UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

FAULT DETECTION AND DIAGNOSIS OF AIR HANDLING UNIT IN HVAC

SYSTEM USING CLOUD-BASED DATA LOGGING SYSTEM

A THESIS
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the
Degree of

MASTER OF SCIENCE

By

DAVID LEE
Norman, Oklahoma
2019



FAULT DETECTION AND DIAGNOSIS OF AIR HANDLING UNIT IN HVAC
SYSTEM USING CLOUD-BASED DATA LOGGING SYSTEM

A THESIS APPROVED FOR THE
SCHOOL OF AEROSPACE AND MECHANICAL ENGINEERING

BY

Dr. Li Song, Chair
Dr. Jie Cai

Dr. Wilson E. Merchan-Merchan



© Copyright by DAVID LEE 2019
All Rights Reserved.



Acknowledgements

| would like to give special thanks to all the people who supported and guided
me throughout the completion of this thesis.

| thank my adviser, Dr. Li Song, for inspiring me to pursue a higher education.
Her support led me to finding my life’s passion in the field of HVAC systems and
energy efficient building design and discovering the ASHRAE community to keep
advancing my understanding and improving future engineering design and practices.
She encouraged and enabled me to finish my Master’s degree with scholarships. Not
only was she challenging and motivating but personal and caring, always understanding
and listening to what | was thinking; I could easily tell that she genuinely loved what
she does and is very talented. | am eternally thankful for your mentorship and guidance
in academic and personal career life. I also like to thank my committee members, Dr.
Jie Cai and Dr. Wilson Merchan-Merchan. Thank you very much for your time, advice,
and teachings throughout my education of B.S and M.S. in the University of Oklahoma.
Also, special thanks to all AME staff- Bethany Burkland, Melissa Foster, Billy Mays,
and Greg Williams. | thank my colleagues working in the BEEL (Building Energy
Efficiency Laboratory)- Junke Wang, Zhimin Jiang, Tianyang Zhao, and Spencer
Hinkle for your support. | appreciate Dr. Mrinal Saha and the AME Graduate Student
Society for the opportunity to develop networking and expand my knowledge in other
research fields of Mechanical Engineering science. | acknowledge the financial
scholarship received from ASHRAE (via Oklahoma City Community Foundation

Scholarship) and OU Graduate College.



| express my gratitude to my friends and family who both comforted and
propelled me to achieve what | never thought I could in my life. I thank my beautiful
best friend, Megan Gentry. Thank you for helping me become a better man every day.
You influence me more than you can ever imagine. | love you and thank you. I am who
| am today thanks to my parents and brothers, Jong-Oh Lee, Yeon-Ok Lee, John and
Jeremiah Lee. Thank you for being the best family I could ever have in my life. | love

you eternally.



Table of Contents

LIST OF FIQUIES.....ee ettt ettt e eneesbe et eaneenre s IX
Chapter 1: INEFOAUCTION ... 1
1.1 BACKGIOUNG....c.eiiiiiiiitiiiieiieeee ettt 1
1.1.1 Heating, Ventilating, and Air-conditioning (HVAC) Systems ................ 2

1.2 LITErATUIE FEVIBW ....eiiiiiieiieiee ettt 5
1.3 Problem Statement... ..o 7
1.4 Objective Of theSIS PrOJECT......cceiiiiiiierieeeee e 7

1.5  Overview Of theSiS PrOJEC......cccoiiiiiiiiiiei et 8
Chapter 2: Cloud-Based Data Logging SYSIEM ........ccccoviririniiniieieie e 10
2.1 SYSEEM DESIGN ...ttt 10
2.1.1  Mechanical System (Air Handling Unit)...........ccoovviiiiiniiiice, 10

2.1.2 Design Criteria and Evaluation for Data Logging System..................... 12

2.1.3 Equipment Selection of Cloud-based Data Acquisition System ............ 13

2.2 Installation/Validation ... 19
2.2.1 Gateway Claim/CONNECTION.........cuciiieieieiere s 20

222 OUtdOOr CHIMALE ... s 23

223 OUtSide AIF INTAKE........cvieiieiiiiierieeeee s 26

224 AN e 38

2.3 CONCIUSION ...t 46
Chapter 3: FDD DEVEIOPMENL.......ciuieiiiieeieeie et 47
3.1  Design of Faults in AHU SYSEMS ......ccccoviiieiieiesie e 48
3.1.1 Operational Modes in an AHU ...........ccocviiriiieie e 48

Vi



3.1.2 Typical Faults of Air Handling Units and Fault Selection..................... 49

3.1.3 Outside Air Intake: Outside air damper fault............ccocovviiiiiinininnnns 51

3.1.4 Heat Exchanger: Fouling of cooling COil...........c.ccooviiiiiininiiiiine 52

3.1.5 Fan: Fire damper STUCK .........ccooiiiiiiiiee e 53

3.2  Experimental Procedure and ReSUlt ...........c.ccoveviiieiieci e 55
3.2.1 Blocked/Stuck fully closed outside damper fault............ccccoovviiniinnnnns 56

3.2.2 FOUlING OF COIl ..o 59

3.2.3 Stuck closed fire damper/Overall increase of system resistance............ 61
Chapter 4: Conclusion and FUtUre WOork...........cccoovveieeieiiieieece e 65
Chapter 5: RETEIENCES ...t e 69
APPENTIX A .ottt et e et e e e et e e te e e reereenee e 72
Appendix B: Air Handling Unit Data Sheet............cccccoveiiiii i 74

vii



List of Tables

Table 2.1: List of categories, devices, associated location and USE............cccceevvevveenen. 14
Table 3.1: List of Typical Faults on AHU [25] ..o 49
Table 3.2: Condensed APAR TUIE SEL.......c.ooiiiieiiie s 52
Table A-1:Specifications of AHU Cooling Coil and Fan ..........ccccceovevvniiiinncienee, 72

viii



List of Figures

Figure 1.1: Schematic of the equipment providing heating or cooling fluid to air

handlers in typical all-air commercial HVAC SYSIEMS ........cccooiiiiiiiiiieiceree e 3
Figure 1.2: The basic FDD framewWorK...........ccoiiiiiiiiiciescsseee s 4
Figure 1.3: Top-down and bottom-up of FDD building System...........cccccoveiiiininnnnne. 5
Figure 1.4: Flow layout of the Project ... 8
Figure 2.1: Schematic of a data 10gging SYStEM .......c.cceieiiiiniiiie e 10

Figure 2.2: Air handler and associated components for specific VFD controlled system

........................................................................................................................................ 11
Figure 2.3: Measurement locations in air handling unit schematics ............c.ccocovnvnnne 13
Figure 2.4: Diagram of Paragon Robotics Data Logging System Process............c........ 14
Figure 2.5: Photo of the Paragon RobOtICS Gateway V4 ..........ccccvvvvieieeiienencnenesieniens 16

Figure 2.6: Photo of the Paragon Robotics SC31 thermistor sensor with corresponding
10K thermistor, and SC12 temperature & humidity SENSON .........cccccevveieienireninesiene 17
Figure 2.7: Photo of the Paragon Robotics SC34 bridge transducer and small signal
sensor with Omega PX 309-200GV 200 PSi PreSSUre SENSON ..........cveveeerververvesiesiesienns 18
Figure 2.8: Photo of the Paragon Robotics SC32 thermocouple sensor with type K
tNEIMOCOUPIE ... bbbt 18
Figure 2.9: Photos of the Paragon Robotics SC76 differential pressure sensor, TSI Air
Velocity Transducer, and SC18 external jack sensor with CST5 input cable (0-5V).... 19
Figure 2.10: Paragon Robotics website (accessed in 3/22/19) ......cccccccvvvvervivninernenenn, 20

Figure 2.11: Getting started page in the “SetupDevices” tab (accessed in 3/22/19)...... 21



Figure 2.12: Example of properly claimed and connected gateway (accessed in 3/22/19)

Figure 2.13: Picture of an operating gateWay ............cccoerverieiieereeriesieseesieseesee e 23
Figure 2.14: Relative humidity curve of 100% and 50% in range of -20°F and 50°F in
respect to absolute NUMIAILY .........cooveiiiieceee e 24
Figure 2.15: Photo of outside air temperature SENSOr CASE .........ccvevveeveieerveeeeseesreeneenns 25
Figure 2.16: Data points of outside air temperature and humidity from SC12 wireless
temperature/humidity sensor with outside air temperature from SC31 thermistor sensor
OVEr PEriOd OF ONE WEEK ......ocvviiviiie et e e e 26
Figure 2.17: Two SC 31 devices with four connected thermistors and one thermistor set-
up to detect mixed air tEMPEIALUIE .........cceeiiveieeieie e 27
Figure 2.18: “Configure Devices” tab to claim or disclaim devices in the account....... 28
Figure 2.19: Paragon Robotics graphical interface of temperature change of mechanical
room measured with 4 thermistors and SC12 temperature/humidity sensor (accessed in
3123119 ettt ettt b bt ans 29
Figure 2.20: Real time software interface of the thermistors and SC31 devices (accessed
1N 3/23/19) et b et 29
Figure 2.21: Temperature of outside air, mixed air, supply air, and return air in a period
of one week represented through two different interfaces (accessed in 3/23/19) .......... 30
Figure 2.22: Alpha ratio with temperature of mixed air, outside air, and return air ...... 32
Figure 2.23: Type K thermocouple installed and penetrated through the insulation and

0-10 VDC cable installed to actuator valve of chiller water pipe .........ccccocvererinnennns 33



Figure 2.24: Relationship between chiller water inlet and outlet temperature and
actuator valve output signal during a week period (accessed 3/24/19) .......c.ccccccevuvennene 34
Figure 2.25: Relationship of the product of volumetric flow rate and temperature
difference of mixed air and supply air and the log mean temperature difference
(ACCESSEA A/819) ...ttt e e re s 36
Figure 2.26: Relationship of the product of the position of the valve and temperature
difference of chiller water inlet and outlet and the log mean temperature difference
(ACCESSEA A/8IL9) ...ttt areere s 37
Figure 2.27: Chiller water pressure gauge installation with the Paragon Robotics device
to detect the mV output signal from the Omega pressure gauge.........ccoeveeeerreervereeene. 38
Figure 2.28: SC76 Differential Pressure sensor with two tubes connected. One tube

connected to the duct after supply fan into tee tube fitting for negative pressure reading

........................................................................................................................................ 40
Figure 2.29: Differential pressure measured in inch.water (accessed in 4/3/19) ........... 40
Figure 2.30: TSI air velocity transducer installed in supply ductwork .............c.cc......... 41

Figure 2.31: Volumetric airflow rate measured and recorded in supply duct and AHU
during 12 hours (acCesSed iN 4/1/19) .......cciiiiii it 42
Figure 2.32: VFD control panel with 0-10 VDC wires connected............ccccccceevvvernnnnn. 43
Figure 2.33: Relationship of fan speed and power output signals of VFD in V and
differential pressure in INCHWALET ...........coiiiiii i 44
Figure 2.34: Fan head vs airflow rate and power vs airflow rate with fan curve from the
MANUTACTUNET ...ttt 46

Figure 3.1: Typical operating Modes of AHU [4] ... 49

Xi



Figure 3.2: Faults located in the corresponding components of the system................... 50
Figure 3.3: A baseline operation of the VFD control regulating the fan speed and the
result of changing 100% fan speed to 90% fan speed [26] .........cccevvevevievicieiiieceeins 54
Figure 3.4: A baseline operation of the VAV control regulating air flowrate by closing
dampers and representation of the result of stuck closed dampers [26].........c.ccccevvvenene 55

Figure 3.5: Example of the effect of threshold in the rules for detection of operating

Figure 3.6: Stuck fully closed outside damper fault simulated result of 4/14-15

(ACCESSEA 1N 4/20/19) ..ot re s 57
Figure 3.7: Baseline operation section with input cell of thresholds ...............cccce..... 57
Figure 3.8: Fault simulated operation section with fault detected..............c.ccceevevenenn. 57

