N
N

N

HAL

open science

Experimental dataset for an AHU air-to-air heat
exchanger with normal and simulated fault operations

Hugo Geoffroy, Julien Berger, Evelyne Gonze, Catherine Buhe

» To cite this version:

Hugo Geoffroy, Julien Berger, Evelyne Gonze, Catherine Buhe. Experimental dataset for an AHU air-
to-air heat exchanger with normal and simulated fault operations. Journal of Building Performance

Simulation, 2022, pp.1-23. 10.1080/19401493.2022.2097311 . hal-03833255

HAL Id: hal-03833255
https://hal.science/hal-03833255v1

Submitted on 8 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03833255v1
https://hal.archives-ouvertes.fr

Experimental dataset for an AHU air-to-air heat exchanger with normal
and simulated fault operations

Hugo Geoffroy®, Julien Berger **, Evelyne Gonze *, Catherine Buhe®

November 8, 2022

& Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, LOCIE, 73000 Chambéry, France
b Laboratoire des Sciences de I'Ingénieur pour 'Environnement (LaSIE), UMR 7356 CNRS, La Rochelle Université,
CNRS, 17000, La Rochelle, France
" corresponding author: julien.berger@univ-Ir.fr

Abstract

Fault Detection and Diagnosis (FDD) is an important tool in building commissioning. Providing
a consolidated dataset for FDD benchmarking is necessary to accurately evaluate the FDD prediction
accuracy and detect anomalies. In this study, we provide an experimental dataset for an air handling
unit containing two ducts linked by an air-to-air heat exchanger. The dataset is composed of nominal
and faulty operations of the system, including the ground truth in order to investigate various faults in
52 cases. The dataset was obtained by measuring a representative system with real climate variations like
the ones obtained by Building Automation Systems. The transition between nominal and fault sequences
was continuous, as in real operating conditions. An uncertainty evaluation was carried out to provide
confidence bounds in the experimental dataset.

Key words: Fault detection and diagnosis; experimental dataset; air handling unit; benchmarking ;
Heating Ventilation and Air-Conditioning systems

1 Introduction

According to the United States Department of Energy, the building sector is the biggest consumer of
primary energy in the USA, with 41 % of the total energy consumption [1]. Of this huge energy use, 50 % is
directly consumed by Heating, Ventilation and Air-Conditioning (HVAC) systems [2]. It is also known that
HVAC systems usually do not function as required, causing additional and unnecessary energy consumption:
a recent study showed that HVAC operation problems can result in waste between 25 % and 50 % of energy
loss [3]. These HVAC operation problems may derive from different factors such as failed sensory devices or
actuators, inappropriate setpoints and schedules or controller programming errors. For these reasons, the
commissioning of HVAC systems in existing buildings is a major issue.

The aim of building commissioning is to resolve this issue with monitored data obtained through Building
Automation Systems (BAS). In particular, simple and automated Fault Detection and Diagnosis (FDD)
tools have been developed to assist the work-orders in commissioning. With good commissioning, energy
consumption can be reduced by 15% . Nowadays, the required characteristics of FDD for HVAC systems are
known. VENKATASUBRAMANIAN listed ten criteria: quick detection and diagnosis, isolability, robustness,
novelty identifiability, classification error estimate, adaptability, explanation facility, modelling requirement
and multiple fault identifiability [4]. All these characteristics need to be evaluated and compared for various
FDD tools.

Several studies have been carried out to propose metrics for FDD evaluation [5, 6]. A procedure for
performance evaluation has been proposed [5] and recently improved in [7, 8]. In [9], an updated review of
FDD tools was proposed that separates the different tasks with a thorough comparison. In [9], the authors
suggested some perspectives for the improvement for FDD. Benchmarking FDD performance in particular
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requires a standard data set for testing procedures. Previous studies used numerical deterministic data
generated with models [10-12]. Although case studies in real buildings can be found in the literature [13—
15], according to [16, 17], only two standard public experimental datasets are available for FDD evaluation
through the ASHRAE RP 1020 and 1312 [18, 19]. In the above-mentioned studies, the following observation
was often made: there is a lack of standard input data that would allow an “apple to apple” comparison.
In other words, datasets should have an appropriate balance between the number of faulty and non-faulty
observations to avoid introducing bias into the FDD evaluation. Thus, providing a consolidated dataset for
FDD benchmarking is important. This may be a first step toward reducing the gap between research and
the real challenges people face in the field [20].

Within this context, the aim of this paper is to propose a specific experimental dataset for an Air Handling
Unit (AHU) with supply and exhaust ducts. A heat exchanger links both ducts to heat the outside air in
winter. Note that the method can be applied to other types of HVAC systems. The choice of this system was
made for several reasons. First, mechanical ventilation systems are widely used to provide clean air to the
building occupants. Secondly, the increasing energy efficiency regulations, systems for energy recuperation
from the exhaust air have become very common for residential and commercial buildings [21, 22]. Thirdly,
with the increase in indoor air quality concerns, the commissioning of such a system may become crucial.
Indeed, building energy efficiency and indoor air quality requirements are difficult to reconcile. finally, a
significant number of studies have been carried out on FDD tools applied to AHU systems [23-27].

The originality of the our dataset is based on several points. These results could be used by researchers
for developing benchmarking models of FDD, and testing some new developments of FDDs. It is composed
of various nominal and AHU faulty operations for both winter and summer configurations. Several hard, soft
and operation faults were investigated. Note that these investigations focused on the above-described AHU
itself and not on zone-level equipment or sensor anomalies. The dataset is representative of real building
cases recorded using BAS with similar sensors including the background noise like field data. Attention
was payed to the ground truth of the faulty cases [28, 29]. For this, a complete uncertainty propagation
of the experimental data was performed. Moreover, to have a consensus statement, the faulty operation
dataset was compared to a nominal one. The occurrence of the faults was almost continuous due to high
frequency monitoring. This enabled us to observe carefully the transition between a normal and a faulty
operation. Finally, these experimental data represent real phenomena, richer than simulated measurements
that include model error and bias.

This article is organized as follows. In Section 2, the experimental design and the AHU system to generate
the experimental dataset are described. A precise description of the monitoring system is also given. Then,
in Section 3, the dataset is presented. Finally, Section 4 gives some concluding remarks and guidelines for
future work.

