmic
temperature difference DT, which is defined by Eq.(4.6).

4.6 Cooling Coil Empirical Test Il

4.6.1 Test configuration and overall goal

The goal of this empirical test is to predict cooling loads as well as conditions of both air
and water leaving the coil. Input data come from an experiment which was conducted at
the ERS from August 8 to August 23, 2006 and tested cold dry, cold humid, hot dry and
hot humid conditions before the cooling coil. Simulation results will be compared to the
empirical data from measurements.

Hot climate conditions of air entering the cooling coil have been artificially generated
using the heating coil. Also steam from a humidifier was injected in the return duct for the
cold humid and hot humid tests. Hot humid test was conducted twice, one with the
humidifier but without outside air and another with 100% outside air without the
humidifier.

Table 4-5 Climatic conditions for cooling coil empirical test 11

Climatic conditions

Cold dry August 8-11
Hot dry August 12 - 14
Hot humid

o August 15 16
(100% Outside Air) Hous

Hot humid August 18 - 20

Cold humid August 21 - 23

The three-way chilled water control valve was modulated on the cooling coil to produce a
constant supply air temperature. The chilled water plant used was a McQuay air-cooled
chiller. The chilled water set point temperature was set to a fixed value. The chilled water
temperature varied about the set point when the chiller cycled under part-load conditions.
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In addition to the nominal performance data of Table 4-2 which are from the manufacturer
submittal ten quasi-steady state points extracted from the experimental data are given in
Table 4-6 and can be used to calibrate the cooling coil model.

4.6.2 Data compensation

For the cooling coil empirical test 11 mainly experimental data of relative air humidity had
to be compensated whereas air and water temperatures underlay small changes only.
Compensation rules were found manually with regard to
- Air and water side energy balances at the coil.
These balances are shown for the different climates of the whole test period in
Figure 6-52, Figure 6-58, Figure 6-64, Figure 6-70, and Figure 6-76
respectively.
- Amount of condensation that was re-calculated from experimental data and
compared to the measurements.
- Accuracy of sensors.

Figure 4-13 and Figure 4-14 show temperature and humidity compensations of
experimental data. Supply air flow rate was compensated according to Figure 4-15.
Experimental data of total chilled water flow rate ChWFRcq; was reduced by 2.5%.
Nevertheless there some differences between air and water side energy balance of the coil.
See Figure 6-54, Figure 6-60, Figure 6-66, Figure 6-72, Figure 6-78 for further details.

Performance data given in Table 4-6 represent compensated experimental data not raw
data from the measurements. The file CCEmplnput2_raw.txt contains uncompensated raw
experimental data where also leaving water temperature, mixed water temperature and
chilled water system flow rate are given instead of chilled water flow rate through the coil.
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Figure 4-13 Cooling coil empirical test 11 - Compensation of water temperature measurements

Figure 4-14 Cooling coil empirical test Il - Compensation of air humidity and air temperature
measurements
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Figure 4-15 Cooling coil empirical test 11 - Compensation of supply air flow measurements

4.6.3 Input Data

The following input data in a minute-by-minute time step for the five time periods with
different climatic inlet conditions from August 8 to August 23 are given in a separate file

CCEmplnput2.txt:
Row Shortcut
Time
Time
Time
Time
EAT
EArH
AFR
AFR T
AFR_rH
EWT
ChWFRcil
BARP

© 00 N O Ol & W DN -

e
N R O

Description

Month

Day

Hour

Minute

Entering air temperature, dry bulb in C
Entering air relative humidity in %

Air flow rate in m3/h

Temperature of given air flow rate AFR
Relative Humidity of given air flow rate AFR
Chilled water entering temperature in C
Chilled water flow rate through the coil in I/s
Barometric pressure of outside air in kPa

Chilled water flow rate through the coil has not been measured but was calculated based
on the total flow rate from mass and energy balances at the three-way valve by Eq.(4.7).
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For this test an aqueous solution of the heat transfer fluid DOWFROST with a
concentration of 17.6% Propylene-Glycol by volume was used. Table 2.2 contains the

values for the physical properties of the fluid.

4.6.4 Outputs

The following outputs also in minute-by-minute time steps are requested and should be

submitted in a single file.

