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EXECUTIVE SUMMARY

This report analyzes field data to understand the impact of faults in variable air volume (VAV) terminal
units on building indoor conditions and heating, ventilation, and air-conditioning (HVAC) system
operations. The Oak Ridge National Laboratory (ORNL) team conducted field tests at the commercial
building test facility known as ORNL’s Flexible Research Platform (FRP) building. Two specific faults-
damper malfunctions and airflow sensor inaccuracies- were implemented, as these are common faults in
VAV terminal units and can significantly impact HVAC system performance by increasing energy
consumption, causing occupant discomfort, and raising operational costs.

Methodology

The study began with a literature review to identify prevalent faults in VAV terminal units, which
informed the selection of specific faults to emulate. Fault conditions were then implemented using the
Building Automation System (BAS). Data was collected at 1-minute intervals, covering outdoor weather
data, HVAC system data, and building indoor data in both fault-free and faulty scenarios. To ensure
reliability, data validation involved cross-referencing multiple sensors, conducting expert reviews, and
analyzing control signals.

Data Review

Findings on damper malfunctions revealed that fully closed dampers led to drastically reduced airflow
and potential occupant discomfort, while fully open dampers increased energy consumption. Airflow
sensor inaccuracies also affected system behavior: overestimated airflow led to higher energy use, while
underestimated airflow potentially compromised air quality. These results emphasize the importance of
accurate airflow measurements for maintaining optimal system performance.

Conclusion

This study contributes valuable data for advancing Fault Detection and Diagnostics (FDD) technology in
HVAC systems. By thoroughly examining the impacts of damper malfunctions and sensor inaccuracies,
ORNL provides foundational insights for developing effective FDD strategies, ultimately leading to more
reliable, energy-efficient, and comfortable buildings.
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1. INTRODUCTION

Issues with heating, ventilation, and air-conditioning (HVAC) systems can lead to increased energy usage
and operational costs for buildings. Additionally, these faults can disrupt essential HVAC functions,
impact interconnected energy systems, and raise costs for equipment maintenance or replacement
(Ebrahimifakhar et al., 2021). HVAC system faults are a significant source of energy waste, accounting
for up to 30% of energy consumption in commercial buildings. These faults adversely impact system
efficiency and shorten HVAC equipment lifespan (Fernandez et al., 2012; Granderson et al., 2017; Zhang
etal., 2021).

Efforts to develop fault detection and diagnostic (FDD) methods for HVAC systems are ongoing, given
their substantial impact on energy consumption (Najafi, 2010; Frank et al., 2019). However, developing
and evaluating these FDD methods requires comprehensive historical data from both faulty and fault-free
states. Acquiring high-resolution, high-quality data from real buildings with faults remains a significant
challenge, particularly when seeking both faulty and fault-free data under similar operating conditions.
This data scarcity impedes the advancement and evaluation of FDD algorithms (Chen et al., 2022).
Consequently, few studies have utilized operational data from buildings with faults to develop and assess
FDD methods (Frank et al., 2019; Granderson et al., 2018; Shoukas et al., 2020).

To address this need for high-resolution, high-quality data, the Oak Ridge National Laboratory (ORNL)
team conducted a series of fault tests at their Flexible Research Platform (FRP), creating the world’s
largest publicly accessible dataset with verified information on fault presence and severity. Through FY
2022, the team focused on detecting common faults in HVAC systems, particularly those in rooftop units
(RTUs), incorporating these faults into FRP buildings and collecting high-quality datasets for the RTU
(Granderson et al., 2022). In FY 2023, the ORNL team began planning tests for variable air volume
(VAV) terminal units because there were fewer field datasets available with faults in VAV terminal units
compared to those for RTU systems (Yoon et al., 2023).

VAV terminal units are widely used in commercial buildings for their ability to adapt to varying thermal
loads and ventilation needs (Okochi and Yao, 2016; Pang et al., 2017). A VAV terminal unit comprises a
motorized damper, temperature and airflow sensors, and reheating coils, with control loops for
maintaining indoor temperature and controlling airflow (Wang et al., 2021). The significance of VAV
terminal units is clear, as they directly impact indoor environmental conditions.