2 Methodology

This section presents the methodology, the experimental design and the system used to generate the
experimental dataset.

2.1 General overview

Figure 1 gives an overview of the methodology. An AHU unit with an air-to-air heat exchanger was used
for the investigations. The equipment was monitored with BAS sensors. Two experimental data sets were
then generated for both nominal and faulty operations.

The AHU corresponds to a system that can be found in residential and medium commercial buildings
and is presented in Figure 2. It works with a constant air volume using a single duct system with a maximal
airflow of 260 m3.h~1. It supplies fresh air for up to seven different rooms, in conformity with the French
regulations [30]. The AHU is composed of a supply duct, which processes the outside air before insufflation,
and an exhaust duct which collects the inside air and expels it outdoors. The supply duct includes fresh
and blown air ducts, and the exhaust duct, the return duct and a exoelled air ducts. Furthermore, an air to
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Figure 1. Illustration of the methodology.

air heat exchanger completes the equipment so the outside air is warmed before being injected. The plate
type exchanger works in counter flow with a bypass damper. An electric coil was positioned upstream to
the exchanger to avoid any freezing on the plate. Downstream to the exchanger, another electric coil was
installed for additional heating of the air to reach a defined set-point. Four air dampers were set to adjust
the airflows. Two were located in the supply duct on the fresh air and blown air ducts, respectively. Two
more dampers were placed in the exhaust air duct on the return and the rejected air ducts, respectively.
The ducts were protected from the environment by inlet and outlet protections.
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Figure 2. Schematic representation of the system.

The test room is illustrated in Figure 3. It is situated on the first floor of a school building and has two
outside walls, oriented 250° West and 160° South. The South facade has an outside door (1.9 m x 2.1 m).
The West wall has four windows out of a total of 12 m? (three times 2.6 m x 3.3 m and one of 2.3 m x 1.48 m).
There are two other inside doors. The surface of the room is 84 m? and the ceiling is 2.64 m. It has roughly
the configuration of a three room apartment.

Regarding the French regulations [30], a four room house must have an airflow of at least 90 m
This increases to 120 m3.h~! when there is a specific generation of internal pollution such as cooking. This
is equivalent to an air exchange rate between 0.4 vol.h™! and 0.55vol.h™! . Similar values can be obtained for
a complex of five individual offices using the corresponding French regulations [31]. Thus, it is a consistent
hypothesis regarding the surface area of the room.

3ht.
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Figure 3. Schematic representation of the test room with the AHU system.

As represented in Figure 3 the AHU is located in an uncontrolled room next to the test room. It is
representative of the case where the AHU is stored in a technical room. This may be different to the case
where the system is placed on a roof. The change in temperature in the ducts may be different, particularly
when there is an airflow problem (stagnant air). For this reason, the ducts were insulated to reduce as much
as possible the difference between these two cases.

2.2 Equipment details

Most of the constant air volume system emanates from the same product line. The DFX 90 air handling
unit of the France Air supplier, shown in the Figure 4, was used as the basic system in our study. It
is composed of two fans, two filters, an air recovery system and an associated bypass. The DFX 90 was
improved by two heating coils and manual and circular dampers.

The heat exchanger structure has 25 mm of polystyrene insulation protected by a galvanised steel shell.
The two low-pressure axial fans are are powered by a single-phase supply of 230 V at 50 Hz. A switch allows
the selection of high or low fan speed.

The filters on the supply air and the exhaust air are ISO ePM10 50% (M5) and ISO coarse 90% (G4),
respectively. The nominal efficiency of the heat exchanger is 90% according to the constructor data-sheet.
The bypass of the heat recovery system has only two positions, fully opened or closed. The supply air inlet
in the constant air volume system (from the fresh air duct) and the supply air outlet (to the blow-in air
branch) flow through a 125 mm diameter connection. Regarding the expelled air, the air from the return air
duct enters the AHU through a 125 mm and four 80 mm diameter connections, and the air to the rejected
air duct leaves through a 125 mm diameter connection. The unused return air openings can be closed with
covers. The return and blow-in air duct are insulated.

The two electric coils (defrost and reheat) were also built by France Air company, referenced as SYSTAIR
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Figure 4. DFX90 Dual flow AHU from France Air.

CIREC A 2. They were powered by mono-phased electricty of 230 V at 50 Hz, which provides a maximal
power of 1.6 KW . They must operate with a minimal flow of 95 m3.h~!. They were controlled with respect
to temperature ranges, so two temperature values had to be set in the PID controller.

The circular dampers were controlled manually acting on the flow rate by pressure loss. They were
placed on the four main ducts as reported in Figure 4, and an airflow balance between the ducts. They are
made of 125 mm diameter galvanised steel from CAIROX, with class C airtightness, based on the European
regulation EN 1751.

2.3 Monitoring procedure
2.3.1 Data

Regarding the sensors on the AHU, there were three kinds of monitored information: (i) the temperature
of the air; (%) the pressure drop on the diaphragms; and (i) the electricity consumed by the electrical
equipment. These data were recorded together with the usual information in BAS, which are temperature,
airflow, the state of the control equipment and the power of the equipment [32-36]. The temperatures
selected for the study are representative of indoor and outdoor conditions, and the temperatures used to
evaluate the performance of an air-to-air exchanger and the operation of the heating coils. The two air-
flows were recorded to check the airflow balance since they are also used in the evaluation of the exchanger
performance. The power consumption of all the electrical components was also measured for control pur-
poses. All the measurements were projected in real-time during the tests on a Labview interface to verify
the monitoring procedure of the experiments.

The air temperatures T' [ °C'| were recorded at six points in the ducts. Four temperatures were monitored
in the supply duct on the fresh and blow-in air ducts, respectively. For the primer, the temperature was
monitored at the system supply duct air inlet, corresponding to the outdoor air T'y,; and before the heat
exchanger T, standing for the pre-heated air. For the latter, the temperature was recorded after the
heat exchanger T'j.,, and after the heating coil corresponding to the supply air T's,,. Two additional
measurements were made in the exhaust duct, the return and reject air duct. For the return air duct,
the temperature was recorded at the inlet of the pipe,and is the return air temperature T',.; corresponding
to the interior room temperature. Regarding the expelled air branch, the sensor is located after the heat
exchanger related to the exhaust air temperature 1., . The location of these temperature sensors is shown
in Figure 2. It is important to note that all temperatures were measured under physical redundancy by two
thermocouples. Then, the mean temperature for each point was calculated and used for the investigation.
This redundancy enables to increased the accuracy of the experimental dataset.
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In this study, heating coils were not used. Therefore, the temperature of the pre-heat air, after the defrost
heating coil, was assumed to be equal to the outside temperature T, ~ Ty The same hypothesis is
valid for the temperature at the heat exchanger outlet and the supply air temperature The; ~ T'syp. This
hypothesis was verified for each dataset by certifying that the standard deviation between the two fields is
lower than the maximal measurement uncertainty (of around 0.3 °C).