Row Shortcut Description

1 Time

2 EAT Entering air temperature, dry bulb in C

3 EArH Entering air relative humidity in %

4 EAH Entering air humidity in kg/kg

5 LAT Discharge/Leaving air temperature, dry bulbin C
6 LArH Discharge/Leaving air relative humidity in %
7 LAH Discharge/Leaving air humidity in kg/kg

8 AFR Air flow rate in m3/h

9 EWT Chilled water coil entering temperature in C
10 LWT Chilled water coil leaving temperature in C
11 ChWFRcoii  Chilled water flow rate through the coil in I/s
12 UA Overall UA-Value of the coil in kW/K

13 CLT Total cooling load in kW

14 CLS Sensible cooling load in kW

15 CLL Latent cooling load in KW

The overall UA-Value of the coil has to be calculated based on the mean logarithmic

temperature difference DT, which is defined by Eq.(4.6).
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Table 4-6 Quasi-steady state points based on experimental data for test 11 (Data marked with *) have been calculated and are not part of the recorded
experimental data)

Cooling Coil Performance Il #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Barometric pressure*) kPa 98.5 98.5 98.5 98.7 98.9 98.9 98.4 98.8 98.9 98.8
Entering Air Temp. C 22.9 22.9 26.4 27.5 23.2 19.0 27.9 28.0 23.6 235

Entering Air Relative

. % 46.9 46.8 39.9 35.8 56.1 80.3 49.6 48.8 51.3 56.0
Humidity*)

Entering Air Moisture*) ka/kg 0.0084 0.0084 0.0088 0.0084 0.0102 0.0113 0.0120 0.0118 0.0095 0.0104

Leaving Air Temp. Cc 11.6 11.8 111 11.7 11.9 11.8 11.8 115 11.3 11.8

Leaving Air Relative

. % 95.1 95.0 97.1 95 99.6 99.7 99.1 99.1 99.1 99.1
Humidity*)

Leaving Air Moisture*) ka/kg 0.0083 0.0084 0.0082 0.0084 0.0088 0.0088 0.0087 0.0086 0.0084 0.0087

Air Flow Rate at coil

leaving air conditions®) mi/h 3997 3882 1513 1689 3211 3008 1709 1790 4725 3136
Entering Liquid Temp. C 5.40 5.07 3.46 5.04 4.96 2.69 4.41 4.89 3.09 4,98
Leaving Liquid Temp. C 11.64 12.10 13.85 15.11 11.24 11.09 12.86 12.43 9.21 11.38
Mixing Liquid Temp. C 7.80 7.35 4.74 6.41 7.51 4.83 6.56 7.14 6.86 7.58
Liquid Flow*) I/s 0.61 0.52 0.20 0.23 0.64 0.41 0.41 0.48 0.97 0.65
Total Cooling Capacity*) kw 154 14.6 8.4 9.0 16.2 13.7 141 14.8 24.0 16.9
Latent Cooling Capacity*) | kW 0.3 0.1 0.7 0.0 3.9 6.4 4.7 4.8 4.3 4.4
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Chapter 5 Hydraulic network, water circuit

In fact the hydraulic network investigated is only a small part of a more complex chilled water
system (see chapter 2. The view to only this network keeps the exercise manageable.

Figure 5-1 shows the chilled water flow diagram of the hydraulic network. Beside this a
detailed 3D-drawing of the chilled water system is provided with the file
3d_piping_ AHU_A_CHWS.dwg.

Figure 5-1 Chilled water flow diagram

The modelling of the hydraulic system can either be done in a detailed way based on the
information taken from the 3D-drawing or in a simplified way based on the scheme depicted

in Figure 5-2.
_N k < :
EWT
Y
ECWT E T
=
C;ACCH LCWT C,\CCoiI
ChWFR

Figure 5-2 Simplified scheme of the chilled water hydraulic network system
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The hydraulic network it is subdivided into several sections 1 . . . 8 to easily describe the
subsections. Table 5-1 gives information about size, length and flow resistances for each of
these sections. Table 5-2 contains some general data about dimensions and physical
characteristics of the pipes. All pipes are assumed to be well-insulated. The environmental
temperature is set to be 20 C.

Flow resistances are described in more detail in Chapter 5.1 to Chapter 5.5.