Figure 3.9: Sensible cooling load during baseline operation and fault simulated
(0] 1< LA Lo o TSRO SURTROPPSON 59
Figure 3.10: Temperature of inlet and outlet of chiller water, position of valve, and air
temperature before and after the fouling fault simulation (accessed 4/17/19) ............... 60
Figure 3.11: Portion of FDD program that exposes the existence of fouling fault and
illustrates the impact of the fault ..o 60
Figure 3.12: Visual representation of the fan parameters during the fault simulated
operation in Paragon Robotics website (accessed 4/2/19) .......cccovveevieiiiiviie i 61
Figure 3.13: System curve of design from manufacturer, baseline, and fault simulated
(o] 0T =1 [0 S S T TR SRR 62
Figure 3.14: A gauge of how critical the fault is by giving a threshold to the S value

COMPATEU 10 T8 Saxe««veveererrieitierii ettt sre e e sbe b 63

xii



Figure 3.15: Energy consumption of 30 days of baseline and fault simulated operations

Xiii



Nomenclature
Outside air temperature [°F or °C]
Return air temperature [°F or °C]
Mixed air temperature [°F or °C]
Supply air temperature [°F or °C]
Relative humidity [%]
Chiller water outlet temperature [°F or °C]
Chiller water inlet temperature [°F or °C]
Chiller water outlet pressure [psi or Pa]
Chiller water inlet pressure [Ibm/hr or kg/s]
Fan differential static pressure [inch. Wg or Pa]
Output signal of control valve [V]
Output signal of fan speed [V]
Fan speed [rpm]
Output signal of fan power [V]
Volumetric airflow rate [(ft/min)? or CFM or (m?/s)]
Mass flow rate of outside air [lbm/hr or kg/s]
Mass flow rate of supply air [lbm/hr or kg/s]
Mass flow rate of mixed air [lbm/hr or kg/s]
Outside air enthalpy [Btu/lbm or J/kg]
Return air enthalpy [Btu/lbm or J/kg]

Mixed air enthalpy [Btu/lbm or J/kg]

Xiv



w
a
Qair-side

Qwater—side

U

A

LMTD

Hegn or H

kw

Absolute humidity [g/m?]

Outside air fraction [%]

Air-side heat transfer rate [Btu/hr or W]
Water-side heat transfer rate [Btu/hr or W]

heat transfer coefficient [W/K-m? or Btu/hr-F-ft?]
Heat exchange area [m? or ft?]

Logarithmic mean temperature difference

Fan head [inch. Wg or Pa]

Fan input power consumption [KW]

Fan power [HP or kW]

System resistance coefficient [inch.wg / (ft/min)? or Pa/(m®/s)]

XV



Abstract

This project encompasses the engineering principles of design and testing of the
implementation of a fault detection and diagnosis (FDD) using cloud-based data
logging system on Heating, Ventilation, and Air Conditioning (HVAC) system. The
data acquisition system is a compact measurement system made by Paragon Robotics
that handles data from sensors, measurement hardware, and a computer with
appropriate software to record four different categories of measurements: (1)
temperature and humidity of outside air, (2) temperature of return, mixed, and supply
air, (3) cooling oil valve operation measurements, and (4) supply air fan operation
measurements.

The project includes the design process of the equipment and installation of electrical
and mechanical components needed for a functioning system on an Air Handling Unit
(AHU) that serves a building in the University of Oklahoma. Tests of baseline operation
are conducted to collect weeks of data after calibration. The system is verified with
engineering fundamental Models to ensure robustness for fault detection and diagnosis.
Common faults of AHU are evaluated and selected to be simulated into the system for
days with faulty operation data. Qaulitative rule-based or physics-based FDD technique

is used to detect and diagnose the system with data collected during operations of faults.

XVi



Chapter 1: Introduction

This chapter introduces the fundamental basis and background information of
Heating, Ventilation, and Air Conditioning (HVAC) System, the Air Handling Unit
(AHU) and Fault Detection and Diagnosis (FDD). Then, it provides the overview of the
challenges and objectives of the research project.

1.1 Background

In many buildings, human thermal and health comfort is achieved with
development and industrialization of year-round control of indoor environment. Heating,
Ventilation, and Air Conditioning (HVAC) systems produce the temperature, humidity,
and air quality that humans need to improve health and productivity in their lives. Now,
the HVAC system has become so important for every residential, commercial, industrial,
and institutional buildings in the industrial countries of the world.

In the early stages of the advancement of HVAC technology, energy
consumption was not considered as a vital factor due to the abundance and inexpensive
cost of fuel and unknown issues of climate change related to consumption. As the usage
of HVAC system escalated in the United States during the 1970s, the energy crisis hit.
The Department of Energy was launched in effort to re-design and invent energy-
efficient buildings. Although current modern air conditions use about 50 percent less
energy compared to 1970’s [1], the data indicates nearly 40 percent of total U.S. energy
consumption was consumed by the residential and commercial buildings in 2017 [2].
According to a study in 2001, HVAC systems use 20 to 60 percent of the total energy

consumed by buildings [3].



The primary function of building energy systems is to meet thermal comfort,
utilizing energy transfer in most efficient method. Other aims can be to provide required
amount of suitable ventilation air to prevent illnesses and allergies and control humidity
to eliminate mold effect on human health and mold damages to buildings. HVAC
systems are rapidly growing as modern buildings are necessary to meet performance
requirements and codes. Computers and building automation systems (BAS) are
integrated for operational controls of the buildings enabling sharing of data between
systems and control indoor environment to ensure adequate indoor climate and healthy
climate and healthy conditions for occupants.

1.1.1 Heating, Ventilating, and Air-conditioning (HVAC) Systems

HVAC systems vary in their configurations and types depending on the design
and the operational purpose. A diagram of a typical HVAC system with central plant is
presented in Figure 1.1. A system in the example is comprised of fans or air handling
units (AHU) for moving air with associated dampers and filters, pumps for moving
heated or chilled water and appropriate control valves, heat exchangers for transferring
energy from one fluid stream to another, flow measuring and control devices and
chillers and furnace or boiler equipment, and a cooling Tower. The central plant, with a
main boiler and chiller, serves as the main source of energy distribution to multiple air
handling units. The air handling system is an assembly of fans, heating and cooling
coils, filters, humidifiers, and controlling dampers. Then, the air is transferred through

ducts all governed by terminal units.



Fuel
I%.l Steam Converter f Exhaust

and air |_air Return
i air fan
e
- Filter
boiler Hot Ret :
Bumer Condensate water /Heat coil ‘._::'” :'r
assembly return o Cocl coil rom zone
]
—— Outdooer air i Supply
\ H]Flue - < laurto
ternate Air-conditicning and L Supply z0ne
hot water distribution system fan
Fuei Hot water 1 system Humidifi
Fuel”  boiler urmiaitier
l ~—— To other air
Hot water supply and return $handlers
Condenser f f Hot water
pump
l == oo Chilled water
I
I il Fy
!
Air cooled Alternate chilled water system
chiller
Chiller
electric or
A p steam driven Chilled
Coo!ing% ondensing water water
tower =, supply and return return
4 To other air
i
. Chilled —ihandlers
Condensing Chilled water
water pump water supply

pump

Figure 1.1: Schematic of the equipment providing heating or cooling fluid to air
handlers in typical all-air commercial HVAC systems

(source: Heating, Ventilating, and Air Conditioning by Faye McQuiston)

Air Handling Unit (AHU) is a crucial component of the heating, ventilation, and
air conditioning (HVAC) systems for the connections to primary heating and cooling
coils and preservation of indoor air quality with outside air. Each building also has
various range of the units, all dependent on the size and layout of the building. A fluid,
usually water, carries energy away from the cooling coil (heat exchanger) in the air
handler to a chiller or chillers. The loads of the coils determine the electricity and gas
consumed by the central plant. So, AHU conditions directly translate to the quantity of
the energy consumption.

Failures of HVAC systems are caused by improper installation, inadequate
maintenance, or equipment failure. Faults can prevent the buildings to achieve expected

energy efficiency. More and more HVAC experts pay attention to “fault detection and
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diagnosis”. Fault Detection and Diagnosis (FDD) analysis refers to analytical tool of
techniques used to detect and diagnose these faults. FDD method is used in all
engineering industries such as aerospace, materials science, chemical processing,
photovoltaic systems, controls systems design and more. Nevertheless, this set of

techniques is used in building operation systems for optimization.

Failure Failure

j Feedback P
Controller )

Structural
Failure

Mechanical
Failure

Figure 1.2: The basic FDD framework

FDD can improve building energy consumption, operations and maintenance, an
effective control over air quality and environment of the indoor spaces [4]. In fact, the
estimated energy savings is at 10-40% depending on the age and condition of the
equipment, maintenance practices, climate, and building use [5] [6] [7] [8]. FDD allows
identification of minor problems before it becomes major and severe which means
equipment can be repaired, extending the service life. Also, BAS systems provide

sophisticated control systems with data communication, computing, and data



visualization technologies. This led to advancement of Automated Fault Detection and
Diagnosis (AFDD) enabling it to automatically detect faults, diagnose their causes at an
early stage and prevent further damage and/or energy loss.
1.2 Literature review

Due to the rapid growth in this energy saving strategies, research in FDD
analysis has been necessary and in demand. Two baseline methods to optimize energy
consumption and achieving other operational targets are top-down (system level) and
bottom-up (component level) approaches [9]. Top-down approach deals with
monitoring and targeting approaches, energy performance indicators and performance
dashboards to manage site energy consumption. This method is mostly performed by
industrial and large/multi-commercial sites. For example, if building energy use exceeds
its expected value by an amount considered to be significant, top-down reasoning would
be used to navigate down through the hierarchy and isolate the most probable cause for
the exceeding energy use [10]. Dodier and Kreider presents a whole-building FDD

approach for energy-based problem detection [11].

Buﬂdlng | Whole Building |
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l v i
System Central Cooling Central Heating Air Distribution
Level 1 Plant Plant System
System Central Central Zone 1 Zone 2 2 e
AHU 2 cee Terminal Terminal eee lE g
Level 2 AHU1 5| S
Box Box = &
=3 =
! ! ! N
S\IStem Filter/Coil Fan Mixing Box Valve cee
Level 3 Subsystem Subsystem Subsystem Subsystem
Component Actuator Sensor Unstable Other cee
Level Failure Failure Controller Failure/Low
Condition
Figure 1.3: Top-down and bottom-up of FDD building system
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On the contrary, bottom-up method involves from breakdown maintenance of
key AHU components, such as fans and filters, to time-based maintenance and
management of the components. Furthermore, it also encompasses future preventative
solution by prognostic Modelling options for remaining useful life estimation of
equipment [12]. Currently, there are numerous studies of FDD analysis systems in
buildings on the component-level.

The methods of FDD analysis in bottom-up approach can be classified into three
categories: Model-based, rule-based, and data-driven methods. Model-based FDD
methods, or black-box method, utilize physical or mathematical Models which are
based on understandings of the process concerned. Then, comparison of the real process
and the predictive Model renders detection and diagnosis of the faults [13] [14] [15].
With experiential rules and proper process of reasoning, fault can be diagnosed through
checking whether the system is in appliance to the rules. This method is rule-based
methods [16] [17]. Lastly, the data-driven FDD methods make use of historical statistics
to capture the quantitative correlations among system variables. This method was
adopted due to abundant data available from Modern BAS. The data-driven methods
developed neural network, wavelet analysis, and the statistical methods such as
principal component analysis (PCA), Fisher discriminant analysis, and pattern matching
method [18] [19] [20] [21] [22] [23].