VAV terminal units often encounter issues related to damper operation and airflow sensor faults
(Ebrahimifakhar, 2021; Wang et al., 2021). Qin and Wang’s investigation into VAV terminal unit
functionality found instances where measured airflow and indoor temperature did not meet set objectives.
Following an in-depth evaluation, 261 of 1,251 VAV units (20.9%) were identified as potentially
problematic (Qin and Wang, 2005). However, publicly accessible data and analysis specific to VAV
terminal units remain limited.

To address the scarcity of publicly available VAV terminal unit fault data, the ORNL team, beginning in
FY 2023, decided to identify and implement damper stuck and airflow sensor faults in VAV terminal
units to generate these fault datasets (Yoon et al., 2023).

This report outlines the process of creating fault datasets for VAV terminal units and provides an
overview of these datasets. These datasets can serve as valuable resources for FDD developers, users, and

researchers to:

e compare and assess the accuracy of different FDD algorithms,




e identify performance gaps to guide future development efforts and resource investments, and

e track improvements in FDD technology over time.

2. METHODOLOGY

This section outlines the methodology employed for fault data collection and curation related to VAV
terminal units. The process involves several key steps to ensure the accuracy and relevance of the
collected data.

Step 1: Review of Previous Studies (as covered in the previous report (Yoon et al., 2023))

The first step involved a thorough review of existing literature on faults associated with VAV terminal
units. This review helped identify common faults, allowing for a targeted approach in the subsequent data
collection phases.

Step 2: Development of Fault Application Method

A method was developed to emulate faults using Building Automation Systems (BAS). This approach
offers several advantages, including cost-effectiveness and the ability to precisely apply faults without
damaging equipment. Using BAS, the team could replicate fault conditions while preserving operational
integrity.

Step 3: Selection of Data Points

Next, critical data points for monitoring VAV terminal unit performance were selected. This involved
identifying key variables relevant to both fault and fault-free states to enable comprehensive data
collection for future analyses.

Step 4: Data Collection

Data was collected under both fault-free and fault-induced conditions, creating a robust dataset that
reflects the operational range of VAV terminal units, including responses to faults and normal
functioning.

Step 5: Data Validation
The collected data underwent a thorough validation process, including:

e Cross-Referencing with Multiple Sensors: Data was validated by cross-referencing readings
from various sensors, including duplicates at key measurement points. With over 500 sensors
deployed throughout the facility, the team monitored primary measuring points and surrounding
conditions to enhance data reliability.

¢ Expert Review: Data was reviewed with HVAC system experts. This expert analysis was crucial
in identifying potential errors and unusual trends in the data, allowing the team to address
discrepancies promptly.

¢ Control Signal Review: Since faults were applied through BAS, control signals from the system
were closely monitored. This included reviewing BAS inputs and assessing effects on separate
sensors not directly linked to BAS, adding an extra layer of validation to capture accurate
responses.




Through these steps, publicly accessible fault datasets were generated, focusing specifically on VAV
damper malfunctions and airflow sensor measurement discrepancies. The previous report (Yoon et al.,
2023) detailed the initial step (Step 1) of reviewing previous studies. This report emphasizes the
development of fault application methods, selection of data points, and validation processes. This
methodology supports the creation of reliable datasets, contributing to ongoing research and development
in HVAC fault detection and diagnostics.

3. TESTFACILITY

The ORNL’s FRP building was selected as the testing site for this study. ORNL's FRP building is a
research facility designed to replicate light commercial buildings commonly found in the United States,
featuring multiple zones. With over 500 sensors deployed within the FRP building, this facility is well-
regarded as a testing ground for commercial buildings, having conducted various field tests. Some
datasets collected at FRP building are also publicly available (Granderson et al., 2020; Yoon et al., 2022;
Granderson et al., 2023).

LA
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Figure 1 FRP and associated floor plans




Table 1 Construction characteristics

Construction Type

Thermal characteristics

Wall structure

Concrete masonry units with face brick

Wall insulation

Fiberglass Rg-1.9 (m>-K/W) (Rys-11 (Btu/(h-F-ft?))) (Moderate level
of efficiency)

Floor Slab-on-grade
Roof structure Metal deck with polyisocyanurate and ethylene propylene diene
monomer
. . Polyisocyanurate Rg-3.17 (Rys-18)
Roof insulation )
(Moderate level of efficiency)
Windows Double clear glazing with aluminum frame

Window-to-wall ratio 29%

Table 2 VAV terminal unit characteristics (for the rooms 104, 106, and 205)