All temperatures were measured using thermocouple sensor technology. Two types of thermocouples
were used according to the European EN 60 584 regulation a nickel-chrome/nickel known as K-type, and
a copper/copper-nickel known as T-type. The measurements were gathered directly using a switch unit
KEYSIGHT 34972A LXI Data Acquisition with a five seconds time step. The recording time step was
selected to assess precisely the temperature evolution in the system. The choice was made using a rough
computation with the minimal air speed in the duct (2.7 m.s~1) and the maximal distance of the temper-
ature sensors in the same duct (around 10 m). Thus, a five second time step was selected for each sensor
so that the transient behaviour of the system could be recorded with accuracy. Note that this acquisition
frequency is more precise than the one used by common BAS (generally of the order of one minute). This
short time step can be easily processed to obtain a coarser time step.

During the preliminary phase, all the thermocouples were calibrated by comparison to a reference sensor,
which was a four wired PT100 called AN5847 from AOIP. The calibration was performed in the range
[—20, 45] °C with a discretization every 5 °C (16 steps), during a phase of increasing temperature. The
calibration procedure is the following: all the thermocouples and the reference sensor were immersed in a
temperature-controlled glycol bath, and all the sensors were also placed in a copper block to homogenise
the bath temperature. Sixteen temperature steps were carried out. Each one lasted ten minutes. The
temperature was recorded with a five second time step and the mean temperature for each sensor was used
for the calibration. A third-order correction polynomial was then computed to minimise the error of each
sensor regarding the reference. Then, a verification phase was carried out for every temperature in the range
[—20, 45] °C with a discretization every 5 °C, during a decreasing temperature phase. The correlation
coefficient was determined for all the thermocouples after correction. The value of each coefficient was
between 0.99 and 1 with a maximal standard deviation on all the calibration ranges of 0.2092 °C.

As mentioned before, circular dampers were used to control the airflow. Thus, airflow could be measured
by pressure differences Ap [Pa] on each side of the damper using diaphragm technology sensors. The
pressure sensors were the SDP610 Series obtained from the Sensirion company. According to the constructor
data-sheet, the span accuracy is 3% of the reading measurement. The Sensirion sensors were connected to
an Arduino UNO micro-controller for data recording. As for the temperature, a five second time step was
chosen for the measurements.

Finally, all the power P [W] consumed by the electrical devices was measured using the Energy Logger
4000 device from Volteraft. According to the supplier the accuracy of the meter varies between 1% and 15%
depending on the measuring ranges. The data were collected using a logger on a Secure Digital card with
a 60 second time step. Such logger cannot record the power with a lower time step. Thus, power data are
recorded with a coarser time step compared to other data (5 seconds for temperature and airflow). Table 1
provides a summary of the uncertainty of the measured fields.

2.3.2 Computed data

Using the previously described measurements, three important quantities were computed. First, since the
direct measurement of an aeraulic airflow is difficult and very uncertain, we preferred to measure a pressure
difference and then compute the corresponding airflow. This is a common method to obtain airflows of
aeraulic systems in BAS. That is why the airflow @, [m3 .h 1] was computed according to the following
equation:

Qv = k-(ap)", (1)

where, according to the supplier, n = 0.5 and the coefficient k is adjusted depending on the position of
the circular damper, varying from 1 to 7 for a given piece of equipment. Then, the total heat exchanger
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effectiveness n [ —] is given by [37, 38]:

n= (Tsup - Tp're) 'Qv,sup'psup'csup
(Tret - Tpre) 'Qv,min'pmin'cmin

: (2)

where T'g,p, Tpre and T are the post heat exchanger, the pre heat exchanger and the return air duct
temperatures, respectively. The quantities p [kg.m ~3] and ¢ [J.kg™1.K~1] are the density and the heat
capacity for air, respectively. Both are considered as constant in relation to the temperature range of the
study. The quantities with the subscript min are defined as follows:

Pmin = min(psupapewh)a Cmin = min(csupa Cewh)a Qv,min = min(Qv,supan,exh)a (3)

where the subscript sup and exh stands for the supply and exhaust air ducts, respectively. The third
quantity is the heat flux in the heat exchanger ¢ [W]:

d) = Qv,min‘ppre'cpre'(Thex - Tpre)- (4)

The subscript pre denotes the pre heat exchanger. During the summer, the heat exchanger of the AHU is
not used thanks to the bypass. This avoids heating the building for nothing. Thus, Equation (4) was only
evaluated in winter. It should be noted that these computed data were used as indicators to check for the
appearance of faults and validate the dataset as a ground truth.

2.4 Uncertainty propagation

To consolidate the experimental dataset provided in this work, an error propagation calculation was
carried for each important field. Thus, all the results and Figures presented are represented with a grey
band highlighting the uncertainty associated with the values. The work and the hypothesis is used to
compute the uncertainties are presented below, following the guidelines [39].

To evaluate the uncertainties associated with any given experimental value, three different methods were
used. Table 1 provides an overview of the evaluation of uncertainty for each quantity. First, regarding
the measurement obtained by physical redundancy (only for the temperature), it is considered that the
systematic errors are reduced since the sensors have been calibrated with a certified reference. Thus, the
value retained corresponds to the mean of the two measured values. The uncertainty was calculated using
the standard deviation of the population, neglecting other bias and errors that may occur.

Regarding the directly measured physical parameter, the uncertainty considered was that of the sensors
and given by the manufacturer. Thus, the energy consumption measurement accuracy is 1% from 5 W to
3500 W, 5% from 2 W to 5 W and 15% for values under 2 W , according to Voltcraft. The pressure value was
also directly measured by the sensor with a precision of 3%. For these two physical values, the represented
uncertainty is evaluated as the accuracy of the sensors. Note that other sources of random errors might
exist but assumed as negligible here.