Model-based methods usually produce the most reliable results when the
physical equations and algorithms are precisely formulated. However, it is hardly
possible to build the mathematical Models because HVAC systems are highly complex,

multivariable, nonlinear, and comprised of heat and mass transfer. In regard to the rule-



based FDD methods, it is comparatively easier to develop the rules and reasoning
processes. But the rules are very specific to individual systems and types of faults. The
diagnosis will fail if the fault is beyond the rule database. The data-driven method is
applicable in the systems with already ample operation data and easy to obtain [24].
1.3 Problem Statement

Research and advancement of FDD analysis in HVAC systems are on the rise
with numerous applications and cases of impactful energy savings, as it is described in
the background. Since FDD is a new topic of studies, compared to the long years of
HVAC industry, most FDD systems are built-in in smart HVAC systems with BAS
systems, or other intelligent controllers, in new projects and modern buildings, which
are limited by computational capacity and the amount of metered data available. The
Internet is an infrastructure for information and communications technologies. HVAC
systems must keep advancing with modern technology by the adoption of more
advanced information technology, using internet to store, retrieve, transmit, and
manipulate data. Cloud-based wireless FDD system presents portable, reliable, and
cost-effective method with greater storage capacity of easily accessible real-time data.
The cloud servers also allow quick interchangeable monitoring software for data
analysis at any time. There are not many documented case studies to validate the
effectiveness of using cloud-based data logging system for FDD practices. [25] [26]
1.4 Objective of thesis project

The objective of this thesis is to develop the FDD system with cloud-based data

logging system for an AHU that serves a building in the University of Oklahoma. This

project includes:



» Consideration of physical boundaries and schedules of AHU equipment.

» Design, locating, and installation of wireless cloud-based data logging system

« Data collection and evaluation of optimal performance/condition of AHU

* Introduction of various frequent faults and analysis of created fault

» Diagnosis of fault by data analysis and communication with users of FDD.
Due to the cloud-based technology, the system will be modular to other systems. This
means the FDD Model must be able to recognize other types of systems. The heavy
rule-based/model-based FDD Model is decided to see the robustness of the cloud-based

system.

_ : Design &
Consideration of Installation of
Existing System Data Logging

Testing &
Evaluation of

System Fault-free System

Design &
FDD . FDD Verification

Introduciion of

Implementation Faults

Figure 1.4: Flow layout of the project

1.5 Overview of thesis project
Chapter 1 introduces the basic information of HVAC system and its component,
AHU. Then, it explains the emergence of FDD or AFDD with BAS through the
literature reviews and the three different categories of methodologies of the latest FDD
analysis. This chapter also presents the problem statement and objective of this project.
Chapter 2 gives a brief explanation of the data logging system. It proposes the

design process and selection of the cloud-based devices. In the chapter, the installation



of the devices is carefully described in detail. Data of optimal performance/condition of
AHU is collected and analyzed with engineering principles.

Chapter 3 introduces the design process of FDD. It demonstrates lists of various
frequent faults of AHU systems. The chapter demonstrates the introduction of three
selected faults to the system. It describes the data collection and analysis with the FDD.
The effectiveness of the FDD system using cloud-based data logging system is
presented.

Chapter 4 summaries the main conclusions and achievements of the research of
this project and suggests a collective of future works to improve the application of

proposed FDD method in practices.



Chapter 2: Cloud-Based Data Logging System

In this project, a typical air handling unit located in a building of the University
of Oklahoma is studied. To install the FDD system into the AHU, a robust data logging
system is necessary. Data logging system is an essential tool to analyze any type of
systems. Data acquisition is the process of measuring an electrical or physical property
such as voltage, current, temperature, pressure, or sound with a computer. This system
consists of sensors, data logging device, and computer with programmable software.

Figure 2.1 explains a simple process and components of the data logging system.

—
Signal Analog-to-Digital Driver Application
Conditioning Converter Software Software

Figure 2.1: Schematic of a data logging system

2.1 System Design

AHU is studied by identifying the physical parameters/data needed to be
collected to establish and perform FDD analysis. Robust and appropriate sensors are
selected and installed to the AHU. And for the application, cloud-based devices are
used, connecting and transferring data via internet signals. After the installation of the
devices, operating data are collected, analyzed, and verified.
2.1.1 Mechanical System (Air Handling Unit)

In Figure 2.2 shows the simple schematic of the AHU investigated in this project.

The system can be separated into four major components: outdoor climate, outside air

intake, heat exchanger, and fan. Outdoor climate pertains to the seasons and weather
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changes, latitude, longitude, and altitude of the building system. The outside air enters
the system with the effect of the outdoor climate. Outside air intake refers to the mixing
box dampers such as the exhaust/return air and outside air dampers which conserves
energy and eliminates contaminants, particulate matter, and CO,. This economizer can
also enable the use of “free air” which means outside air that is at similar air
temperature as the supply air that does not require cooling or heating. Any air that is not
at the set point supply air temperature needs heating and cooling coil which is the heat
exchanger section of the system. This project is mostly concerned of cooling coils due
to its high consumption of energy compared to the heating coil. And the fan draws the
air into the system with a VFD system that can regulate the fan speed thus conserving

the power consumed by the fan motor.

Exhaust or -
Relief Air Return
Air

l 3 %] o W
: 2 g 3
A A
Manual
Dampers
L Y
) ]
Economizer «

— 0.A Damper}, —p
Outside . » Supply
Air Minimum Air

O0.A Damper g b
o]
Filter  Heating Cooling
i i A4
Outdoor Outside Air el Coil
Climate Intake Heat VFD
Exchanger

Figure 2.2: Air handler and associated components for specific VFD controlled
system
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2.1.2 Design Criteria and Evaluation for Data Logging System

The data logging system provides the access to data which is vital for collection

of quality of the AHU performance, including the following four different categories of

measurements per four major AHU components:

Temperature and humidity of outside air

Temperature of return air, mixed air, and supply air

Cooling coil valve operation measurements including pressures and
temperatures of inlet and exiting chiller water and voltage of valve actuator
Supply air fan operation measurements including volumetric airflow of supply
air, frequency and power of VFD control, and differential pressure of the supply

fan.

Figure 2.3 shows the design installation locations of the sensors necessary to detect and

collect data.
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Figure 2.3: Measurement locations in air handling unit schematics

Toar Trar Tma, @nd Ty, denote the measurements of temperatures of outside air,
return air, mixed air, and supply air, respectively. RH,, is relative humidity of the
outside air. T,, , and T,, ; are temperature of chiller water outlet and chiller water inlet,
respectively. B, , and P,, ; define pressures of chiller water outlet and chiller water inlet,
respectively. Py;rr symbolizes differential pressure of the supply fan. Vi,qie, frpm, kW
and Q denote, respectively, supply voltage to the actuator, frequency, or RPM, and
power of the fan motor, and the volumetric airflow rate traveled through the unit.

2.1.3 Equipment Selection of Cloud-based Data Acquisition System

Paragon Robotics is a product manufacturing and cloud-service providing
company with wireless data loggers and monitoring systems with remote wireless
sensors. These sensors operate for applications such as energy efficiency auditing,
building performance benchmarking, life sciences and vaccine monitoring, remote
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property management, warehouse and storage monitoring and industrial process

analytics. Paragon Robotics wireless data logging system is selected as traditional data

logger system with features of real-time monitoring system.

Wireless Temperature Sensors

@

Ambient Temp/ Humidity in warehouse

@

Ambient Temperature in storage area

KD —"JJ

RTD in cold storage/ cooler/ freezer

O —@
Ihem‘.ocoup e in freezer

Wireless Battery Operated Transmitters
Range 150' indoors/ 1000' Line of Sight

Facility Internet
Connection

Cloud Internet Access
For Remote Devices

W b e ———]

WIIF or
Ethemnet
Locally

System Gateway connected via
Ethernet to Building Network

Remote and Local Devices Access
Laptops, Tablets, iPhones, Andriods

Figure 2.4: Diagram of Paragon Robotics Data Logging System Process

(source: http://paragonrobotics.com/)

Cloud Internet access, HaloCloud, is included as it provides remote access to the

data logging system from any location via mobile device or PC with Internet connection.

Paragon Robotics also provides widgets/tools in its website that can simultaneously

connect for real-time data. Table 2.1 lists the equipment selected to the corresponding

locations and uses.

Table 2.1: List of categories, devices, associated location and use

Categories Tool/Device Location Use
Server Gateway v4 Local Ethernet | HaloCloud access and
port connectivity to sensors/devices
Outdoor SC12 Ty, RH,q Measure temperature and
Climate humidity/log data
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Outside air | Thermistor/SC31 | Ty, Tra» Tmar | Measure temperature/log data
intake Tsq
Heat Thermocouple Twor Twi Measure temperature/log data
Exchanger | Probe/SC32
200 psi pressure | B, ,, Py, ; Measure pressure/log data
gauge/SC34
0-5V SC18 Vyatve Measure supply voltage/log data
Fan 4-20 MA & 0-5 V| frpm, kW, Q Measure output signals/log data

cable/TSI air
velocity

transducer/SC18

The gateway is required to simultaneously collect data from at least seven

devices. It must store data into the cloud and capable of being access in any locations of

the world. Other specific objectives of the gateway are it must be small and robust

enough to be handled in other systems and easy to use for future projects. Gateway v4 is

selected which features 32 GB of on-board memory for data storage and it provides

interconnectivity for an unlimited number of devices at once. This gateway has

connectivity range of 200 ft indoors. It has an Ethernet port that can be easily connected

to any buildings with Internet access for the HaloCloud service.
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Figure 2.5: Photo of the Paragon Robotics Gateway v4

The thermistor is needed to record the air temperature of outside air, return air,
mixed air, and supply air. The air temperature fluctuates from approximately 0°F to
100°F. Therefore, an operating temperature range of the thermistor must be at least 0°F
to 100°F. Finally, the accuracy of the device should be no more than 0.9°F of the
readings. TR10-48M 10k metal probe thermistor is selected with the feature of
temperature range of -40 ~ 175°F. SC 31 which has two inputs to attach two individual
probes. The thermistors are shipped with 1200 mm (48”), so the length is extended to
15’ long with 24 AWG copper wires. Additionally, it is highly recommended to have
humidity data points on all the mixed air, return air, and supply air, however not
applications can allow perfect scenario. For this, SC 12 device measures the outside air

humidity and temperature to validate the outside air temperature carried into the unit.
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Figure 2.6: Photo of the Paragon Robotics SC31 thermistor sensor with
corresponding 10K thermistor, and SC12 temperature & humidity sensor

The water pressure is from around 20 psi to 60 psi. Since the sensor is
measuring water pressure, the sensor must be robust and suitable. Water pressure
gauge must be easily connectable to the chiller pipes. PX 309-200GV from Omega has
a gauge pressure range from 0 to 200si. It is protected by an oil-filled stainless-steel
diaphragm that is robust for the application. The pressure transducer has a 5VDC
excitation and output of 0-100 mV output. 3.3 VDC provided by the SC34, a wireless
bridge transducer and small signal sensor, affects the result of the mV output signal, so
the calibration must be adjusted appropriately or supply the sensor with an external
voltage of 5VDC. SC34 has data storage of 120 billion points with a transmission of
low voltage signals from transducers and sensors. One device attaches to one

transducer.
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Figure 2.7: Photo of the Paragon Robotics SC34 bridge transducer and small
signal sensor with Omega PX 309-200GV 200 psi pressure sensor

Thermocouple — type K and SC32 device are chosen for the measurement of
liquid temperature. Thermocouple with a metal encapsulated tip has the range of -40°F
to 1562°F. SC32 wireless sensor accepts thermocouple probe with a standard 2-pin flat
connector including the type K. The metal needle tip is utilized to poke through the

insulation of the chiller water pipe to detect the temperature accurately.