Attribute Description

Reheating coil type Electric-resistance reheating coil
Efficiency 100 %

Heating capacity SkW

Minimum airflow rate 370 CFM

Table 3 Installed sensors for VAV terminal units and conditioned rooms

Sensors

Measurement Accuracy

Campbell Sci HC2S3-L

Temperature +0.1°C for temperature

Relative humidity ~ +0.8% at 23°C for relative humidity

Continental Controls WNB-3D-

240P

Power +0.5% of reading

Air Monitor fan evaluators
paired to DPT 2500-plus Air flow

transmitters

0.25% of natural span
Fan evaluator - +2%

Table 4 Installed sensors at the weather station

Sensor type Instruments Measurement Units
Solar radiation Eppley SPP Global solar radiation W/m?
Campbell Sci HC2S3-L Outdoor air temperature ~ °C
Air property
Eppley Model 8-48 Outdoor air humidity %
Vaisala- CS106 Barometric pressure Pa
Wind Young Wind Monitor Model Wind speed m/s
05103 Wind direction Deg




This test facility simulates realistic commercial environments using occupant emulators that generate
sensible and latent heat according to typical schedules. Its standard HVAC systems and building envelope
reflect common U.S. practices. Unoccupied test buildings minimize uncertainties associated with real
occupants, and a broad array of sensors provides reliable data, validated through sensor duplication and
cross-referencing. A dedicated weather station tracks solar radiation, outdoor temperature and humidity,
wind speed, and direction, supporting highly accurate data generation for both fault-free and fault states.

The test facility features VAV terminal units widely used in U.S. commercial buildings. The central
system includes a RTU with direct expansion (DX) cooling coils, a supply air fan, and an economizer
controlling outdoor and return air dampers. Each conditioned zone has a VAV terminal unit with a
reheating coil and damper. The facility includes 10 conditioned zones, each with a VAV terminal unit in
the plenum space, distributing air through two or three diffusers. Individual room thermostats regulate
airflow and reheating to meet heating and cooling setpoints.

The RTU cools air to around 55°F (12.8°C) and supplies it to the VAV terminal units via the evaporator
fan. The VAV terminal units adjust reheating and airflow to achieve thermostat setpoints. For heating, the
damper closes to reduce airflow while activating the reheat coil; for cooling, the reheat coil remains off
while the damper opens wider to increase airflow. When indoor temperature is between heating and
cooling setpoints, the reheat coil is off, and the damper remains minimally open.

Air from the rooms returns to the plenums, eventually flowing into the return duct and back to the RTU.
The RTU mixes return air with outdoor air as needed, depending on the economizer’s settings. The
economizer uses two synchronized dampers (outdoor air and return air) to maintain a 100% combined
opening. For instance, if the outdoor air damper is 35% open, the return air damper is 65% open. During
occupied hours, the outdoor air damper stays at a minimum of 10% when the economizer is inactive and
fully closes (0%) during unoccupied hours.

For our VAV terminal unit fault tests, we selected only one room per test set to isolate the direct impact
of faults on indoor thermal comfort. Testing multiple VAV terminal units simultaneously could introduce
system-wide complications (e.g., reduced airflow or pressure from the RTU), potentially obscuring the
effects of faults on individual VAV units. By focusing on one VAV terminal unit per test, we ensured that
any changes in room conditions were directly attributable to the applied fault, without broader system
interference. Although faults were applied to one VAV unit at a time, this still represented 10% of the
entire system’s VAV terminal units, providing a meaningful scale for fault detection.

RTU (x1)
( (Cooling)
VAV Boxes (x 10)

Plenums (x 2) (Reheating)

Return Air i D Supply Air

Conditioned Zone (x 10)
[

|

Figure 2. VAV system operation diagram of FRP
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4. FAULT APPLICATION METHODS & TEST SCENARIOS

The ORNL team designed and conducted tests to simulate VAV terminal unit faults, focusing on damper
positions stuck at various openings and discrepancies in airflow sensor measurements. These tests are
essential for understanding how such faults impact system performance, with detailed test scenarios
provided in subsequent section.

Fault conditions were applied using the BAS integrated with the VAV system. The control signal for the
VAV terminal unit damper was overridden, and airflow sensor measurements were deliberately altered to
emulate fault statuses representative of real-world operational issues, such as damper malfunctions or
sensor inaccuracies.