Table 5-1 Description of the hydraulic network sections

Section | Begin End Size Length in m | Flow resistances
1 ACCH T-piece 2" 25.6 4 ball valves
1" 0.5 1 reducer
1 widening

1 flow meter
3 three-way tees

14 bends
2 T-piece T-piece bypass 2" 3.7 1 strainer
1 ball valve
2 bends
3 T-piece bypass | Cooling coil 2" 2.4 1 balancing valve
2 bends
4 Cooling coil Valve 2" 2.3 2 bends
5 T-piece bypass | Valve 1.5" 1.1 3 bends
1 balancing valve
6 Valve T-piece 2" 4.6 1 ball valve
2 bends
7 T-piece Pump 2" 15.3 3 ball valves

1 three-way tee

1 four-way tee for air separator,
expansion tank and fill station

1 reducer

5 bends

8 Pump ACCH 2" 12.4 2 ball valves

1 check valve

1 strainer
1 widening
9 bends
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Table 5-2 Dimensions and physical characteristics of pipes

Pipe characteristics

Material Copper type L

C=140 (Hazen-Williams roughness constant)
Smoothness

e =1.5 mm (wall roughness)
Nominal size 1" 1.5" 2"
Inside diameter / mm 26.04 38.23 50.42
Outside diameter / mm 28.58 41.28 53.98
Wall thickness / mm 1.27 1.52 1.78

5.1 Valve

The control valve is VG7842Nt+ three-way mixing valve manufactured by Johnson Controls.
The kV -value is 10mi/h with regard to a pressure drop of 100 kPa (the CV -value

is 11.6 gpm with regard to a pressure drop of 1 psi). Further technical information about the
valve can be taken from Table 5-3. Figure 5-3 shows valve body and flow directions.

Table 5-3 Valve general data

Valve general data

Product family

Cast Bronze

Body type Three-Way Mixing
Flow characteristics Linear

Nominal Size DN25 (lin)

Kv (Cv) 10.0 mi/h (11.6 gpm)

Valve Stroke

13 mm (1/2 in)

Close off

1.255/1.469 MPa (182/213 psi)

Max. Operating Diff. Pressure

0.241 MPa (35 psig)

Leakage

0.01 % of Maximum Flow
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Figure 5-3 Valve body and flow directions

5.2 Air separator

In chilled water systems circulators are usually found in the return line to the chiller, between
the air handler/heat exchangers and the chiller. The optimum place for the air separator is in
this part of the line before the intake of the circulator. Here, the highest available temperature
and lowest system pressure is found. Spirovent JuniorMicrobubble Separator used here is
an air eliminator for fast and effective removal of all forms of air, including tiny micro
bubbles. Exterior views as well as some dimensional data are given in Figure 5-4.

Figure 5-4 Spirovent air separator
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Table 5-4 Air separator general data

Air separator
Body Brass
Nominal size 1 %"
Kv (Cv) 47.6 mi/h (55 gpm)
5.3 Pump

It is a Bell & Gossett 1 1/2 AA Series 60 maintenance-free in-line pump. Figure 5-5 shows
an exterior view of the pump.

The performance of the pump can be either seen from the original equipment submittal in
Figure 5-6 or from the extracted lines of total head and pump efficiency in Figure 5-7.

Figure 5-5 Chilled water pump
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Figure 5-6 Pump performance curve

Figure 5-7 Chilled water pump performance curve extract
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5.4 Cooling Coll

The high performance fin tube coil is part of a central station air handling unit manufactured
by Trane. It can be used for general purposes. The horizontal coil section operates as a full
coil. It consists of a chilled water single serpentine with 6 rows. Figure 4-1 shows an exterior
view of a standard coil as well as directions of water and air flows.

Hydraulic performance data of the coil can be taken from Table 5-5. These data are valid only
for an Ethylene-glycol fluid with a concentration of 35% by mass.

Table 5-5 Hydraulic performance data of the coil

Cooling Coil Performance
Fluid Ethylene Glycol
Concentration 35 % by mass
Flow Rate 1.77 /s
Entering Fluid Temp. 6.67 C
Leaving Fluid Temp. 12.06 C
Pressure Drop 22.4 kPa

Figure 4-3 and Figure 4-3 allow a look at inlet and outlet sides of the cooling coil.

5.5 Chiller

Evaporator flow rate must fall between the minimum and maximum values shown in Table
5-6. Flow rates outside of these limits result in a chilled water Delta-T outside the operating
range of the controller. Figure 5-8 shows the full evaporator pressure drop curve.