Finally, for the computed physical values (airflow, the efficiency and heat exchanger gain), the uncertainty
propagation was calculated using the method proposed in [40, 41]. The general formula of uncertainty of

the quantity f is the following:
N 2
of
of = JZ((%ZU“) ) (5)

=1

where z; is one of the N uncertain variables of f and o, is the standard deviation of x;. Note that the
random error of the measurement cannot be evaluated. Indeed, experiments were carried out with a real
case study in which the system was exposed to varying outside climatic conditions. Thus, it is impossible
to repeat the experiments with the exact same outside conditions to evaluate such error. As suggested in
[39], a probability that the true value lies within the stated range should be evaluated and mentioned by
the experimenter. Here, the probability was evaluated as 95 % for all quantities.
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Thus, the uncertainty of the airflow is given using Eq. (1). Two uncertain variables were considered: the
damper coefficient k£ and the pressure difference AP, so we have

9Q. L (0Qu ?

o (o) (%)
where 0, and o, are the damper coefficient and pressure difference uncertainties. The quantities 8]; and
0
& were obtained by direct differentiation of Eq. (1). The value of the uncertainty depends on the pressure

p
difference Ap as well as the coefficients n and k. Considering the minimum pressure difference given by the
measurement uncertainty Ap = 0.1 Pa and the coefficient & = 7, one obtains the minimum accuracy of
the airflow 09 = = 5- 10" m3.h~1, which is approximated to og ~ 0 in Table 1.

Regarding Eq. (2) for heat efficiency, uncertainty is given by:

an ? M )
I = (an"’Q> +<8T'“T ) ! @

where 0 ¢ is the airflow uncertainty given by Eq. (6) and o ¥ is the temperature related uncertainty. This

corresponds to two-times the maximal uncertainty of the sensors, evaluated during the pre-calibration phase.

Given the values of Table 1, we have o 7%* = 2-0.062 K. The quantities

0

3 C; and g—g were obtained by
v

direct differentiation of Eq. (2). Finally, the heat flux uncertainty is:

9 2 9 2 9 2 9\’
- ) b ki i 8
oo =\ (35, 72) +<8p o)+ (seoc) + (o7 o) ®)
where o, and o¢ are the pre-heat air density and heat capacity uncertainties, respectively. The partial
derivatives were obtained from direct differentiation of Eq. (4).

Table 1. Summary of the measured quantities and their uncertainties.

Quantity Uncertainty evaluation Values
Temperature T physical redundancy or € [6.36 -1076, 0.062} K
Air flow Q propagation of uncertain variables k and p or = 3.6
op = 0.1 Pa

ocg€ [0,2484] m®.h!

Heat exchanger efficiency n  propagation of uncertain variables T"and Q, o7 € [0.018, 0.298] K
g€ [0,2484] m®. h 7!

Exchanged heat flux ¢ propagation of uncertain variables o€ |0, 24.84] m3.h7!
Q v, ppre, Cpre and T' op € [040237, 0.0241] kg. m 3
oc = 15075 J kg . K™
or € [0.032,0.298] K

It is important to underline the importance of uncertainty in the measured dataset. The analysis of
uncertainty is significant and is used to validate the appearance of faulty behavior. It can be verified that
the fault is not included in the uncertainty of the measurement. So uncertainty takes an important part of
the ground truth.
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2.5 Generation of a dataset for nominal and faulty system operation

The aim of this study was to generate an experimental dataset using the system described above. A
dataset was produced for both nominal and faulty operations. This paper only presents the data generated
during both summer and winter seasons. All the tests were performed between mid June and mid October
2019 for the summer season, and between December 2019 and February 2020 for the winter. The climate
recorded during the dataset generation is presented in Figure 5 for both campaigns.

15 20 25

Figure 5. Probability density function of the temperature during the summer (a) and winter (b) campaigns.

2.5.1 Fault definition

First, it is important to define what is considered as a fault in this study. We considered faults to be any
state or behavior that prevents the system from operating properly. Three main categories of faults can be
distinguished: (%) a hard fault, (7)) a soft fault [10, 42, 43] and (%) a control fault. A hard fault occurs
suddenly and involves a complete failure of the system. Examples are a breakdown of a pump, a fan belt
break or actuator failure.

Soft faults are those that shift the system from the optimal or designed performance. They do not induce
a complete failure and generally occur gradually over a period of time. They are common and are more
complex to detect due to their progressive apparition. Moreover, the impact on the system efficiency is
low and a threshold should be chosen to distinguish the difference between a normal and soft degradation.
Detection allows the intervention of the maintenance staff to avoid any probable hard faults as well as
sanitary or comfort issues.

Finally, the so-called operational faults are due to problems with the optimal functional analysis of the
system. In other words, the management of the system is not well designed or set up. These faults can be
distinguished from soft ones since they are not a consequence of the system in operation, due to a problem
with the engineers’ configuration. Examples of soft faults can be found in [14, 16, 44, 45], which highlight
the importance of investigating them.

The failures can be classified in three classes depending on the season of whih they occur. Faults due
to heating components are classified as winter season faults. Failure during cooling phases are classified as
summer season faults. Finally, those which can occur at any time are referred to as global faults.
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2.5.2 Fault selection

For the sake of compactness, a part of the experimental dataset in the winter and summer configurations
is presented in Results Section 3. The failures investigated were those which are usually encountered in air
handling units, for the three categories mentioned previously. For hard faults, the selected ones were: a
failure of each fan, a fan belt break of each fan and a bypass air damper failure. Concerning the faults,
fouling of the air filter and the obstruction of a duct were investigated. Finally, the dataset for operation
failure corresponds to control problems of the bypass and free cooling. All the system failures generated
in this study are summarized in Table 2. There is a total of 52 cases numbered according to the fourth
(right) column of Table 2 (6 for fan failure + 8 for bypass damper failure + 18 for filter fooling + 8 for duct
obstruction + 4 for fan belt breakdown + 2 for bypass obstruction 4+ 2 for heat coil failure + 2 for heat coil
regulation + 2 for defrost coil failure).