To evaluate the effects of damper obstruction, we created scenarios where the damper was fixed (stuck) at
0%, 20%, 40%, 60%, 80%, and 100% openings. These positions represent a range of partial failures that
could occur in the field, allowing observation of changes in airflow, energy consumption, and occupant
comfort. Additionally, we tested the impact of inaccurate airflow sensor readings by adjusting airflow
setpoints by -40%, -20%, +20%, and +40% from baseline values. This approach allowed us to assess how
airflow deviations affect system performance in terms of ventilation rates and energy efficiency.

These tests provide valuable insights into VAV terminal unit behavior under fault conditions and
contribute to developing FDD strategies to enhance system reliability and efficiency.

%5 pcD130857 - Remote Desktop Connection
: e gery o

[T — VAV.15 Fet=1=1]

Al items %
Summar Focus Hardware Diagnostic
=@  FRP2 B 2 =
fEE  BACnet Protocol Eng [satus | |Z"|\:"? 7‘23“52: ZDSEETHDUM . |
-1 eg..Zone Temperature

A HTG-0 00%  Heating Output
L Energy HTGOCC-MINFLOW 3700 cfim

(1 Programming Y CLG-HAXFLOW 600.0 cim
=9 FB-1 vy CLGOCC-MINFLOW 3700 cfm

0CC-MODE Occupied  Oceupancy Status Display
N-SP 725degF Zone Setpoint
ZN-TOCC Inactive  Zone Temporary Occupancy

= RTU1
B VA1
B VA2
B VAV-14
~E VAV-23
= VAV-13

Operator

DAT 72.9deg F Discharge Air Temperature
DPR-O 36.6%  Supply Air Damper Output
DAVP 00615 in ... Discharge Air Velocily Pressure
HTG-EN True

SAF 393.0 cfm

CLG-0 0.0%

INT-STATE Prmy Clg

EFF-0CC Occupied

CLGOCC-SP 752degF

CLGUNOCC-5P 85.0deg F

HTGOCC-SP 69.8degF

HTGUNOCC-P 60.0 degF

0CC-SCHEDULE Gccupied

CLGUNOCG-MINFLOW 0.0 cfm

HTGUNOCC-MINFLOW ~ 200.0 cfm

EFFCLG-SP 752degF

=
= VAV2S

~2 VAv-21

~E VAV-12
@  Downloadlanager

=3 Schedule

¥ Occupany Schedule
¥2  ExhaustFan

& Schedule Unoceupit
¥ RTuon EFFHTG-SP 69.8degF
" CLG-MINFLOW 370.0 cim
i

R HTG-MINFLOW 370.0 cfm

RTU_On_2

BRREEE HZF T T el I8 R O ORF s FE =

Figure 3. BAS system control panel

4.1 Fault-free scenario

The fault-free test was conducted once before fault tests to establish a baseline for normal system
performance. During this test, occupancy hours were set from 7 a.m. to 10 p.m., with heating at 69.8°F
(21°C) and cooling at 75.2°F (24°C). During unoccupied hours, setpoints were adjusted to 60°F (15.6°C)
for heating and 85°F (29.4°C) for cooling to conserve energy.

The RTU consistently maintained a supply air temperature of 55°F (12.8°C). The economizer activated
when the outdoor air temperature dropped below 50°F (10°C) and the mixed air temperature exceeded
45°F (7.2°C), drawing in cooler outdoor air to optimize energy use. To ensure ventilation, the outdoor air
damper was set to a minimum of 10% during occupied hours, even if the economizer was off. During
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unoccupied hours, the outdoor air damper was fully closed, and the return damper opened to 100% to
minimize energy loss.

For each fault test set, a fault-free test was conducted as a reference point for evaluating system
performance, allowing accurate comparisons between fault and normal operation.

4.2 Damper Stuck at Different Opening Positions

Test scenarios were developed to evaluate damper stuck cases, critical for understanding the impact of
partial or complete damper failures in VAV terminal units. We conducted three sets of damper stuck tests,
with each set including a fault-free scenario and tests for damper positions stuck at 0%, 20%, 40%, 60%,
80%, and 100% openings. Each test was conducted over one day to ensure consistent data collection.