Figure 2.8: Photo of the Paragon Robotics SC32 thermocouple sensor with type K
thermocouple

Differential pressure, airflow rate, VFD frequency and power are necessary
to be recorded to analyze the supply fan performance. To identify and record the
measurement of differential pressure, SC76 differential pressure sensor monitors the
pressure between two air spaces. The fittings on the case can measure £ 1 psi (or 6.9

kPA) differential pressure with weather-resistant EPDM rubber tubing with 3/32" 1D
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and 7/32" OD. SC 18 external jack sensor accepts 4 external sensors including current
measurements, air pressure, moisture, temperature, humidity, 4-20 mA, VDC, and
more. SC18 device with the CST5 input cables is directed connected to TSI air velocity
transducer, which can provide output signals of VDC or mA with maximum velocity of
4000 ft/s, and the VFD control panel to measure the velocity of air passing across the
unit and the power/speed of the fan. SC18 is also utilized to measure and record the

actuator valve movement of the chiller water cooling coil.

20"

= RN

————

Figure 2.9: Photos of the Paragon Robotics SC76 differential pressure sensor, TSI
Air Velocity Transducer, and SC18 external jack sensor with CST5 input cable (0-
5V)

2.2 Installation/Validation
The cloud-based data logging system must be set up correctly to have effective
results. This section explains a walk-through of how Paragon Robotics devices were

installed into the AHU system.
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2.2.1 Gateway Claim/Connection

A gateway is the device that enables the communication of signals between the
sensors and a computer. It is required to tap into the calibration and logging settings of
the sensors and to collect any data. Two types of gateways are recommended from
Paragon Robotics which are Gateway v4 and Super Gateway v10. The Gateway v4
allows a wide distance of range of connecting to the sensors and storage capability of
120 billion data points with unlimited connections to the sensors. On the other hand,
Super Gateway v10 is specifically designed to communicate with BACnet, Modbus or
other custom network-based protocols. The gateway gives a much smaller range of
sight and less amount of storage than Gateway v4. For this project, Gateway v4 is
proven to be the better choice.

First, an account is registered in paragonrobotics.com website to gain access to
the HaloCloud service, that Paragon Robotics provides, with an email and password.
This can be found after clicking “Sign In” in the top right corner. Account credentials to

access the project’s data is given to Dr. Li Song if needed to be studied.

Wireless Data Acquisition and D X +

( C  ® Notsecure | paragonrobotics.com/halo-s/#website/ o % 0O@ 9 +* 0O :

IR| PARAGON ROBOTICS

Products | I\ e i

Services L

How To Buy

MONITORING & LOGGING

Wireless data loggers and monitoring
systems with remote sensors provide
cost effective solutions for a broad
range of energy, industrial and
environmental markets.

y
y /’

Company

Software

>
>
>
What We Do >
>
>
>

Applications

. 1-800-893-9639

sales@paragonrobotics.com

wlin] f|

Figure 2.10: Paragon Robotics website (accessed in 3/22/19)
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After registration, a widget tab of “SetupDevices” is created in the top-right corner to
begin setting-up and connect the gateways and sensors. First, HaloCloud is set up
properly as it is recommended to use HaloCloud and always sync the settings with
HaloCloud. Then, the network security key is created with the email address and

password.

[Gateway connected] ‘ lee7517@ou.edu (account) & Sign out % Preferences

R| PARAGON ROBOTICS

g@ SetupDevices x [ [B] Websile

Getting started X ‘ § )
Welcome to the hardware setup wizard. You can also use this same wizard to reconfigure your hardware later on. To navigate, use

HaloCloud ™ the Back and Next buttons in the lower-right corner of the screen. If you're on a wide-screen device, you can also use the

Network security navigation sidebar on the left.

Configure gateways For power users, additional options and tcols are available.

Configure devices
Finished! IMPORTANT.
« Each of your new devices should be assembled and powered on before running this wizard. Refer
to the device manuals for assistance in getting all your devices installed and running.
« If you are unsure of your network setup, please consult your site network administrator before
connecting your hardware. You will need a reliable network connection between your PC/mobile
device and gateway(s).

Figure 2.11: Getting started page in the “SetupDevices” tab (accessed in 3/22/19)

Depending on the type of internet connections, the procedure to configurate and
connect the gateways is different. The gateways must be “Claimed” as the account’s
device to access its data. And to claim the gateway, it must have Internet connection to
communicate with the website. When the security level of internet is minimal, the
gateway is capable of directly communicating after connected the Ethernet port. If the
internet connection has high levels of security built-in like the University of Oklahoma
that demands all electronic devices of internet access to be registered, the gateway must
be claimed to the account before connecting it to internet. In this project, since OU was
not able to directly connect the gateway to the internet with merely attaching the
Ethernet cable to the operating port due to the incapability of registering the gateway
itself (no keyboard and mouse connection), it was first claimed at a personal house with

a less complex router, then transferred and connected to the Ethernet port (nearest to the
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sensors to ensure good link to the output signals). If the gateway is claimed but outlined
in the color of red instead of green, such as in Figure 2.12, check the gateways power or
connection to the Ethernet port and call Paragon Robotics service team as it may not
have power and/or internet connection, or the cloud server may be inoperative at the

time for maintenance reasons.

Search|| Type search here... Q Y v~

¥ Claimed
+ GW{4 gateway v3 #118
+ GW4 gateway v3 #126

Figure 2.12: Example of properly claimed and connected gateway (accessed in
3/22/19)

When the gateways are connected to the ethernet ports, they must be in open area to
ensure the best connection to the sensors with antennas facing upward and in clear of
sight from furniture and such. The sensors cannot connect to the gateway inside metal
enclosures, so the sensors must be selected appropriately to the application. Blinking of
both LED lights in the physical Model of the gateway indicates good connections to

power and internet as indicated in Figure 2.13.
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Power

Ethernet

Figure 2.13: Picture of an operating gateway

2.2.2 Outdoor Climate

There are two types of units of humidity: absolute humidity and relative
humidity. Absolute humidity is the mass of water vapor divided by the mass of dry air
in a volume of air at a given temperature. Relative humidity is the ratio of the absolute
humidity at the point to the maximum absolute humidity it can achieve in the
temperature of that specific point. 100 percent of relative humidity means that the air is
fully saturated. Absolute humidity can be calculated with three properties: pressure, or

altitude, dry bulb temperature, and relative humidity.
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Figure 2.14: Relative humidity curve of 100% and 50% in range of -20°F and 50°F
in respect to absolute humidity

Occupants are very sensitive to humidity, as the air removes moisture from
human’s skin and respiratory system. Sweating is the body’s method of maintaining
comfort and removing heat thus reducing the body’s temperature. When the air is at 100
percent relative humidity, sweat cannot evaporate into the air. A high relative humidity
(more than 60%) can reduce the evaporation process of the human body and encourage
the growth of mold and mildew due to the moist and humid conditions. A lower relative
humidity (less than 30%) can cause eye irritation, allergies, or spread of viral infections.

Humidity is an essential property to assess the quality of air. Air handling
process not only cools the air but removes moisture for the human comfort in the
buildings. ASHRAE guidelines recommend 68°F to 74°F in the winter and 72°F to
80°F in the summer and the relative humidity of 30% to 60%. The humidity is
controlled mostly by using the level of humidity of outside air. Therefore, the relative

humidity of the outside air is recorded and measured.

24



SC12 humidity sensor measures and records the temperature and the relative
humidity. Due to the wireless signal communication problems when placed in metal
enclosures, an outdoor enclosure was designed and manufactured with a plastic junction
box and 3D printed louvers attached to the sides with an overhang structure to have

well-ventilated air stream to detect the outside air precisely.

Figure 2.15: Photo of outside air temperature sensor case

The sensor is connected to the nearest gateway in the Configure Devices tab and placed
inside the junction box. Using the DataAnalyzer widget tool, Figure 2.15 shows again a
* 0.9°F of error of SC12 device but accurately following the trend with the thermistor
placed in the HVAC system measuring and recording the outside air temperature. The
relative humidity measured by SC12 device is a function of the temperature reading
from SC12. Therefore, when absolute humidity is to be measured, it must be converted
by using an equation with the temperature data recorded from SC12, instead of any

other temperature sensor or thermistor.
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xxxxx [UTC-05] (2019/03/17 - 2019/03°24)

Figure 2.16: Data points of outside air temperature and humidity from SC12
wireless temperature/humidity sensor with outside air temperature from SC31
thermistor sensor over period of one week

2.2.3 Outside air intake

Thermistor is a component that changes resistance with temperature. This
changing of resistance can translate to change in the voltage supplied and then
converted into the temperature of the thermistor. One of the applications for a
thermistor is to measure temperatures of the different types of air traveling through the
AHU. In this project, two 10K thermistors, TR10-48M, are attached to SC31 device and
two SC31 are used to record four air temperatures: return, mixed, outside and supply.
The thermistors wires are extended by joining 15 ft 24 AWG copper wires. As indicated
below, each thermistor has different colors of wires for labeling purposes to know

where the data is collected from.
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Figure 2.17: Two SC 31 devices with four connected thermistors and one
thermistor set-up to detect mixed air temperature

The Paragon Robotics wireless sensors must all be claimed/connected to sync to
the nearest gateway. In the “Configure devices” section of “SetupDevices” widget tab,
When the devices are powered on (top LED next to the power button blinking), you can
select the devices that are desired to be claimed and start communicating to the account.
When the device cannot be seen, restarting the device may help to search the gateway
again as it powers on. After it is claimed, a widget tab “DataRecorder” can be used to
observe the output signals of the sensors, the connection bars, and the time it was

synced as shown in Figure 2.18.
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ccted) M looT517@ou.0du (account) & Sign out £ Preferences

[R| PARAGON ROBOTIC 10 e «
Configure devices

Next, let's configure your device(s)

« Make sure each device is powered on (more info)

« If you have multiple devices, you can confirm the ID number matches your
hardware (where do | find the hardware 1D?)

« Click on each "Unclaimed" device in the list below and claim it

Configure devices

Finished! Simple view  Batch view

Search| Type sea Q Yy~
+ Unclaimed (select device to configure)
+ SC12 temp/humidity v2 #4562
v Claimed
+ SC12 temp/humidity v2 #4651
« SC18 ext jacks v1 #1356
« SC18 ext jacks v1 #318
+ SC31 thermistor v1 #209
+ SC31 thermistor v3 #104
+ SC32 thermocouple v3 #123
+ 8C32 thermocouple v3 #124
+ SC34 small signal v1 #101
+ SC34 small signal v1 #102

Trouble finding device?

Figure 2.18: “Configure Devices” tab to claim or disclaim devices in the account

To verify that the thermistors are working correctly, these thermistors were
placed in the same space location — Mechanical room where the AHU is placed in —
with a SC12 temperature/humidity sensor for 48 hours. Widget tab of “DataAnalyzer”
can show a graphical image by choosing which data series is desired to be observed.
Figure 2.19 conveys the temperature of the room measured with the four thermistors
and SC12. The thermistors are more reliable than SC12 in accurately measuring the
temperature, thus any reading of the outside air comes from the thermistor detecting the
outside air temperature. The thermistors have less than 0.5% error with each other
confirming that all the thermistors are working properly with reliable data measuring

and logging ability.
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Figure 2.19: Paragon Robotics graphical interface of temperature change of
mechanical room measured with 4 thermistors and SC12 temperature/humidity
sensor (accessed in 3/23/19)

The four thermistors are then placed in each location: blue/green wired
thermistor near the supply fan after the cooling coils, red/brown wired thermistor beside
the filter after outside and return air is mixed, white/black wired thermistor behind the

return air dampers, and orange/yellow wired thermistor behind the outside air damper.