Note that the defrost coil anomaly can be considered a soft fault since it slowly deteriorated with time.
Inversely, a sudden break of the defrost coil (due to electrical dysfunction for instance) can be seen as a
hard fault. In these investigations, the defrost coil hard fault was provoked suddenly, as a hard fault.

Table 2. Summary of the faults investigated for the generation of the experimental dataset.

Fault Name ‘ Fault type ‘ Category ‘ Cases generated

Fan failure Hard Global 2 Nominal and 4 faults

as a function of fan and speed

Bypass damper failure Operation Summer 2 Nominal and 6 faults

as a function of fan and speed

Filter fooling Soft Global 2 Nominal and 16 faults

as a function of fan and speed
Duct obstruction Soft Global 8 Faults as a function of speed

Fan Belt Breakdown Hard Global 4 Faults as a function of fan and speed
Bypass damper obstruction Soft Summer 2 Faults as a function of speed
Heat coil failure Hard Winter 2 Faults as a function of speed
Heat coil regulation Soft Winter 2 Faults as a function of speed
Defrost coil failure Hard Winter 2 Faults as a function of speed

2.5.3 Experimental design for dataset generation

Two types of dataset were generated for each failure. The first corresponds to a nominal process and
the second to the system behaviour during a faulty operation. In this way, the anomaly can be better
highlighted. All the tests were recorded over at least five minutes, to reach steady state. The experimental
design for each dataset will be explained below.

For the nominal fan, the system operates normally. The fans functioned in a steady state, they were
suitably powered and supplied a well-balanced airflow. A unique dataset is provided for the nominal op-
eration of the fans for each airflow. For fan failure, the dataset was generated for each ventilator for the
two airflow levels. Fan breakdown was achieved using a commutator placed on the fan power cable. During
a proper operation of the system, the fan was intentionally “broken” by turning the switch off. Thus, the
commutator induced a power failure in the equipment, representing fan failure.

For the fan belt breakdown, this fault was also generated for the two fans and for each airflow level. To
generate a belt breakdown, the power was stopped by the commutator. Thus, the airflow decreased until it
reached a total standstill in the duct. There was no airflow through the duct recorded by the sensors and the
temperature was no longer controlled. But during a belt breakdown fault, the motor is still operating and so
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there is still energy consumption. To simulate this behaviour, the fan power data after the shutdown were
replaced with data of this same fan operating normally. Thus, the fan belt breakdown data are composed of
temperature, pressure loss and airflow data induced by the failure of a fan and power consumption generated
by the fan.

The usual bypass operation occurs when building free cooling is required. The bypass is used to stop
heat exchange between the outside and return air. To intensify cooling, the airflow is generally increased.
Two usual bypass operations were identified for this study. The first is when the system supplies a low
airflow which increases when the bypass is activated. The second is when the highest airflow is already
provided and the bypass is activated without a modification of the airflow. In both cases, the bypass is
activated manually by a commutator when the free-cooling condition occurs. The control sequence of the
bypass activation is presented in Eq. 9.

def
Bypon :é Tret — Tset > 0 NTvet — Tour > 0, (9)

where Byp on is the bypass damper activation, T}..; is the room temperature, Ty is the set-point (set to
23 °C). To generate the dataset for the bypass damper failure, the airflow commutator and bypass switch
were used manually. The faults were generated by activation of the bypass and by modifying the airflow.

The faults for the bypass damper obstruction correspond to a failure of the bypass due to mechanical and
not control problems. When the bypass damper is activated, it receives an electrical impulsion to switch on
but it cannot because it is blocked. To simulate the obstruction of the bypass, the damper were hampered
using an extruded polystyrene block and duct tape. So power is sent to the commutator to move the damper
position, but the equipment can not operate properly. To generate these fault data, the temperature and
airflow measurements are used from the bypass damper faults were used while the power was measured
when the damper was obstructed.

For filter fouling, the same design as nominal fan operation was used to generate the nominal operation
dataset with clean filters. For the faults, the aim was to represent situations where dust clogs the filter
in the air ducts. In the experimental design, the obstruction was performed from 0% to 80% of the total
surface of the filter with steps of 10% . The obstruction of the filter surface was performed using aluminium
adhesive tape. Clogging of the filter was achieved with bands as homogeneous as possible placed on the
section.

A duct obstruction fault is a hard fault that appears when a careless user of a room seals an air inlet.
It can also occur when the system has not been installed carefully and part of the duct is mechanically
compressed. This fault can affect the four air ducts. So, each fault was generated by closing the manual
damper of the corresponding duct to increase significantly the pressure loss. The three other dampers
remained fully open.

The heat and defrost coil faults were generated at two fan speeds. Like hard faults, they occur suddenly
after a nominal operation of the system. For heat coil failure, the fault was generated by cutting off the
power supply. Thus, the heat coil does not operate when it is needed by the system. Concerning defrost
coil regulation failure, this happens due to a PID regulation problem. The controller does not regulate
accurately the coil according to the set-up temperature. To generate such a failure, the set-up temperature
of the coil was modified to its minimum value (5 °C) while the power was set at maximum. In this way, the
regulation is strongly oscillated to its set-up value.

2.5.4 Scope of the investigations

with a view to extending the methodology to other equipment, it is important to underline the scope of
the investigation. The experimental dataset concerns the above-mentioned Air Handling Unit (AHU) with
supply and exhaust ducts. An air-to-air heat exchanger links both ducts to heat incoming air from the
outside in winter. The data are based on similar BAS sensors. Several hard, soft and operation faults were
studied, as detailed in Table 2. The focus was on the AHU and not on the zone-level equipment or sensor
anomalies.
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3 Results

For the sake of compactness, all the data generated for this article are not presented in this section.

3.1 Data set for normal operation

The two fans were operated continuously and the temperature was the result of normal use of the system
in both summer and winter campaigns.

Figure 6(a) shows the power of the supply air fan and the exhaust fan. Both fans were continuously
powered during the test with a similar power value. Figure 6(a) also presents the air drop on the circular
dampers and the associated airflow in the inlet and outlet duct, respectively. This highlights the fact that
the air circulates normally and is well-balanced in the two ducts. Indeed, the average supply and exhaust
airflows were 124.0 m3.h™! and 125.0 m3.h~1, respectively. The difference between the airflow was less than
1% . Figure 6(b) presents the four recorded temperatures in the system: supply air, outside air, return air
and exhaust air. The system was operated in a summer period, with an outdoor temperature of around
38 °C. It was in steady state and nominal operation since the supply air was cooled by the heat exchanger
using the indoor air. The efficiency of the exchanger is given in Figure 6(c) and scales with 75% . Additional
dataset were produced for variable fan speeds.
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Figure 6. Set of experimental data for a nominal operation of the system at low speed in the summer
configuration.