Table 5-6 Evaporator water pressure drop

Evaporator Water Pressure Drop
Flow Rate Pressure Drop
I/s gpm kPa ft
Minimum Flow 0.9 15 7.1 24
Nominal Flow 15 24 17.3 5.8
Maximum Flow 2.5 40 455 15.2
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Drop in kPa

Figure 5-8 Evaporator water pressure drop

5.6 Hydraulic System Empirical Test |

5.6.1 Test configuration and overall goal

The goal of this empirical test is to predict the performance of chilled water pump. Input data
come from an experiment which was conducted at the ERS from August 24-30, 2005.
Simulation results will be compared to the empirical data from measurements.

The chilled water temperature was set to 5.56 C (42 F) and the chilled water pump rpm was
kept constant.

5.6.2 Input data

The following input data in a minute-by-minute time step for the period August 24 to August
30 are given in a separate file CHydrEmplInputl.txt:

Row Shortcut Description

1 Time Month

2 Time Day

3 Time Hour

4 Time Minute

5 CHWT Chilled water temperature leaving the chiller in C
6 CHWCFDBK Three-Way-Valve position in % opened
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For this test an aqueous solution of propylene glycol (DOWFROST) was used as a secondary
refrigerant and the concentration of the solution was 20.3% by volume. Table 2.3 contains
values for the physical properties of the fluid.

5.6.3 Outputs

The following outputs also in minute-by-minute time steps are requested and should be
submitted in a single file.

Row Shortcut Description

1 Time

2 CHWT Chilled water temperature leaving the chiller in C

3 CHWT Chilled water temperature entering the chiller in C

4 ChWFR Total chilled water flow rate through the system in I/s
5 ChWFRCoil Chilled water flow rate through the coil in I/s

5.7 Hydraulic System Empirical Test Il

5.7.1 Test configuration and overall goal

The goal of this empirical test is to predict the performance of chilled water pump. Input data
come from an experiment which was conducted at the ERS from August 8-23, 2006.
Simulation results will be compared to the empirical data from measurements.

The chilled water temperature was set at 4.44 C (40 F) and the chilled water pump rpm was
kept constant.

5.7.2 Input data

The following input data in a minute-by-minute time step for the period August 8 to August
23 are given in a separate file CHydrEmplnput2.txt:

Row Shortcut Description

1 Time Month

2 Time Day

3 Time Hour

4 Time Minute

5 CHWT Chilled water temperature leaving the chiller in C
6 CHWCFDBK Three-Way-Valve position in % opened

For this test an aqueous solution of the heat transfer fluidl DOWFROST with a concentration
of 17.6% Propylene-Glycol by volume was used. Table 2.2 contains the values for the
physical properties of the fluid.

61



5.7.3 Outputs

The following outputs also in minute-by-minute time steps are requested and should be
submitted in a single file.

Row Shortcut Description

1 Time

2 CHWT Chilled water temperature leaving the chiller in C

3 CHWT Chilled water temperature entering the chiller in C

4 ChWFR Total chilled water flow rate through the system in I/s
5 ChWFRCoil Chilled water flow rate through the coil in I/s
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Chapter 6 Results

6.1 Chiller

6.1.1 Comparative Test
Two simulation programs participated in field trials of the comparative chiller test:

Table 6-1 List of participants of the comparative chiller test

Name of the program Modeler
TRNSYS-TUD Technical University Dresden, Germany
EES Universitd de Litge, Belgium

This test was performed at a very early stage of this task and no detailed analyses have been
done. Nevertheless results available from two programs should be presented here that gives a
better idea on test conditions and how this comparative test could work.

Figure 6-1 shows chilled water temperatures whereat both return temperature and leaving
water temperature were given to the modeller and leaving water temperature had to be
predicted by the models. There have been two levels of leaving water temperature set point
defined. During chiller full load operation characterized by high return temperatures - both
models calculate leaving water temperatures that are slightly higher than the set point. In
addition to that the TRNSYS-TUD chiller model also switches off when cooling load is too
small, i.e. at low return temperatures. See Figure 6-2 for the related cooling load profile. The
load profile was cross check with a calorific estimation of cooling load based on given
temperature conditions.