JIL $C31 thermistor v1 #209 "-“ c & Jﬂ, SC31 thermistor v3 #104 "-“ c o
OK (synced less than 1 minute ago) OK (synced less than 1 minute ago)
Group: None Group: None
ID: SC31 thermistor v1 #209 Alarm | Logging 1D: SC31 thermistor v3 #104 Alarm | Logging
Mixed Air Temp Outside Air Temp
(red/brown) 63.8°F - (orange/yello 558 °F
i Vd
Supply Air Temp Room Air Temp
(blue/green) 499 °F - (white/black) 71.2 °F
i Vd
283V 283V
Battery voltage # (85%) Battery voltage # (85%)

Figure 2.20: Real time software interface of the thermistors and SC31 devices
(accessed in 3/23/19)

After logging a full recording of one week without any fault introduced to the
system, the data can be exported and compounded into excel if necessary. Figure 2.21
shows a side-by-side comparison of the graphical profiles of the four thermistors from
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Microsoft Excel and Paragon Robotics. This figure represents a good reading of the
temperatures because the mixed air must always be between return air and outside air

due to the mixing process in the unit.
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Figure 2.21: Temperature of outside air, mixed air, supply air, and return air in a
period of one week represented through two different interfaces (accessed in
3/23/19)
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Outside air intake has governing engineering principles of dry air mass balance
(Equation 1), energy balance (Equation 2), latent heat balance (Equation 3), and

sensible heat balance (Equation 4). Equation 5 is the definition of the enthalpy.

Mogq + Myqg = Mypg 1)

Moaloa + Mralra = Mimalma 2)

moailatent,oa + mrailatent,ra = mmailatent,ma (3)
moaisensible,oa + mraisensible,ra = mmaisensible,ma (4)
i=c,T+h,W (5)

where m is the mass, i is the enthalpy, ¢, is the constant moist air specific heat of 0.242

Btu
Ibmax*°F’

Btu
Ilbma’

T is the temperature of the air, h,, is the constant vapor enthalpy of 1074

and W is the absolute humidity of the air. Sensible and latent heat are decoupled to

further simplify the equations as shown in Equation 6-9.

azﬁ 6)
lpg = A*lpg+ (1 —a)*iy, @)
Wing = a * Woq + (1 — ) * Wy 8
Tma = a*Tog+ (1 —a) xTrq ©)

where « is the ratio of the outside air and the mixed air.

Airflow rate of outdoor air intake is difficult to measure. The alpha can be
determined not only through the volumetric airflow rate but also with the temperature as
shown in Equation 9. With the measurements from the data logging system, the alpha

ratio can be calculated as shown in Figure 2.22.
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Figure 2.22: Alpha ratio with temperature of mixed air, outside air, and return air

The a is highest when the temperature of outside air is lower than or equal to
55°F, which is the supply air set temperature. This alpha ratio is used to determine the
energy used to dehumidify the air in hot and humid outdoor air climate with Equation 8.
The “free air” operation is meant to introduces 100% of outside air while return air
damper is blocked to utilize the least mechanical cooling and save energy consumption.
However, the measurements show the highest alpha ratio is less than 90%. This can be
interpreted as the return air damper has leakage. Due to the higher temperature of the
mixed air compared to the outside air temperature during the free air operation, the
existing operation is not optimal or fault-free.

2.2.4 Heat Exchanger
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The cooling coil is a key component of the AHU system as it is the primary way
of cooling the air as the air is drawn through the coils by the fan. The amount of cooling
is controlled by the actuator valve that can close and open to the necessary amount for
its demand. The amount of energy needed to be cooled must be equal to the energy
gained to satisfy the supply air temperature requirement. During mechanical cooling,
AHU uses the actuator valve positioning control to control the flow and pressure of the
cooling coil. The exiting and entering temperature of the cooling coil is essential to
analyze the effectiveness of the energy transfer of the cooling coil.

The type K thermocouple probe with a metal penetrating probe is attached to
the SC32 device. The thermocouples penetrate through the insulation to touch the
cooling coil pipe to ensure accurate reading of the temperature. The SC32 device is then
claimed and connected as any other devices in the “Configure device” tab shown in
Figure 2.15. SC18 is used with an input cable of 0-10 VDC to detect the positioning of
the actuator valve of the chiller water. The cable is installed into the actuator valve

connect to receive output signal of VDC to identify the positioning of the actuator valve.

Figure 2.23: Type K thermocouple installed and penetrated through the insulation
and 0-10 VDC cable installed to actuator valve of chiller water pipe

Figure 2.24 depicts the graphical image of the position of the valve and the

cooling coil energy transfer. As the valve increases in voltage, inversely, the chiller
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water inlet and outlet temperature decrease. And as the valve decreases in voltage, the
chiller water inlet and outlet temperature increase. Decrease voltage means a more
opened position of the valve and increased voltage indicates a more closed position to
stop the energy transfer. It infers that when cooling load is less (during night time), the
valve actuator closes the flow of the chiller water and when the cooling load increases,
the valve actuator opens to provide the cooling phenomenon. The DuraDrive linear
actuator valve is controlled with proportional Models by 2-10 Vdc signals and set in a
direct-action function (output signal increases as valve opens, or flow rate increases). It
has a dial feature that can control the maximum percentage of opening of the valve. It is

set to 60%, depicted in Figure 2.23.
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Figure 2.24: Relationship between chiller water inlet and outlet temperature and
actuator valve output signal during a week period (accessed 3/24/19)

The heat transfer process can be examined with the fundamental principle of
conservation of energy. The total energy transferred from the air to the chiller water
coils in the cooling coil section must be equal. The energy transferred can be

categorized as sensible or latent heat. Sensible heat is associated with the heat related to
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the temperature change. Latent heat involves the heat caused by phase change of a
compound. In the AHU, the evaporator coils, chiller water coils in this case, has
features of cooling of air temperature and dehumidification. So, when the outside air is
dry, such as in the spring season (the testing season for the thesis study), the total
energy can be represented by the sensible heat from the cooling of air temperature,
which must be equal to the logarithmic mean temperature difference (LMTD). LMTD is

used to determine the temperature driving force for heat transfer in flow systems.

Qair-side = Qwater—side = Qlogmean temperature dif ference (10)
Qair-side = sensible T Qiatent (11)

Qiog mean temperature dif ference = U * A * LMTD (12)
Qsensible T Qratent = U * A * LMT D ro5s_fiow (13)

where as §,ir—siqe denotes the air-side heat transfer rate, q,yqter—siae 1S the water-side
heat transfer rate, giogmean temperature aifference 1S the heat transfer rate of the cooling

coils expressed with log mean temperature difference method, ggensinie 1S the sensible
heat, q;4:en: 1S the latent heat, U is the heat transfer coefficient, A is the exchange area,
and LMTD is defined as logarithmic mean.

The logarithmic mean temperature difference is defined differently in two
applications: cross-flow or parallel flow. In this application, the airflow through the
cooling coils are considered as cross-flow, and the air is considered as hot fluid and the

chiller water as cold fluid in Equation 14.

LMT Dcross—flow — (Thotintet=Tcold,intet) = (Thot,outiet=Tcold,outlet) (14)
(Thot,inlet_Tcold,inlet)

( )

(Thot,outlet‘Tcold,outlet)

In
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Qsensivie 1S defined as the product of the air temperature difference of the inlet and
outlet, volumetric airflow rate, specific heat of air, and density of air. The U * A and
cp * p in Equation 15 is considered constant which only affects linearly and q;4¢en; IS
assumed as zero, thus Equation 15 is formed and used to verify the data measured with

the thermistor and temperature probes.
Gsensivie = Cp * P * Q * AT = UA * LMT Dy oss—fiow (15)
C * Q * AT = LMTDcross—frow (16)

where C represents a constant value.

Figure 2.25 shows the relationship between the product of air-side temperature
difference and volumetric flow rate and the LMTD. This demonstrates the quality of the

measurements from the sensors.
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Figure 2.25: Relationship of the product of volumetric flow rate and temperature
difference of mixed air and supply air and the log mean temperature difference
(accessed 4/8/19)

Figure 2.26 shows the representation of the water-side temperature difference

and the log mean temperature difference, but due to the transient response of the valve
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and the cooling effect, the graph does not show a well-defined linear pattern. Also, the

valve position signal was very constant of 0% and 40% not providing enough data in

-y

between those positions.
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Figure 2.26: Relationship of the product of the position of the valve and
temperature difference of chiller water inlet and outlet and the log mean
temperature difference (accessed 4/8/19)

Figure 2.27 shows the installation of the pressure sensor. A pressure gauge with
a meter that displays the pressure reading at that time is connected to calibrate the
Paragon Robotics device. Omega PX309-200GV is a pressure gauge that has an input
voltage of 5 VDC and outputs signal voltage range of 0-100mV corresponding to the
measurement of pressure range from 0 to 200 psi. The issue of the Paragon Robotics
device that reads the output mV readings from the pressure gauge could only generate 3
VDC for the Omega sensor, creating the output signal to skew. The calibration did not
work as needed to, so an external power supply was added to provide the 5VDC to the

gauge.
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After verification of the output signal to give the right amount of mV with a
multimeter, the output signal wires were connected back to the device. However, it was
later discovered that the device is hardwired with a specific calibration system and it
could not read the output signal with 5VDC powered sensor. Although pressure
measurements of the chiller water would have been extremely useful examine the
performance of the water flow versus the position of the valve, but due to the time

constraints of the project, it is no longer investigated with priority.

Figure 2.27: Chiller water pressure gauge installation with the Paragon Robotics
device to detect the mV output signal from the Omega pressure gauge

22,5 Fan

Flow of any fluid is caused by difference in pressure between two points. The
direction of that flow equals high pressure to low pressure, or high energy to low
energy. In HVAC systems, fan head pressure causes the flow to occur. Flow of air in
duct is defined by three fundamental laws of physics: conservation of mass,
conservation of energy, and conservation of momentum.

Bernoulli’s equation (Equation 17) uses the conservation of mass and

conservation of energy in terms of pressure in a flow with two points.
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P1+%12+pgzl+pw =P, +%22+pgzz+pgAl a7
where P is pressure at certain point, p is density, v denotes velocity, g is the
gravitational constant, z is the height of the certain point, w/ p is the fan or pump
pressure head, and | is the distance of the pressure loss. And for air fan, Bernoulli’s
equation can be condensed down to Equation 18. When this equation is simplified by
the assumption of the fan inlet total pressure reflects the total pressure lost upstream of
the fan and the fan outlet total pressure reflects the total pressure lost downstream of the
fan, Equation 19 is formulated. Fan head, or the differential pressure of the fan, is very
essential for the AHU operation as it provides the flow of the whole system.

P,1+pw=P,, +pgAl (18)

APfan = pgHran = pW = Py outiet — Po,intet = Z(Apo,i)up + 2 (4Py1) aown = 2 APy
(19)

Differential pressure sensor is installed to measure the fan head pressure. The

tubes connect to the device and the other ends of the tubes are placed before the fan and
after the fan. Figure 2.28 is a visual representation of how the tubes are placed in
specific locations to sense the static pressure. The pressure is translated to inch.water
and this measurement is utilized to assess the performance of the fan compared to the
fan curve given by the manufacturer. Figure 2.29 gives the graphical interface of the

differential pressure in real-time through the Paragon Robotics “DataAnalyzer”.
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Figure 2.28: SC76 Differential Pressure sensor with two tubes connected. One tube
connected to the duct after supply fan into tee tube fitting for negative pressure
reading
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Figure 2.29: Differential pressure measured in inch.water (accessed in 4/3/19)

Conservation of mass states that mass is neither created nor destroyed. The mass
of air coming into a specific volume in the HVAC system is equal to the mass of air
leaving. And because air is assumed to be incompressible in HVAC systems, the change
of air density is zero. This can be translated into the equation of volumetric air flow
exiting is equal to the volumetric air flow entering. That volumetric air flow rate can be

separated to the product of velocity of the flow and area. This introduces Equation 20.
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UZ — (171 *Al) (20)

Az

where, v is velocity and A is area. In AHU system, this equation can be used to
determine the new air velocity with the new cross-sectional area size.

Two TSI air velocity transducers are installed in different points throughout the
AHU system, one in the duct right after the fan supply and the other in the AHU before
the cooling coil system. The opening in the tip of the probe is carefully placed to be
horizontal against the flow to allow most accurate reading. The data recorded from the
probe in the ductwork is reviewed with caution due to the turbulence created by the

bend of the ductwork.