A very similar analysis of Figure 7 can be carried out for the winter campaign. Defrost were activated
when the outside temperature was below 5 °C. The heat coil also worked normally since the temperature
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after the heat exchanger increased from 10 to 26 °C. The coil consumption spanned 150 to 500 W. The
system was run in steady state with an exchanger efficiency that was a bit lower than for the summer
(around 60 %).
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Figure 7. Set of experimental data for a nominal operation of the system at low speed with a defrost coil in
winter the configuration.

3.2 Data set for a fan failure
3.2.1 Supply fan failure

The experimental default set presents the breakdown of a supply fan. As noted in Figure 8, the default
appeared at t = 13 min after a brief period of normal operation. At this time, the supply fan power
decreased to zero while the exhaust fan supply functioned normally. The breakdown of the supply air
fan led to an immediate drop in the airflow in the inlet air duct. The default is also highlighted on the
temperature variations in Figure 8(b). The supply, exhaust and return air temperatures were in steady
state before ¢ = 13 min. When the default appeared, these temperatures were in a transient regime. After
a sufficient time, t ~ 25 min, the system reached another steady state, corresponding to a default of the
airflow in the supply duct. It should be noted that the measurement uncertainty increased for the outdoor
temperature and the supply air temperature when the default appeared. Indeed, the air in the duct was
not well mixed and some stratifications appeared. This experimental set is qualified as a default since it
induces a sanitary problem in the building. There is a lack of clean fresh air in the room. Moreover, the
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system efficiency is deteriorated as shown in Figure 8(a). It decreases from almost 70% to 0 when the fan

failure occurs.

In the supplementary material, additional data are also proposed for a supply fan failure with a higher

airflow.
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Figure 8. Set of experimental data for a supply fan failure at low speed.

3.2.2 Exhaust fan failure

A dataset was produced for an exhaust fan failure using the fan power commutator. Similarly, a default
was forced after a period of nominal operation. The measurements are presented in Figure 9. The power of
the exhaust fan declined at around ¢ = 14 min. The supply fan was still in normal use. The observations
are very similar to those for the supply fan failure. Figure 9(a) shows that air circulation in the exhaust duct
stopped as soon as the power to the fan is was cut off. The temperature was different from the supply fan
failure presented in Figure 8(b). For ¢ < 14min, the supply air temperature was at a level between that of
the outside air and the return air. The heat exchanger is functioned normally. When the exhaust fan failed,
there was no cooling in the heat exchanger. Thus, for ¢ > 14min, the supply temperature increased until
it reached the outside air temperature. The measurement was smooth since the sensor is located inside the
thermal zone. This is corroborated by an analysis of the heat exchanger efficiency presented in Figure 9(a).
The fault created a decrease in the heat exchanger efficiency, which went from 76% % to 0%. A short
increase of over 100% can be noted before it vaniched, which is due to the short recording time step. When
the power to the fan is cut, the airflow decreased and therefore the denominator of equation (2) increases.
This fault is qualified as hard since it induces an inability of the system to operate. However, in contrast to
the supply fan failure, it did not lead to a sanitary problem due to a lack of air exchanges.

3.3 Data set for nominal operation with the use of a bypass

This section provides an experimental dataset for a normal operation of the bypass at both high and low
fan speeds.

First, the bypass was activated for maximal airflow in the ducts. Figure 10(a) shows the bypass damper
power. The two fans were suitably operated at their maximal power during the whole test. At ¢ = 15 min,
the damper position changed, forcing the airflow to bypass the heat exchanger. As noticed, the airflow was
still well balanced in the ducts, at around 200 m3.h~!. Figure 10(b) shows the temperature. The return
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Figure 9. Set of experimental data for an exhaust fan failure at low speed.

temperature, corresponding to that of the inside room, was very high, at around 25.2 °C. It was also higher
than the outside temperature of 21 °C. These are suitable conditions for free cooling. Thus, the bypass
damper was powered at ¢t = 15 min. As a consequence, the heat exchanger was no longer used and the
supply air decreases almost instantaneously by 1 °C. Conversely, the opposite phenomenon was observed
for the exhaust temperature. As shown in Figure 2, the return air temperature was upstream from the
exhaust air temperature. Thus, the fact that the exhaust temperature approached that of the return air
also indicates that less energy was exchanged in the heat exchanger. Figure 10(a) shows the heat exchanged
in the system. This confirms that there was less heat gain in the heat exchanger when the bypass was
opened. This did not have a directly appreciable impact on the inside air because of the volume of air in
the room.
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Figure 10. Set of experimental data for a normal operation using the bypass at an initial high fan speed.
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The second set of data corresponds to a normal operation with the bypass activated at an initial low
fan speed. The dataset is presented in Figure 11. In Figure 11(a), it can be seen that when the damper
was activated, the airflows in both ducts also increase. As a consequence, the electricity consumption of
the fans also rose. The temperature variation show in Figure 11(b) was very similar to our observations for
high speed. The inside room air temperature was higher than the outdoor temperature during the whole
test, corresponding to a positive situation for free cooling. When opening the bypass, a change was noticed
in the supply and exhaust air temperature. The primer tended toward the outside air temperature and
the exhaust air to the indoor air temperature. Theoretically, with a sufficiently long time, the supply air
temperature should become equal to the outside air temperature, and the exhaust air temperature to the
indoor air temperature. These changes are due to the reduction of the heat transfer when the bypass is
opened. To highlight the decrease in heat exchange, Figure 11(a) shows the difference between the outside
and supply air temperature. There was a loss of 1 °C between the two states.
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Figure 11. Set of experimental data for a normal operation using the bypass at an initial low fan speed.

3.4 Data set for a bypass failure

After presenting the nominal use of the bypass, a dataset for a defective operation are now introduced.
Three of the six possible faults identified are presented in the following section: two for high fan speed and
one for low fan speed.