Set 1 was conducted during summer in Room 106, Set 2 in summer in Room 104, and Set 3 during winter
in Room 205. This approach captured both seasonal effects on system performance and spatial variations
across rooms.

The selected damper positions provide a comprehensive range of potential operational faults, allowing us
to observe how the system adjusts to maintain desired airflow and temperature in response to increasing
obstruction. We also monitored changes in energy consumption and system pressure, crucial for
operational efficiency and long-term system health. Table 5 presents the damper stuck test scenarios.

Table 5 Damper stuck test scenarios

Set Description Test Scenario Test Date
Fault Free 8/3/2023
VAV damper stuck at 0% open (fully closed) 8/4/2023
VAV damper stuck at 20% open 8/5/2023
1 (1‘21 ﬁ,ﬁﬁﬁ'é;”(esiﬁfﬁfﬁ) VAV damper stuck at 40% open 8/6/2023
VAV damper stuck at 60% open 8/7/2023
VAV damper stuck at 80% open 8/8/2023
VAV damper stuck at 100% open (fully open) 8/9/2023
Fault Free 8/10/2023
VAV damper stuck at 0% open (fully closed) 8/11/2023
VAV damper stuck at 20% open 8/12/2023
2 (1‘17 (ﬁ)‘r’nlizz‘;p(esruifﬁfekr) VAV damper stuck at 40% open 8/13/2023
VAV damper stuck at 60% open 8/14/2023
VAV damper stuck at 80% open 8/15/2023
VAV damper stuck at 100% open (fully open) 8/16/2023
3 VAYV Damper Stuck Fault Free 12/14/2023




(Room 205) (Winter) VAV damper stuck at 0% open (fully closed) 12/2/2023

VAV damper stuck at 20% open 12/11/2023
VAV damper stuck at 40% open 12/15/2023
VAV damper stuck at 60% open 12/17/2023
VAV damper stuck at 80% open 12/7/2023
VAV damper stuck at 100% open (fully open) 12/9/2023

4.3 Airflow Sensor Measurement Discrepancies

The ORNL team also developed test scenarios to evaluate airflow sensor discrepancies, which are
important for understanding how sensor inaccuracies can impact VAV terminal unit control and
performance. Two sets of airflow sensor tests were conducted in Room 205 during shoulder seasons to
capture system performance in moderate climate conditions. Each set included a fault-free scenario, along
with tests simulating sensor discrepancies.

For each test, airflow setpoints were adjusted to simulate sensor measurement errors by altering airflow
rates by -40%, -20%, +20%, and +40% from the baseline minimum airflow setpoint. These adjustments
allowed us to assess how the VAV terminal unit responds to both under- and over-estimation of airflow
and the subsequent effects on energy consumption, system stability, and occupant comfort.

Due to resource constraints, tests were limited to Room 205 and specific seasons. Future testing across
additional rooms and seasons could help assess the broader impact of airflow sensor inaccuracies. This
would support FDD improvements for more reliable system performance under various environmental
and operational conditions.

Table 6 presents he test scenarios for airflow sensor measurement discrepancies.

Table 6 Airflow sensor measurement discrepancy test scenarios

Set Description Test Scenario Test Date
Fault Free (Min Airflow Set: 370 CFM) 4/4/2024

+40% biased airflow sensor (+ 148 CFM) 4/5/2024

1 (Ing)‘:;l’ ;‘Jg‘gfﬁ;‘;;’:) +20% biased airflow sensor (+ 74 CFM) 4/7/2024
-20% biased airflow sensor (- 74 CFM) 4/9/2024

-40% biased airflow sensor (- 148 CFM) 4/11/2024

Fault Free (Min Airflow Set: 370 CFM) 4/14/2024

+40% biased airflow sensor (+ 148 CFM) 4/12/2024

2 (Ing)‘:;l’ ;‘Jg‘gfﬁ;‘;;’:) +20% biased airflow sensor (+ 74 CFM) 4/13/2024
-20% biased airflow sensor (- 74 CFM) 4/15/2024

-40% biased airflow sensor (- 148 CFM) 4/16/2024




5. DATA POINTS & DATA COLLECTION

The ORNL team collected data at 1-minute intervals across all test scenarios to ensure high temporal
resolution and accuracy. This data collection included both outdoor and indoor environmental parameters,
as well as system-related metrics.