RENIA
<V

Figure 2.30: TSI air velocity transducer installed in supply ductwork

The velocity probes calculate the velocity, and the output signal is given in the
units of mA. The range of the output signal is 4-20 mA and the range of the velocity
that the probe can measure is 0-4000 ft/min. This gives the linear relationship of

Equation 21.

ft ] _ 4000
min 16

v % (Aefm [mA] — 4) (21)

where, A s, is the output signal from the transducer in mA units.
Although the airflow velocity measurements of the probe in the duct is

unreliable, the data can be used to see if it has similar range of volumetric airflow rate

as recorded with the probe. The velocity measurements in, ft/min, are converted to
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volumetric airflow rate, in units of CFM, by multiplying the cross-sectional area of the
flow. Cross-sectional areas of the duct and AHU are 24 and 60 ft*2, respectively.
Meanwhile, simple moving average equation, in Equation 22, is used to reduce and

filter the noise of the signal of the duct velocity probe.

Py = DLDMATIPMED — 2y () (22)

Figure 2.31 shows the airflow rate detected in AHU and the supply duct.
Although the volumetric flow rate is in a similar range, the duct measurement
modulates too heavily even with the simple moving average filter applied (5 samples).

This volumetric airflow rate points of the AHU are utilized in the later sections to

determine the operating conditions of the supply fan.
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Figure 2.31: Volumetric airflow rate measured and recorded in supply duct and
AHU during 12 hours (accessed in 4/1/19)
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VFD control systems are widely used in fans, pumps, and compressors in
HVAC systems, and in this application, VFD control system is used for the fan motor
control to modulate the speed and maintain the discharge air static pressure or the
temperature in worst zone at its set point. Compared to a VAV system of controlling the
supply airflow rate to the spaces with damper modulation, VFD system, by adjusting
the fan speed which directly translates to level of power consumption of fan motor, is
expected to have maximum potential energy savings of 75%. VFD can also measure
several useful electrical-related parameters, which could be used for system monitoring

and FDD purposes.

Figure 2.32: VFD control panel with 0-10 VDC wires connected
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Figure 2.33: Relationship of fan speed and power output signals of VFD in V and
differential pressure in inch.water

Figure 2.32 shows the VFD system panel and the output signal wires connect so
the data logging system can record it. And Figure 2.33 depicts the relationship between
rpm and power output signal in voltage, verifying that data logging system is correctly
connected because rpm and power are both increasing and decreasing simultaneously.
By obtaining the maximum fan speed in rpm and power in horsepower in the Fan
Schedule from the AHU design specification (Appendix A), the output signals of fan
speed and power can be converted with Equation 23 and 24.

Fan speed [rpm] = 138.1 x V,,,,,, [V] (23)
Power [kW] = (Vyower [V] * 2 * 30 % 0.746) (24)
where, V.,.,, is output signal of AM and V., is output signal of FM.

In HVAC system, the relationship of the airflow rate and the pressure of the
system is expressed as second polynomial increasing function in Equation 25.

Hpqn = APy = SQ? (25)
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where S is the system resistance factor, which depends of the duct size and damper
position. From this equation, this system characteristics curve is drawn and compared
with the curve given in the submittals by the manufacturer, Nortek. This equation then
introduces the Fan Law (Equation 26-28) giving the relationship of the airflow and fan

speed (Fan Law 1), fan head and fan speed (Fan Law 2), and fan power and fan speed

(Fan Law 3).
anQown - wk::)wn (26)
oo = o). 21)
ol — (28)

Appendix B is the AHU data sheet from the submittal of the manufacturer. In
page 2 of the data sheet, a fan curve of rpm 1381 is given with its system curve. This
fan curve and system curve is recreated in Figure 2.34. This figure also shows the fan
head and its corresponding CFM (CFM data is of the velocity probe in the AHU). The
fan head and CFM is then corrected by using Equation 28, 29, and 30 adjusting the
speed to 1381 RPM which are derived from the Fan Law and is plotted in the figure to

compare with the curves provided by the manufacturer.

_ H fan,measured
Hfan,d - (“’measured)z (28)

@q

Q4 — _Ymeasured (29)

Pmeasured
(Pmegsured,

Pd — Pmeasured (30)

(“’measured)g
wq
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Figure 2.34: Fan head vs airflow rate and power vs airflow rate with fan curve
from the manufacturer

As shown in the figure, depending on the outdoor climate, the fan head and
volumetric can change. Thus, the longer range of data collection result in a wider range
of the system curve. The baseline system curve (blue curve) compared to the system
curve form the manufacturer shows that the system is already operating in a higher S
curve indicating that there is a greater fan head, or total static pressure, with a lower
volumetric flowrate. With the greater S value, the fan consumes more power to achieve
the same amount of fan total static pressure.

2.3 Conclusion

After examination of the AHU system, the data logging system is selected to
appropriately detect the necessary variables to study the AHU performance. Paragon
Robotics devices are installed accordingly and calibrated to record accurate
measurements. Then, the devices underwent an experiment of one to two weeks to

observe the current state of each section of AHU and analyzed.
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Chapter 3: FDD Development

As mentioned in the introduction, FDD analysis has different categories of
methods. FDD methods range from those based on physical and analytical Models to
those driven by analysis of historical performance data using either artificial
intelligence or statistical techniques. The method of FDD applied to a system differs
depending on the following:

e The type of system to which it is applied

e The level of detail of diagnosis required

e The cost of implementation

e The degree of automation

e Tolerance of false positives

e The quantity of input data required

e The number and location of sensors present
Although development of methods using combination of different techniques has been
popular and effective, a simple rule-based method is chosen to be the most optimal
decision to determine the next step of analytical FDD methods with the cloud-based
data logging system. The rule-based method is dependent on type of fault that is
examined, thus the common faults of AHU systems are identified, and the method is
developed to detect the specific faults observed from the list. In this chapter, the

development of FDD method is described.

47



3.1 Design of Faults in AHU systems
3.1.1 Operational Modes in an AHU

Typically, there are four primary Modes of operation in the operation sequence
of an AHU controller. Sequencing logic determines the Mode of operation as dictated
by various thermal relationships including the internal and external loads on the zones
served by the AHU. In the heating Mode (Mode 1), heating coil valve is controlled to
maintain the temperature of the supply air while cooling coil valve is closed and the
dampers for outside air, return air/exhaust air are operating to meet minimum
ventilation requirements, which rarely happens except extremely cold climates. When
outside air temperature increases, the sequence switches to Mode 2, which closes both
heating coil valve and cooling coil valve while controlling the outside air dampers to
maintain supply air temperature. Mode 3 is set when cooling coil valve is operating to
keep the supply air temperature while using as much outside air as possible for “free
cooling”. Then when minimum outdoor air fraction is propped, the sequence is set at
Mode 4. Figure 3.1 shows the relationships of Mode 1 through 4 and the operations of

AHU components.
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Figure 3.1: Typical operating Modes of AHU [4]

3.1.2 Typical Faults of Air Handling Units and Fault Selection

During operation of the AHU controller discussed previously, any failures in the
components, such as the fan, duct, actuators, sensors, etc., can significantly decrease the
efficiency of the AHU. Table 3.1 gives a compilation of several typical faults in systems.

Table 3.1: List of Typical Faults on AHU [25]

Category | Device Typical Faults

Equipment | Fan Pressure drop is increased
Fire damper stuck and increase in resistance
Decrease in the motor efficiency

Belt slippage
Duct Air leakage
Cooling cail Fouling (fin and tube) leads to reduced capacity
Actuator OA, RA, and EA | A damper is stuck or a faulty position is operated
dampers Air leakage occurs at fully open and closed
positions

Heating coil valve, | Valve stuck, broken, or wrong operating position
cooling coil valve, and | Leakage occurs at fully open and closed positions
preheating coil valve | of the valve

Sensor SA, MA, OA and RA | Failures of a sensor are offset, discrete or drift
temperature
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MA, OA and RA | Failures of a sensor are offset, discrete or drift

humidity

OA, SA, and RA flow | Failures of a sensor are offset, discrete or drift

rate

SA and zone pressure | Failures of a sensor are offset, discrete or drift
Controller | Motor modulation Unstable response

Sequence of heating | Unstable response
and cooling coil valve

Flow difference System stuck at same speed
Static pressure Unstable response
Zone temperature Unstable response

Out of the list, three faults are selected to be tested and introduced: (1) outside air
economizer damper stuck closed, (2) fouling of fin and tube on cooling coil, and (3) fire
damper stuck closed affecting the fan. Figure 3.2 shows the faults introduced in their

corresponding sections of the AHU system.
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Figure 3.2: Faults located in the corresponding components of the system
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3.1.3 Outside Air Intake: Outside air damper fault

Outside air damper fault is critical to the operation Modes as it can provide too
much outside air needed or not enough. This excess of outside air can challenge energy
savings because hot outside air mixed into the return air results in a greater cooling load
to the system. On the other-hand, no outside air can impact human health, as it is unable
to meet indoor air quality and ventilation requirements of providing enough outside air
to eliminate harmful contaminants and gaseous chemicals. This can also impact the
operation sequence of Mode 2 and 3, “free air” process, when outside air is at set point
temperature of the supply air and the air does not need any heating or cooling. The
reduced amount of outside air in this condition prevents the “free air” operation
altogether, not allowing full 100% outside air into the system.

Fully closed outside air damper is introduced into the system. This means that
not only can it allow the system to meet ventilation requirements but fully removes
operation Mode 2 and 3. APAR rule-based FDD can identify the following faults:

e Stuck or leaking mixing box dampers, heating coil valves, and cooling coil
valves;

e Temperature sensor faults;

e Design faults such as undersized coils;

e Controller programming errors related to tuning, setpoints, and sequencing logic;

e Inappropriate operator intervention.

This method is a perfect application for this type of fault.

APAR includes rules of the heating Modes. In this project, the rule-set created

by J. Schein et al. are condensed to only distinguish faults during Mode 2, 3 and 4 in
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Table 3.2. Also, it has been modified due to the inaccessible measurements such as the
supply fan temperature increase and a robust cooling coil valve signal. In addition to

this rule-set, the impact of the energy consumption of this fault compared to baseline

operation.

Table 2.2: Condensed APAR rule set
Mode Rule | Rule expression
Cooling with Outdoor air | 1 Toa <Tsq + &
(Mode 2) 2 o> 0.8 — &
Mechanical Cooling with | 3 Toa < Trg + &
100% Outside air (Mode 3) | 4 0.8 >x> 0.2 — g4
Mechanical cooling with |5 Toq > Trg — &
minimum outdoor air 6 x< 0.2 + &4

3.1.4 Heat Exchanger: Fouling of cooling coil

Fouling of cooling coil refers to the accumulation of contaminants on the water-
side or air-side of heat transfer surfaces. The fouling increases the thermal resistance
and decreases the performance of the equipment. Countless studies of the effects of
fouling are published to address the problem. Some of these studies suggest increased
pressure drop due to airflow decrease in the system and reduced the thermal
conductance, which directly decreases the thermal effectiveness of water-cooled air
coils in HVAC systems. [28] [29] The most compelling method to detect this fault is the
diminished temperature difference in the water coils due to the reduced thermal

effectiveness.
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Qwater—side = M * Cp * ATy qter (31)
Equation 31 describes the heat transfer rate of the water-side. When the thermal
effectiveness of the coils decreases, the temperature difference of the inlet and outlet of
the chiller water decreases. This introduces the low delta-T syndrome. This
phenomenon occurs when the difference between the supply water temperature and the
return water temperature is less than design. In order to provide the same amount of
heat transfer rate, the mass flow rate must increase which in turn increases the power of
the pump to generate enough flow. Some of these cases can consume up to 25% in total.
[30]
3.1.5 Fan: Fire damper stuck

The performance of the fan heavily relies on the pressure, system resistance, and
the volumetric airflow rate. This is due to the governing equation of the fan written as
Equation 25 in Chapter 2. When flow through the system increases, the fan head
required increases by the square. Similar to the current flow (current can only flow
through a resistance by the application of a voltage, flow of air can only be caused to
flow through equipment by the pressure drop. Due to the complicated nature of the flow
path in equipment, most designers/manufacturers yield to testing the equipment for its
resistance characteristics instead calculate the fluid flow equations.