Figure 6-3 and Figure 6-4 show chiller electric energy consumption and COP of the chiller,
respectively.
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Figure 6-1 Chiller Comparative Test — Chilled water temperatures
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Figure 6-2 Chiller Comparative Test — Cooling load
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Figure 6-3 Chiller Comparative Test — Electric power consumption
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Figure 6-4 Chiller Comparative Test — Chiller COP
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6.1.2 Empirical Test | (August 24 — August 30, 2005)
The empirical chiller test I has been run by only one program as specified in Table 6-2.

Table 6-2 List of participants of the empirical chiller test |

Name of the program Modeler

EES Universitd de Litge, Belgium

The EES model uses an ideal temperature control that maintains leaving water temperature at
the given temperature set point without any deviation due to chiller control. From Figure 6-5
it can be seen that leaving water temperature recorded during the experiment normally
fluctuates by —1K around the set point. Leaving air temperature predicted by the simulation
model considerably differs from the measurement. Temperature profile displayed in Figure
6-6 shows a quite constant offset between model prediction and experimental data that is
about 3K. This offset may be also affected by the location of the condenser entering air
temperature sensor. See Figure 3-7 for more details. Averaged daily cooling load profile as
well as electric load of the chiller are shown in Figure 6-7 and Figure 6-8, respectively.
Chiller cooling load predictions in general agree with experimental data but have some minor
deviation during early morning. This corresponds to the leaving water temperature deviations
and may be caused by a very part load operation of the chiller. Chiller electric load
predictions do also not correctly cover high chiller operation at higher loads.

Table 6-3 (cooling load), Table 6-4 (electric load), and Table 6-5 (leaving water temperature)
summarize some statistical information about validation. Leaving air temperature is not
statistical analyzed since temperature measurement seems to be not clearly identified as
condensing air temperature as used in the simulation program.

A detailed analysis of this test is presented in a companion report (Lemort et al., 2008).
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5 Chiller Empirical Test | — Averaged Daily Leaving Water Temperature

Figure 6-
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Figure 6-6 Chiller Empirical Test | — Averaged Daily Leaving Air Temperature (Condenser side)
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Figure 6-9 Chiller Empirical Test I — Chiller Total Thermal and Electric Energy
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Table 6-3 Chiller empirical Test | — Total Cooling Load Statistics

CLT Exp. EES
X 14.26 15.40
S 7.20 7.93
Xemin -1.94 0.00
Xmax 27.40 32.07
D 1.14
D| 6.39
[Dlimax 23.93
IDlmin 0.00
Dims 7.76
Dosos 15.61

Table 6-4 Chiller empirical Test | —Total Electric Statistics

CEP Exp. EES
X 5.26 5.01
S 3.08 2.55

Xmin 0.18 0.20

Xmax 11.58 10.57
D -0.25
D] 2.49

IDlmax 7.01

IDImin 0.00

Dims 2.89

Dosos 8.81

Table 6-5 Chiller empirical Test | — Leaving Water Temperature Statistics

LWT EXp. EES
X 5.72 5.56
S 1.23 0.02
Xmin 3.47 4.90
Xmax 9.31 5.56
D -0.16
Dl 1.03
[Dlmax 3.75
Dlmin 0.02
Dims 1.24
D95% 1.44
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6.1.3 Empirical Test Il (August 8 — August 23, 2006)
The empirical chiller test Il has been run by only one program specified in Table 6-6.

Table 6-6 List of participants of the empirical chiller test 11

Name of the program Modeler

EES Universitd de Litge, Belgium

Results of the chiller empirical test 1l will be presented here according to the different time
periods defined in Table 4-5. Although the subdivision of the 15-day-test period into five sub-
periods originally was done to easily distinguish different cooling coil operating conditions it
may be useful to also analyze results of chiller empirical test Il according to different
operating conditions caused by the cooling load profile served by the cooling coil.

Cold Dry Climate (August 8 — August 11, 2006)

The results presented in the following Figures do in principle confirm the evaluation made for
the chiller empirical test I, i.e. leaving water temperature control does not account for realistic
operation but assumes an ideal temperature. This again has an affect on chiller cooling load
since small deviation in temperature lead to quite big deviation in chiller cooling load. Chiller
electric load is connected to the cooling load and therefore also shows big differences
compared to the experiment. Chiller leaving air temperature is a little bit closer to the
measurement than it was in the empirical | test. From Figure 6-13Figure 6-12 and Figure 6-13
it can be seen that the chiller always operates at stage 1 but switches to stage 2 during the
afternoon.