For outdoor conditions, the team gathered extensive weather-related data, including outdoor air
temperature, relative humidity, wind speed, and solar radiation. This comprehensive dataset provides a

detailed understanding of environmental conditions during the testing period.

In addition, critical indoor parameters such as indoor air temperature and relative humidity were
monitored to assess thermal comfort and air quality within the building.

System-related data points, including inlet and outlet air temperatures, supply airflow rates, and reheating
energy consumption for the VAV terminal units and RTU, were meticulously recorded.

These measurements are crucial for evaluating system performance and understanding how VAV terminal
unit faults impact room conditions and energy consumption.

Table 7 summarizes the data points collected by the ORNL team for both fault and fault-free test datasets.
Data from the FRP building was gathered for all tests described in Section 4.

Table 7. Data points summary

Type Data point Description Unit
Outdoor air temperature Outdoor air temperature °F
Outdoor air humidity Outdoor air relative humidity %
Barometric pressure Barometric pressure psi

Weather
Global solar radiation Global solar radiation W/m?
Wind speed Wind speed mph
Wind direction Wind direction Deg
VAV Box —Room XXX: Supply air temperature °F
Supply Air Temperature i P
VAV Box —Room XXX: Supply air relative humidity %

. Supply Air Relative Humidity
VAV Terminal
. VAV Box - Room XXX: .

Unit . Supply airflow rate CFM

(Al 10 VAV Supply Airflow Rate

units) VAV Box - Room XXX: VAV | VAV damper opening position (0% = o
Damper Opening Fully closed, 100% = Fully opened) °
VAV Box - Room XXX:
Reheating Electricity VAV reheating energy consumption Wh
Consumption

Room Condition Room XXX: Room Room air temperature oF

(All 10 Temperature P

conditioned Room XXX: Room Relative Room air relative humidity %

rooms) Humidity




Opening

(RTU’s economizer)

Room 102: Plug loads Room’s plug load Wh
Lighting Upstair: Electricity Lighting energy consumption on the 2" Wh
Consumption floor
Lighting Downstair: Electricity | Lighting energy consumption on the 1 Wh
Consumption floor
RTU: Supply Air Temperature | RTU’s supply air temperature °F
RTU: Supply Air Relative , . . o o
Humidity RTU’s supply air relative humidity %
RTU: Return Air Temperature | RTU’s return air temperature °F
RTUE Return Alr Relative RTU’s return air humidity %
Humidity
RTU: Supply Air Volumetric , .
Flow Rate RTU’s supply airflow rate CFM
RTU: Static Pressure RTU’s static pressure In. w.c.
RTU: Compressor | Electricity RTU's COmPpIessor I electricity Wh
consumption
) - RTU’s compressor 2 electricity
RTU RTU: Compressor 2 Electricity consumption Wh
RTU: Condenser Fan 1 RTU’s condenser fan 1 electricity
g . Wh
Electricity consumption
RTU: Condenser Fan 2 RTU’s condenser fan 2 electricity
g . Wh
Electricity consumption
RTU: Supply Air Fan RTU’s supply air fan (evaporator fan)
S . . Wh
Electricity electricity consumption
RTU: Natural Gas (RTU RTU’s natural gas consumption SCF
heating)
RTU: Mixed Air Temperature Mixed air temperature (RTU’s °F
economizer)
RTU: Return Air Damper Return air damper opening position o
. , . %
Opening (RTU’s economizer)
RTU: Outdoor Air Damper Outdoor air damper opening position o
(V]

Note: “XXX” denotes the specific room number of the FRP. The FRP includes 10 conditioned rooms, identified

as Room 102, Room 103, Room 104, Room 105, Room 106, Room 202, Room 203, Room 204, Room 205,
and Room 206

Indoor air temperatures were measured using air temperature and relative humidity sensors suspended at
specific locations chosen to minimize the influence of supply air and avoid direct solar radiation.
However, thermostats were used to control the heating and cooling operations of the VAV terminal units,
providing a more realistic representation of room conditions. As a result, slight discrepancies may exist
between the temperatures recorded by our sensors and those indicated by the thermostats, potentially
causing minor variations in heating and cooling operations compared to our recorded data (see Figure 4).
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The VAV airflow rate was measured before the air entered the VAV terminal units for Rooms 104, 106,
and 205. After passing through each VAV terminal unit, the supply air temperature (outlet temperature)
was recorded to assess system performance. Additionally, the inlet air temperature for each VAV terminal
unit was measured in the main duct on the second floor, just downstream of the RTU. This data offers
valuable insights into the functioning of the VAV terminal units in these specific rooms (see Figure 5).
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6. DATA REVIEW