From this testing, the system curve and the fan curve are created for the building
HVAC designers to use and select the most suitable HVAC systems to the specific
projects. The system resistance, S, is believed to be set. The VFD controls then can
monitor the fan speed and manipulate the resulting airflow rate and pressure required to

increase efficiency and consume less energy (power) by maintaining the system curve.
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Figure 3.3: A baseline operation of the VFD control regulating the fan speed and
the result of changing 100% fan speed to 90% fan speed [26]

When fire dampers are stuck closed and choking the flow of the system, the system
resistance increases. When the system resistance increases, the overall fan’s efficiency
decreases as it maintains the same fan head but generating less airflow rate. This

increase the power consumption.
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Figure 3.4: A baseline operation of the VAV control regulating air flowrate by
closing dampers and representation of the result of stuck closed dampers [26]

FDD for system resistance increase is required for all types of HVAC to
maintain energy saving. It is closely studied in this study as the fault is simulated. The
FDD program shows a visual comparison of how the fault had changed from its
baseline operational duration. Finally, it provides a comparison of the energy
consumption of the baseline operation and fault-simulated operation to deliver the effect
and significance of the fault.

3.2 Experimental Procedure and Result

Faults are simulated in each sections of the AHU. The experiment procedure and
the results are described in detail in this section of the chapter. It also explains the
implication of these FDD results and the energy consumption comparison for each of

these faults with the baseline operation.
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3.2.1 Blocked/Stuck fully closed outside damper fault

Outside air damper can affect most during mode 2 and 3 when outside air is
utilized as free air. This is when the temperature of the outside air is lower than return
air. The fault is simulated during the day when the outside air is lower than return air to
represent the importance of this fault to the energy consumption. The set of rules listed
are implemented as primary FDD method. The threshold must be set to calibrate the
FDD.

&, threshold value of temperature for rules 1, 3, and 5, and &, threshold value
of alpha ratio for rules 2, 4, and 6, must be set according to the baseline operation of the
specific system to correct the rule-based FDD set and match to how the HVAC system
operates in its current state before the fault is simulated. The purpose of the threshold
values is to create leniency and a wider range to the rules as it analyzes through the data

measurements as shown in Figure 3.5.
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Figure 3.5: Example of the effect of threshold in the rules for detection of
operating mode
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Figure 3.6: Stuck fully closed outside damper fault simulated result of 4/14-15
(accessed in 4/20/19)

Figure 3.7 shows the yellow cell for input. The thresholds are set until the cell
under “Any Fault? [Y,N]” indicates N. The thresholds must be also reasonably set
without altering the rule. &, must be under 5 degrees and &, must be under 0.05 for time

variance.

Fault-Free Operation
o e_a(rule 2,4,6) €_T (rule 1,3,5) Rule 1 Rule 2 Rule_3 Rule_4 Rule 5 Rule_6 2 3 4 Fault Any Fault? [Y,N]
0.85547 0.01 4 1 1 1 0O O 0 1000 N

Figure 3.7: Baseline operation section with input cell of thresholds

Then, the same set of rules with the thresholds runs through the fault simulated data to
test the FDD system. Figure 3.8 depicts the same set ran through the fault simulated

data and detecting that there, in fact, is a fault.

Fault Simulated Operation
o €_a (rule 2,4,6) € T (rule 1,3,5) Rule_1 Rule 2 Rule_3 Rule_4 Rule 5 Rule_6 Mode 2 Mode 3 Mode 4 Fault Any Fault? [Y,N]
0.076467 0.01 4 0 0 1 0 O 1 0 0 01

Figure 3.8: Fault simulated operation section with fault detected
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When this fault is present, mode 2 and 3 is eliminated because the outside air
cannot be used for the cooling of mixed air. The temperature of mixed air is most likely
same as the return air. To visually show the impact of fault in its energy consumption,
sensible heat is calculated by using Equation 32.

Gsensibie = 1.1 % Q * (Trg — Tsq) (32)
Note that the average of volumetric flow rate of the fault free operation, 10800 CFM, is
set and utilized in the equation to only assess the difference of the heat transfer due to
the temperature difference caused by the damper fault.

The corrected alpha ratio is found in the same faulty data depending on the
mode (outdoor air temperature) corresponding to the baseline data. For example, when
the outside air temperature measures under 55 degrees, the alpha ratio is corrected to
85% which is given by observing the baseline operation. And when the outside air
temperature measures under 75 degrees but greater than 55 degrees, the alpha ratio is
corrected to 55%, which is also given by observing the baseline operation. Another

sensible heat is calculated and compared.
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Figure 3.9: Sensible cooling load during baseline operation and fault simulated
operation

For this specific time of study, outside air was mostly lower than the return air.
In Figure 3.8, baseline operation required 172.56 kBtu/hr of cooling capacity and fault
simulated operation needed almost double which is 302.18 kBtu/hr of cooling capacity.
This shows the enormous effect on energy consumption due to the outdoor air damper
stuck closed. The closed damper limits the AHU to utilize the cold outside air and
required to cool the warmer return air in times of mode 2 and 3.
3.2.2 Fouling of Coll

The fouling of coils is simulated by blocking the air entering the coils as the
contamination in the coils blocks the air from entering. The blockage reduces the
cooling effect due to the lack of surface area for heat transfer. During simulation of the
fault, the data is recorded and analyzed which is shown in Figure 3.10. The figure
shows that a drastic change in the outlet temperature of the chiller water at 5:30 PM
which is when the fault is simulated. The difference of inlet and outlet temperature of

the chiller water is decreased and thus the low delta-T syndrome. In the figure, the blue
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line indicates an increase when the fouling is introduced to increase the mass flow rate

of the water, so it provides enough heat transfer rate from the decrease of delta-T.
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Figure 3.10: Temperature of inlet and outlet of chiller water, position of valve, and
air temperature before and after the fouling fault simulation (accessed in 4/17/19)

The FDD program evaluates the temperature difference of baseline data and the
fault simulated operation data. It also analyzes the position of the valve. When there is
heat transfer (valve position is not closed), then the FDD indicates if there is a decrease
in temperature difference of the chiller water during baseline operation and fault
simulated operation. Figure 3.11 depicts a portion of the FDD program that indicates if
there is a fouling of the cooling coil and the changes of the operation is also provided.

Change due to Fault
A(AT) % change mass flow mean % change mass flow
-2.849561 0.167666417 0.216732728

-3.499518 0.210238359
-3.299518 0.197039342

Fault [Y,N

Figure 3.11: Portion of FDD program that exposes the existence of fouling fault
and illustrates the impact of the fault

The fault decreased the temperature difference of the inlet and outlet of cooling coil.

Thus, the mass flow rate increased to satisfy the cooling load requirements. The average
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percentage rise of mass flow rate, 21.67%, results in an increase of chiller plant power,
or an efficiency loss, which can be estimated from the chiller manufacturer’s technical
data sheet.
3.2.3 Stuck closed fire damper/Overall increase of system resistance

The stuck closed fire damper is simulated by blocking areas inside the AHU
equipment. The blockage causes a great amount of noise due to the narrower path that
the air must take and the increased air velocity. Figure 3.12 shows a real-time
visualization of the pressure required, fan speed, volumetric airflow rate, and the power
consumed. The figure shows a change in all categories when the fault is introduced.
The airflow rate is minimally decreased indicated by the blue line, fan pressure head is
increased shown with purple line, the red line shows an increase in the fan power, and

the yellow line indicates the fan speed.

y ccted] M loe?517@ousdu sccount) & Sign out & Preferences

[[R]PARAGON ROBOTICS

Voltage

Normalized

9259

5.00PM¢ S5
-05] (2019/04/04)

Time

Figure 3.12: Visual representation of the fan parameters during the fault
simulated operation in Paragon Robotics website (accessed 4/2/19)

The data from the simulated fault operation duration is loaded into the FDD

program. It provides the figure below that indicates the change in the system curve.
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Compared to the blue trendline which is the baseline operation system curve, the system

curve has shifted to the left which indicates the increase of the system resistance, S.
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Figure 3.13: System curve of design from manufacturer, baseline, and fault
simulated operations

Due to the dynamic changes of the system, a low level of shifting of the system
curve can occur, so a threshold is given to provide time delay for any transient
properties. The threshold is dependent on the quality and amount of the data from the
baseline operation. The mean value of the measured fan head, measured volumetric
airflow rate, design fan head and the volumetric airflow rate are calculated to indicate
the system curve as well as defining the threshold.

A limit of S values of the baseline condition is given as Stnreshoid. When the
system curve shifts further left, moving out of the range of baseline condition (or shows
a higher value of S compared to the Sthresnold), then it indicates a fault of fire damper
stuck closed in the FDD. And as the FDD program indicates the fault, it notifies the
operator/user the level of significance of the system as shown in Figure 3.14. Colors of
green, yellow and red mean good, okay, and bad condition, respectively. The threshold

is set by finding the ratio of Smean Of baseline operation to Smean Of faulty operation and
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calculating the Stnreshoid With the minimum of the volumetric airflow rate with its
corresponding fan head (Equation 33). Then, Equation 34 utilizes the threshold to detect
if there is an increase of the S value from a fault in the system. The figure indicates that
the operation with the simulation of fault is more than 40% divergent from the Sthreshold

of the baseline operation.

Hmean
Sthreshold = Gy 109ma)? (33)
Smean,faulty > Sthreshota * (1 + gfd) (34)

Threshold
1%
2%

Fault [Y/N] |Good
Not Optimal

Critical

Figure 3.14: A gauge of how critical the fault is by giving a threshold to the S value
compared to the Smax

After this, to compare the energy spent for 30 days with fault and without fault,
the mean of power data, measured directly from the VFD control panel, for both
operations were calculated and multiplied by 720 hours, which is a typical duration of
filter change/maintenance of HVAC systems. The difference of kWh ratings gives a

physical meaning of the effect of the fault. Shown in Figure 3.15, baseline operation
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used 3116.96 kWh of power, whereas, faulty operation consumed 4421.14 kWh of
power. This type of failure of fire dampers stuck closed can potentially consume more

than 40% more power.

Energy Consumption Comparison

5000
4500
4000
3500 3116.95559
3000
2500
2000
1500
1000
500

4421.143235

kWh

m Fault free 30 days m Fault 30 days

Figure 3.15: Energy consumption of 30 days of baseline and fault simulated
operations
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Chapter 4. Conclusion and Future Work

In this thesis, an air handling unit with a variable frequency drive control is
evaluated. Then, a cloud-based data logging system with appropriate sensors is
implemented into the AHU to measure and record different variables. The data logging
system is then verified and tested by collected baseline data (existing operation before
designed faults are purposely introduced) of the system to assess the current condition.
Typical faults of AHU are selected and simulated into the system to collect the faulty
data. Faults are detected by a rule-based and data driven method. FDD is created to test
the system and energy loss due to the faults are included to indicate the energy saving
potential.

The following list summarizes the major works done in the thesis.

1. Literature reviews show various types of FDD methods and usefulness and
application purposes of each types. These types are categorized in three: rule-
based, data-driven, and model-based. And hybrid techniques, a combination of
two or three, have been highly successful and efficient in detecting and
diagnosing faults. Although the eminent effectiveness of these studies,
applications of FDD in the HVAC industry has not been advancing with the
technology of today compared to other industries. Information technology is
practical and constructive for the HVAC industry to serve as a main tool to
analyze the HVAC systems in depth and control them with greater precision to

conserve energy.
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2. The AHU is evaluated through the schedules given and the submittals from
manufacturing company. Parameters needed to be recorded in the AHU are
considered, and corresponding sensors and devices are selected/chosen to assess
the condition of the system before any faults. Experimental results are recorded

to analyze the AHU and the cloud-based data logging system.