Again Table 6-7, Table 6-8 (electric load), and Table 6-9 (leaving water temperature) provide
some statistical information about chiller operation.
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Figure 6-10 Chiller Empirical Test Il (Cold Dry climate) — Averaged Daily Leaving Water Temperature
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Figure 6-11 Chiller Empirical Test 11 (Cold Dry climate) — Averaged Daily Leaving Air Temperature

(Condenser side)
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Figure 6-12 Chiller Empirical Test Il (Cold Dry climate) — Averaged Daily Chiller Cooling Load
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Figure 6-13 Chiller Empirical Test 11 (Cold Dry climate) — Averaged Daily Chiller Electric Load
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Figure 6-14 Chiller Empirical Test Il (Cold Dry climate) — Chiller Total Thermal and Electric Energy
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Table 6-7 Chiller empirical Test Il (Cold Dry climate) — Total Cooling Load Statistics

CLT EXp. EES
X 14.30 11.68
S 2.58 8.02

Xmmin -1.66 0.00

Xmax 27.33 31.39
D -2.62
D 6.27

|Dlimax 23.70

[Dlinin 0.00

Dims 7.04

Dasos 10.60

Table 6-8 Chiller empirical Test Il (Cold Dry climate) —Total Electric Statistics

CEP Exp. EES
X 4.93 4.02
S 1.08 2.67

Xenin 0.19 0.20

Xmax 11.53 10.60

D -1.87
D 2.02

|Dlimax 6.09

[Dlmin 0.00

Dims 2.27

Dosos 3.69

Table 6-9 Chiller empirical Test Il (Cold Dry climate) — Leaving Water Temperature Statistics

LWT Exp. EES
x 3.95 4.44
S 0.98 0.00
Xonin 2.47 4.41
Xmax 7.90 4.44
D 0.49
D] 0.97
|Dlmax 3.46
|D|min 0.01
Drms 1.09
Dgso, 1.68
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Hot Dry Climate (August 12 — August 14, 2006)

The results presented in the following Figures do in principle confirm the evaluation made for
the previous time period: leaving water temperature is idealized fixed to a certain value and
measured leaving air temperature was underestimated. The very low cooling load  Figure
6-17 shows load s that are between 5 10kW only - causes quite high frequent control
cycles: the chiller operates in on-off-mode. Only during the afternoon the chiller operates at
stage 1. Both thermal and electrical amount of energy is overestimated.

Table 6-10 (cooling load), Table 6-11 (electric load), and Table 6-12 (leaving water
temperature) provide some statistical information about chiller operation.

A WMA MM .. mm” I
i 4(\41'1#\ fw I PR LVHLWWJ‘J‘“J”M +H|

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00
Time / hr

Figure 6-15 Chiller Empirical Test 11 (Hot Dry climate) — Averaged Daily Leaving Water
Temperature
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Figure 6-17 Chiller Empirical Test Il (Hot Dry climate) — Averaged Daily Chiller Cooling Load
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Figure 6-18 Chiller Empirical Test Il (Hot Dry climate) — Averaged Daily Chiller Electric Load
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Figure 6-19 Chiller Empirical Test 11 (Hot Dry climate) — Chiller Total Thermal and Electric

Energy
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Table 6-10 Chiller empirical Test Il (Hot Dry climate) — Total Cooling Load Statistics

CLT Exp. EES
X 6.92 11.49
S 7.14 8.68

Xmin -2.57 0.00

Xmax 18.06 32.39
D 4.56
D| 8.35

ID]max 25.28

[Dlin 0.00

Dims 10.39

Dosos 21.03

Table 6-11 Chiller empirical Test Il (Hot Dry climate) —Total Electric Statistics

CEP EXp. EES
X 2.75 3.83
S 2.29 2.69

Xenin 0.19 0.20

Xmax 5.55 10.95

D 1.07
D| 2.59

|Dlimax 8.29

|D|min 0.00

Dims 3.21

Dosos 6.02

Table 6-12 Chiller empirical Test 11 (Hot Dry climate) — Leaving Water Temperature Statistics

LWT EXp. EES
x 5.00 4.40
S 1.42 0.15
Xmin 2.24 3.06
Xmax 8.13 4.44
D -0.60
DI 1.22
|Dlimax 3.69
[Dlimin 0.01
Dims 1.52
Dosv, 3.05
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