The ORNL team conducted a comprehensive review of all data collected from tests involving damper
stuck conditions and airflow sensor errors. This analysis covered a wide range of variables, including
global solar radiation, outdoor air temperature, room temperature, supply air temperature, reheating
energy consumption, and airflow rates for the VAV terminal units. These parameters were essential for
understanding the impact of various scenarios on overall system performance. For this report, we selected
one test set each from the damper stuck and airflow sensor error tests, as all sets demonstrated similar
data trends. This selection provides a sufficient basis to illustrate data patterns and review outcomes.

Damper Stuck Test

In this section, Set 3 of the damper stuck test, focusing on the VAV damper stuck scenario in Room 205
during the winter season, was selected for detailed discussion. This test was particularly relevant to the
heating season, as it offered insights into increased reheating energy consumption, a critical factor in
system efficiency during colder months. The winter test conditions highlighted how the damper
malfunction impacted airflow, requiring additional reheating to maintain comfort levels.

Table 8. Summary data (daily averaged or summed)

Outdoor Air So.lal.' Airflow Rate Reheafing Indoor Air

Temp Radiation Temperature

Test Scenario [°F (°C)] (W/m2) (L) Anerz7 (o) [°F (°C)]

(Average) (Sum) (Average) (Sum) (Average)
Fault-free 40.7 (4.8) 164,482 309.58 8,597 71.3 (21.8)
0% open 55.9(13.3) 16,842 24.17 179 70.4 (21.3)
20% open 35.5(1.9) 159,404 65.12 178 71.8 (22.1)
40% open 39.0 (3.9) 164,627 275.21 7,208 72.0 (22.2)
60% open 48.7 (9.3) 34,083 428.10 29,342 69.6 (20.9)
80% open 38.4(3.6) 157,527 529.48 23,542 69.6 (20.9)
100% open 50.9 (10.5) 24,263 563.54 37,843 69.9 (21.1)

The fault-free scenario serves as a baseline for normal VAV system operation. In this test, the outdoor
temperature averaged around 40.7°F (4.8°C). The system maintained an average airflow rate of 309.58
CFM and a room temperature of 71.3°F (21.8°C), reflecting stable operation within setpoints.

The damper stuck tests aimed to evaluate how different degrees of damper obstruction affect system
performance. When the damper was fully closed (0% open), the airflow rate dropped drastically to 24.17
CFM. This significant reduction in airflow likely led to discomfort, as the system struggled to maintain a
desirable indoor environment. Although room temperature remained close to the setpoint at 70.4°F
(21.3°C), the low airflow would result in stagnant air and reduced ventilation, potentially affecting air
quality and occupant comfort.
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Other rooms near Room 205 showed stable performance, indicating that while Room 205 experienced
issues due to the stuck damper, neighboring rooms maintained better airflow and comfort levels.

As the damper opened further, from 20% to 100%, there was a notable increase in airflow rates, with the
maximum observed at 563.54 CFM when the damper was fully open. However, this higher airflow came
at a cost; reheating energy peaked at 37,843 Wh at the 100% open position, indicating increased energy
usage to maintain desired temperatures, especially under colder outdoor conditions.

These results underscore the critical role of damper functionality in maintaining desired indoor
conditions. The comfort issues observed with the 0% damper position emphasize that even minor damper
failures can restrict airflow significantly and impact occupant comfort. Insights from these tests are
essential for informing maintenance practices and operational strategies to ensure that VAV terminal units
respond effectively to potential faults, providing comfortable environments for occupants.

The test data for Set 3 damper-stuck scenarios is presented in Figures 6 through 12.
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Figure 6. Damper stuck test data: Fault-free scenario
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Damper stuck at 60% open
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Figure 10. Damper stuck test data
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Damper stuck at 100% open
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Figure 12. Damper stuck test data




Airflow Sensor Error Test

For the analysis of airflow sensor errors, Set 1 of the airflow test was selected, conducted during the
shoulder season in Room 205. This set was chosen to examine how sensor inaccuracies influence system
behavior, particularly in terms of airflow regulation and temperature control. Together, these test sets
provide a comprehensive view of how both damper and sensor errors impact HVAC performance under

varying operating conditions.