3. Cloud-based data logging system implemented into the system, supplied and
manufactured from Paragon Robotics, were easy to handle and robust. Paragon
Robotics customer service is outstanding and helpful to locate and solve any
problems of the software or hardware. The company responds quickly to
inquiries and returning/shipping of devices. The real-time data is examined
quickly with Paragon Robotics software on-line or exported and analyzed
thoroughly in third-party applications.

The difficulties that the devices faced in the thesis came from the simplicity of
the design. Since the devices does not have any displays but only LED lights,
there were problems when the user had to connect and claim the devices on a
more complex Internet networks such as the one of University of Oklahoma
with greater security. The DataAnalyzer widget has some bugs that were not
fixed in the duration of this thesis such as outputting an incorrect value of the
difference of two temperatures from thermistors. Lastly, the software developing
tool is offered but requires a great amount of knowledge on HTML and JAVA

Script coding.

66



4. Faults of outside air damper stuck closed fully and fire damper stuck fully are
simulated to record the measurement information to the cloud and analyze the
result of the system. Rule-based/data-driven method is developed. The FDD
system is implemented with max energy consumption analysis due to the faults

to provide bigger perspective of the problems of the faults.

A new application to cloud-based data logging system was successfully
implemented into the AHU system and FDD was validated with the system during
this thesis project. Some of future works are still reviewed and listed below to
further advance this application.

1. More instruments verifications must be performed with the device. The
calibration problem with the water pressure gauge must be identified to deliver
robust measurements of the cooling coil flow rate. Also, other sensors such as
the Hall Effect liquid flow sensor, ultrasonic flow sensor, and more are to be
initiated into the system to provide a wider range of variable measurement

techniques and variety of tools associated with the data logging system.

2. FDD methods are implemented through off-line setting by exporting the data
measurements onto an external software program. Since the device company has
capability of software development in its tools, real-time monitoring can be used

for real-time FDD “widget” software developed and implemented.
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3. The portability of this device is highly applicable to test other systems. This
project can be performed in different types of HVAC systems, such as
commercial roof-top units (RTUs), AHU with VAV controls, split systems, and
more. The more experiments performed can develop a more robust system and

produce greater advancement to the cloud-based technologies.

4. Development of different FDD methods is crucial to progress the project. The
cloud-based system can easily implement different FDD methods or already
developed methods and test the methods. And these methods can also be
compared with each other simultaneously with real-time data and examine the

better methods for specific systems.
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Appendix A

Table A-1:Specifications of AHU Cooling Coil and Fan

AHU Cooling Coll

Variable Value Unit
Total capacity 985.388 kBtu/hr
Sensible capacity 787.244 kBtu/hr
Air flow 25,415 cfm
Max coil velocity 498 fpm
Entering air dry bulb temperature 78.8 °F
Entering air web bulb temperature 63.3 °F
Leaving air dry bulb temperature 50.3 °F
Leaving air wet bulb temperature 49.8 °F
Entering water temperature 42 °F
Water flow rate 145 gpm
Max air pressure drop 0.87 in H20
Max water pressure drop 7.71 ft

AHU Fan Specifications
Variable Value Unit
Max air flow 25,415 cfm
Min air flow 9,150 cfm
Motor 30/1750 HP/RPM
Total static pressure 2.5 in H20
Speed 1,420 rpm
Mechanical efficiency 57 %
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Table A-2: Control Valve Schedule

Control Valve

Variable Value Unit
Water Flow 144.8 GPM
Valve Size 2-1/2 Inch
Shut-Off Pressure 50 Psig
Fail Position NC N/A
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Appendix B: Air Handling Unit Data Sheet

Ki Temtrol B e

www.temtrol.com Unit Tag: AHU-2
Serial Number: U103054-002-00
Report Created: 4202007 10:37:05AM Submittal 5 Model Number: WF-DHS3
Job Name: OU WAGNER SASC Unit Type: INDOOR
Rep. Firm: ENGINEERED EQUIPMENT, INC. Unit Weight: 11174 Lbs.
Rep. Contact: TRAPPER WILSON (@ 525-7722
Temtrol Eng.: STA
Unit Notes

5" Piping slecves provided by TEMTROL. Located and installed by OTHERS in the field.
L-10 200,000 Hr life bearings.

Unit Details

Exterior Casing: 16 ga. G-90 Galvanized - No Paim

Floor Material: (316)-Tga. Alum. Tread Plate

Sub Floor Material: 16ga. Galvanized

Base Size: 2xS5x 1/8in,

Aceess Doors: Quantity  Windows LOSL. PKS. Louvers

+ 0 0 1 0

Static Pressure Summary

Supply
Description. Static
COOLING SWC-6-36 X 106 X 8- 10 AL 0.94
4" PLEATED ANGLE 30% 0.60
R/A OPENING 0.10
FACE & BYPASS VIFB 023
Internal Static Pressure 1.89
Avaliable External Static Pressure 2.0
Total Supply Static Pressure 4.39

Comment:

Electrical  VAC/PH/MZ:  208/3/60

Unless otherwise noted below all electrical and awtomatic control devices are furmnished and installed by others in the field.
Fan motor wired to an exterior mounted junction box,
120 volt power for lighting and/or GFI outlets shall be provided by Others

(See attached cut sheet) Fan access door(s) equipped with a de-energizing switch. Wiring 10 motor starting device by Others.

Bock-to back= j~boxes, (Se¢ drawing for locations)
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K3 Temtrol S

www.temtrol.com Unit Tag: AHU-2
Serial Number: U103054-002-00
Report Created: 42002007 10:37:05AM Submittal § Model Number: WF-DHS3
Job Name: OU WAGNER SASC Unit Type: INDOOR
Rep. Firm: ENGINEERED EQUIPMENT, INC. Unit Weight: 11174 Lbs.
Rep. Contact: TRAPPER WILSON @ $25-7722
Temtrol Eng.: STA
Unit Notes

5" Piping slecves provided by TEMTROL. Located and installed by OTHERS in the field.
L~10 200,000 Hr life bearings.

Unit Details

Exterior Casing: 16 ga. G-90 Galvanized - No Paint

Floor Material: (316)-Tga. Alum. Tread Plate

Sub Floor Material: 16ga. Galvanized

Base Size: 2x5x1/8in,

Access Doors: Quantity  Windows LOSL. PKS. Louvers
4 0 0 1 0

Static Pressure Summary
Supply

Description. Static

COOLING SWC-6-36 X 106 X 8- 10 AL 0.94

4" PLEATED ANGLE 3% 0.60

R/A OPENING 0.10

FACE & BYPASS VIFB 0.25

Internal Static Pressure 1.89

Avaliable External Static Pressure 2.30

Total Supply Static Pressure 439

Comment:

Electrical  VAC/PH/MZ:  208/3/60

Unless otherwise noted below all electrical and automatic control devices are furnished and installed by others in the ficld.
Fan motor wired to an exterior mounted junction box,
120 volt power for lighting and/or GFI outlets shall be provided by Others

(See attached cut sheet) Fan access door(s) equipped with a de-energizing switch. Wiring to motor starting device by Others.

Back-10 back- j-boxes, (See drawing for locations)
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K3 Temtrol Eit Data Shens

wwi.temtrol.com Unit Tag: AHU-2
Serial Number: U103054-002-00
Report Created: 282007 1:19:29PM Submittal 4 Model Number: WF-DHS3
[ SUPPLY FAN | AF01-30 / CL II NYB DWDI Housed Airfoil J
PHYSICAL joci5)x 6326,2 OPERATION
Motor / Frame / Eff: 30.0hp / 286T / NEMA Pre Fan CFM @ Alt: 25415@ 1,200 fi.
VAC/PH/HZ - RPM / Encl: 208/3/60 - 17S0WTEFC SP @ Alt: 436in. Wg.
Speed / Qty - Belts: 1374 /4 - BXT2 Adj. SP @ Alt: 4.36 in. Wg.
Mtr Max Inertial Load: 687 WR? SP @ Sea Level: 4.55in. Wg.
MitrShy / Bushing / Shaft: 4B5V70/B/ 1,875 Fan RPM : 1,381
FanShy / Bushing / Shaft: 4TBY0/ Q1 /21116 Fan BHP / BHP with Belt Loss: 234472417
Isolation / Deflection: SWERT-2 Static / Mech. Efficiency: 74.4% / 82.3%
Wheel Material / Inertia: Steel / 93 WR? Inlet / Outlet Velocity: 2,416/ 2,730 FPM
Direct Drive: NO
Max Fan Speed: 1805
SOUND OCTAVE BANDS
63hz 125hz 250hz S00hz  1000hz  2000hz  4000hz 8000hz  A-Weighted

Inlet / Discharge 97 /97 95 /95 100/ 100 92 /92 B8 /88 84 /84 80/ 80 74 /74 95 /95
OPTIONS
Concrete Inertia Base
Comment: CLASS HMOTOR, L-10 200,000 Hr life beanings.
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Kd Temtrol SRR D

www temtrol.com Unit Tag: AHU-2
Serial Number: U103054-002-00
Report Created:  4/20/2007 10:37:05AM Submittal § Model Number: WF-DHS3
[ Coil #1] Chilled Water Coil - (Oty. 2) SWC-6-36x 106 x8 - 10 AL
PHYSICAL OPERATION
Total Face Area /FV : 53.0/479.5 ACFM / SCFM - Alt.: 25,415/ 23,577 - 1.200 f,
Coil FH x FL: 36.00 X 106.00 EDB/EWB: 788/633°F
Rows - FPI: 8§ - 10 LDB/ LWB: 48.4/483°F
Serpentine: 133 Total Heat: 1,014,836 Buw/Hr
Fin Thickness / Material: 0.008" / AL Sensible Heat: 787,650 Buw/Hr
Tube O.D. / Wall: 5/8" /0.025" Fluid - %: Water
Tube Material: Cu EFT/LFT: 42/559°F
Case Materiak: 16 GA GALV. GPM: 145.00
Sup.Conn - Qty / Size: (1) 2<1/2" MPT SCH40 Red Brass Per Coil Fluid Velocity: 260 fus
Ret.Conn - Qty / Size: (1) 2-1/2" MPT SCH40 Red Brass Per Coil ~ FPD: 706 R
Conting: NONE APD: 0.94 . We.
. Hand: LEFT

Drain Pan - 116W x 33L 16 GA 304 SS LEFT HAND
Options: Extended Connections

Comment:
1. ARI CERTIFIED 'Rated in A d with ARI Standard 410/

COiLs

| Filter Bank # 1 | Pre - 4" Pleated Angle - 30% —
Type: Angle Frames: Galvanized Location / Service: Up Sluw(ﬁi\dc_li)y

Bank Size: 78 H x 96 W (OQty) Size:  (20)24x24

Face Area () / FV (fpm): 80.0/318

Filter Bank Gauge:  Dwyer Model 2001

Media - Pre Filter APD: 050 Chass: |1 Supplied Sets:  No Medin (%

Comment:  Filter frames by Temtrol. Pre Filter media and holding clips are furnished by others.

LUDC # 1] Face & Bypass VIFB - * <
APD: 0.25 in. Wg.

Munufacturer Wing Hand LEFT

Model VIFB .VC4 | ROW

CFM 150 CFM

EDB w0 LDB (Degree F) 293 w0767

ATUMr g 91

Operntor (Elec / Pneum) ELEC

Comment: 5" Piping sleeves provided TEMTROL., Installed by OTHERS in the field.

Openings

R/A 96 x 30 Top = No Duct Flange 25415 1270

S/A FAN 40.5x33.5 End - Discharge = No Duct Flange 25415 2,730
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