3.4.1 Initial high fan speed

Three defaults can occur with an initial high fan speed. The first is when the bypass is not activated. The
experimental dataset is presented in Figure 12. In Figure 12(a), the power of the two fans was constant at
the highest value. However, the bypass damper energy consumption was constantly null indicating a failure
of the system. The supply and exhaust airflows were nominal and well balanced, as noted in Figure 12(a).
The temperature variation is presented in Figure 12(b). It is clear that a free cooling potential existed but
was not used. The outside temperature was almost 5 °C below the return temperature corresponding to
the air temperature in the inside room. In such conditions, the bypass should be activated to cool the air
in the room. Figure 12(a) presents the gain of the heat exchanger. During the test, it remained constant
at around 250 W. This reinforces the idea that it is a faulty state compared to the influence of the bypass
activation in Figure 10.
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Figure 12. Set of experimental data with a bypass failure at an initial high speed fan: the bypass was not
activated while the airflow was working.

Conversely, the second default happened when the bypass was activated but the airflow reduced. As
shown in Figure 13(a), the bypass damper was turned on at ¢ = 40 min. At the same time, this also
shows that the airflow in both ducts decreased. The power of the fans also dropped down. The temperature
variation in the system is presented in Figure 13(b). A free cooling of the building was possible but, due to
the default, less fresh air was injected into the building. Thus, even if the bypass is opened, cooling is slower
compared to the nominal case. There was a smooth transition of the system as shown in Figure 13(a).
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Figure 13. Set of experimental data with a bypass failure at an initial high speed fan: the bypass was
activated while the airflow was reduced in the ducts.

The last fault case regarding high fan speed occured when the airflow was diminished and the bypass
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damper was not activated. For the sake of compactness, the experimental dataset for this last case is
presented in the supplementary files.

3.4.2 Initial low fan speed

A bypass failure can also occur at an initial low fan speed. Three defaults are possible for the low speed.
For the sake of compactness, only one is presented here, the other two are provided in the supplementary files.
The operation default presented here appeared when the bypass damper was not opened while the airflow
remained at a low level. Figure 14(a) shows that the bypass was not activated during the test. Furthermore,
the airflow did not vary, suggesting that the power of the two fans remained constant at the low level. The
analysis of temperature in Figure 14(b) shows that there were favourable conditions for free cooling. There
was no significant change in the dynamics of the fields. Figure 14(a) also gives the variation with time of
the heat exchanger efficiency. Since the bypass was not working, there was no significant modification in
the heat exchanged. Indeed, the efficiency remained almost constant in during nominal functioning.
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Figure 14. Set of experimental data with a bypass failure at an initial low speed fan: the bypass is not
activated and the airflow did not increase.

3.5 Data set for a filter fouling

For this experimental dataset, it should be remembered that the bypass was no longer used and the
conditions were not favourable for free cooling. Here, the impact of filter fouling on the airflow and thus
the efficiency of the heat exchanger, was investigated. Fach supply and exhaust duct filter was obstructed
separately in a specific test. The case presented occured when the filter placed on the supply air duct was
clogged. An additional set of data is provided in supplementary materials for the congestion of the extracted
air duct.

Figure 15 shows the variation in the airflow and the efficiency with three filter clogging cases. It can be
seen in Figure 15(a) that the value of the supply airflow decreased when filter fooling increased. It went
from 124.6 £ 2% m3.h~! for no obstruction to 118.8 4 2% m3.h~! for an obstruction of 80% of the filter.
This corresponds to a reduction of 5% of the initial nominal airflow. Furthermore, in such a default case,
the airflow in the two ducts was no longer well-balanced, which induced unexpected air circulation in the
building and a higher energy consumption by the fan. As a consequence, the efficiency of the heat exchanger
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decreased significantly with filter fouling, as shown in Figure 15(b). A reduction of 25% of the efficiency
was observed for a fouling of 80% .

Figures 16(a) and 16(b) present the change with time of the average airflow and heat exchanger efficiency
according to clogging percentage. By fitting an empirical model, an increase of 10% of fouling induced a
reduction of 2.5% of the efficiency. Figure 16(a) also reveals that the minimal standard requested value
of air exchanged was not reached for an obstruction higher than 60% . Thus, an additional sanitary fault

appeared when the minimal air exchange value of 120 m3.h~! was not respected.
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Figure 15. Set of experimental data for the supply duct filter fooling.
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Figure 16. Evolution of the averaged supply duct air flow (a) and the heat exchanger efficiency (b)
according to the fouling.
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3.6 Data set for duct obstruction

The next experimental dataset is for an obstruction of each of the four ducts. For the faults presented
in the following section, the fans were operated at low speed. Figure 17 presents the airflow in the ducts
during the four obstruction cases. The two cases dealing with the supply duct are presented in Figure 17(a)
and the cases on the exhaust duct in Figure 17(b). Regarding the case of the obstruction of a fresh air
duct, two important elements can be highlighted. First, when the damper is closed during the test, the
airflow in the duct sheltering the damper decreased. At the same time, the airflow in the exhaust duct
increased. Thus, for the obstruction of the fresh air duct, damper closure induced both a reduction in the
supply airflow and an increase in the extraction duct. A similar trend was also observed in the fan power
data, but this was very slight and withing the margin of error. Very similar observations were made in the
case of an obstruction of the expelled air duct, in Figure 17(b).

Figure 17(a) also shows the variation in airflow in two ducts for an obstruction in the blow-in air duct.
After obstruction, the pressure loss increased leading to a fall in airflow in the duct. A slight reduction
in the exhaust airflow was also noticed. In this case, the fault induced a sanitary issue since the fresh air
supply in the room was below the recommended value of 120 m3.h~1
when the expelled air duct is obstructed.

The same test was conducted on a system with the fans working at high speed. The results are provided
in the supplementary material.

. A similar conclusion can be drawn
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Figure 17. Set of experimental data for supply (a) and exhaust (b) ducts obstruction at low speed.

3.7 Data set for fan belt breakdown

Fan belt breakdown is a usual fault that stops the airflow in a duct. It is similar to a fan failure fault,
although, the electrical motor is still operating, consuming energy and maintaining a nominal function.
However, the rotation is not effective and no airflow is generated. An experimental dataset is provided
for both a supply and exhaust fan, at high and low speed. For the sake of compactness, only the results
regarding high speed are presented here, the low speed results are provided in the supplementary material.