Table 9. Summary data (daily averaged or summed)

Outdoor Air So.lal: Airflow Rate Reheating Indoor Air
Temp Radiation Temperature

Test Scenario [°F (°C)] (W/m?) (CFM) Energy (Wh) [°F (°C)]
(Average) (Sum) (Average) (Sum) (Average)
Fault-free 47.1 (8.4) 112,222 371.84 24,811 69.5 (20.8)
+40% Airflow 43.9 (6.6) 165,235 523.54 42,616 69.4 (20.8)
+20% Airflow 54.9 (12.7) 326,982 446.99 17,983 70.7 (21.5)
-20% Airflow 56.9 (13.8) 63,378 294.68 19,719 70.6 (21.4)
-40% Airflow 61.9 (16.6) 118,258 224.81 6,961 70.8 (21.6)

The fault-free test showed an average outdoor temperature of 47.1°F (8.4°C) and an average airflow rate
of 371.84 CFM, resulting in a comfortable room temperature of 69.5°F (20.8°C).

In the +40% airflow scenario, the outdoor temperature decreased slightly to 43.9°F (6.6°C), while the
airflow rate increased significantly to 523.54 CFM. However, this higher airflow came with increased
reheating energy consumption of 42,616 Wh, and the room temperature dropped to 69.4°F (20.8°C),
suggesting that excessive airflow may negatively impact thermal comfort despite improved ventilation.

The +20% airflow scenario maintained a relatively comfortable room temperature of 70.7°F (21.5°C),
with a slightly lower outdoor temperature of 54.9°F (12.7°C). Although the reheating energy consumption
dropped to 17,983 Wh, the airflow rate was still elevated at 446.99 CFM, suggesting a balance between
airflow and energy usage.

Conversely, in the -20% and -40% airflow tests, airflow rates decreased to 294.68 CFM and 224.81 CFM,
respectively. Interestingly, the room temperature remained stable at 70.6°F (21.4°C) and 70.8°F (21.6°C),
though reduced airflow led to lower reheating energy consumption at 19,719 Wh and 6,961 Wh,
respectively. This demonstrates the system's ability to maintain comfort levels even with significant
reductions in airflow, although the potential impacts on indoor air quality warrant further investigation.

While these tests provide valuable insights, they were limited by the scope of resources, focusing solely
on Room 205 and not accounting for seasonal variations or performance in additional rooms. Future tests
should expand to include more locations and seasons to fully understand the effects of airflow sensor
inaccuracies. This broader approach would enhance fault detection and diagnostics for airflow sensors,
ensuring more reliable performance across diverse environmental and operational conditions.
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Figure 13. Airflow sensor error test data
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Figure 14. Airflow sensor error test data
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Figure 15. Airflow sensor error test data
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Figure 16. Airflow sensor error test data
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Figure 17. Airflow sensor error test data




7. CONCLUSIONS AND FUTURE WORK

This study employed a structured methodology to collect and curate fault data related to VAV terminal
units, focusing on damper malfunctions and airflow sensor inaccuracies. The findings underscore the
critical importance of damper functionality and airflow sensor accuracy in maintaining optimal system
performance and occupant comfort.

These datasets serve as valuable resources for FDD developers, users, and researchers, enabling thorough
comparisons of algorithm performance across various conditions. They allow stakeholders to identify the
most effective algorithms for specific scenarios and pinpoint performance gaps requiring further
investigation. This targeted approach helps direct development efforts and resource allocation for the
greatest impact. Additionally, these datasets provide insights into FDD technology’s evolution,
highlighting trends and advancements to inform future innovations.

Future work will involve expanding datasets by systematically collecting data from a broader range of
systems and conditions, enhancing both diversity and robustness. Efforts will also prioritize improving
the quality of existing datasets through rigorous validation, including cross-referencing data with
independent sources for accuracy and reliability.

To encourage knowledge sharing and collaboration, a platform will be established for FDD developers
and researchers, facilitating the exchange of findings, best practices, and lessons learned. This platform
aims to foster community engagement and drive innovation in FDD technology. Through these efforts,
the understanding and application of FDD technology will advance, leading to more reliable and efficient
building systems.
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