In Figure 18, supply fan belt breakdown appeared at ¢ = 42 min. The airflow in the supply duct
ended abruptly, while in the exhaust duct continued at its nominal level. As a consequence, heat exchanger
efficiency dropped to zero since Eq. (2) depends on the airflow. It can be noted that the power provided to
the two fans remained constant, indicating that the motors were still operating. This simulates a fan belt
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breakdown. Figure 18(b) presents the temperature during the test. The supply and exhaust air temperatures
changed considerably after the airflow stopped.

The next case is for an exhaust fan belt breakdown. The experimental dataset is presented in Figures 19(a)
and 19(b). The airflow dropped in the exhaust duct, suggesting a decrease in efficiency, while both fans

maintained a nominal energy consumption. As for the previous case, the temperature of the supply and
exhaust air ducts was modified.
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Figure 19. Set of experimental data for an exhaust fan belt breakdown at high speed.
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3.8 Bypass damper failure

This dataset concerns an obstruction of the bypass damper. The fault was generated in a free cooling
context, at both low and high speed. Only high speed is presented here. The low speed data is available
in the supplementary material. Figure 20(a) shows that the airflow remained at the highest level during
the whole test, even when the bypass was activated. The bypass damper received an electrical impulsion
to open, at t = 31 min since there was a free cooling potential. However, it was mechanically blocked
and could not be opened to let the airflow through. It is worth mentioning the bypass power is non-null
after activation because the damper cannot touch the contactor that stops the energy supply. The heat
exchanger efficiency remained stable because the bypass damper was not open. Figure 20(b) shows that the
air temperature in the system was not perturbed during the test, remaining in steady state.
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Figure 20. Set of experimental data for a bypass damper obstruction at high speed.

3.9 Defrost and heat coil failure

In this case, the defrost coil fails while the system is operating in nominal condition with a need to pre-heat
the outside air. Figure 21(a) demonstrates that the fans were working normally with a constant and balanced
airflow. As remarked, the supply fan power consumption was constant during the test. Nevertheless, at
t = 0 the power consumption of the defrost coil ended abruptly. Analysis of Figure 21(b) is consistent with
these results. The supply temperature was constant with an internal temperature of 21 °C. The pre-heating
temperature was around 5 °C until ¢ = 0. With defrost coil failure, the pre-heating temperature decreased
to the level of the outside temperature. The minimum temperature required in the heat exchanger to avoid
condensation is not guaranteed. Figure 21(c) gives the heat flux provided by the defrost coil computed
according to Eq. (4). The flux remained stable until the failure and then decreased slowly. A very similar
dataset is provided for a heat coil failure with the experimental results provided in Figure 22.

3.10 Defrost coil regulation

The last dataset concerns defrost coil regulation. Here, the PID regulation is not working accurately.
Figure 23(a) shows the variation in the power consumption of the fans and coils as well as airflow. The
power consumption and airflow were constant for the fans. However, the power consumption of the defrost
coil varied between 0 and 1000 W due to bad regulation. Figure 23(b) also shows that the pre-heating

22 / 29



Experimental dataset for an AHU air-to-air heat exchanger with normal and simulated fault operations

35 T .
=40 Sup. —-—-- Exh
< 20 —— Sup. 30 WWWM

----- Exh.
Ot :
-1 0 -5 0 5 25 B
1500 :
g 1000 F " Htc. - - - Fro. & 20
T <
A b emmeraimecme ] & 45
° N ° ° 10 —
T, 150
I ad e Exh. e
5 o | |
-1 0 '5 0 5 '1 0 -5 0 5
¢ (min.) ¢t (min.)
(a) (b)
200 T :
g
~ 100 F |
g
-
OE l 1 -
-10 -5 0 :
t (min.)

()

Figure 21. Set of experimental data for defrost coil failure.

temperature was not constant at all; it varied dramatically, corresponding to the instant when the coil was
turned on, and was not stable at 5 °C as expected with the set-up. Similarly, the efficiency of the heat
exchanger also varied between 0 and 60 %, as noted in Figure 23(c).

4 Further remarks and conclusion

Before giving some general conclusion based on our dataset, several remarks can be made regarding the
experimental results. As can be noticed on several Figures, as for instance Figure 8(b), the temperature
uncertainty increased with a decrease in the airflow. This is probably due to a temperature stratification
or just a non-uniform temperature distribution in the duct. It should be remembered that the temperature
was measured by physical redundancy with two thermocouples. However, it is important to note that the
maximal standard deviation of temperature remained under 0.3° C.

The heat exchanger bypass of the system may not achieve its function totally. Actually, the bypass is
made of a little trap above the heat exchanger, which allows a preferential path for the air but is not a
complete bypass of the heat exchanger. For instance in Figure 10(b), the supply temperature was reduced
after the bypass was opened but was still relatively different to the outside air temperature (around four
degrees). The remaining difference highlights the fact that part of the supply air is always heated in the
exchanger. This phenomenon can also be observed in Figures 11(b) or 13(b). It should be underlined that
this corresponds to the product line provided by the supplier. Thus, it represents a real system set-up in a
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Figure 22. Set of experimental data for heat coil failure.

building.

The airflow may vary in surprising manner in Figures 17(a) and 17(b). When the damper is closed, one
airflow decreased, as expected, while the other increased. This behaviour seems to be due to the DFX AHU
system itself. There is a lack of permeablity of the inside air in the system, causing unwanted air transfer
between the two ducts when the pressure loss increases. Again, this represents a real system in use.

Regarding the filter fouling protocol, the authors are aware that the surface obstruction of the filter used
to represent filter clogging is not representative of the physical reality. The behavior inside the filter, like
the velocity field, can significantly differ from a real fouling and surface percentage obstruction of a filter.
However, the main objective was to induce a reduction in the airflow and efficiency due to filter problems.
Indeed, the impacts on these two physical quantities are the result of filter fouling and the topic of this study
is fault detection. Moreover, it would be more interesting to have data of a continuous increase in the filter
fouling rather than discrete values. However, no experimental protocol allows such a continuous generation
of filter fooling. Thus it was decided to provide data under different percentages of filter clogging. Moreover,
the filer clogging phenomena generally appear over several months or years of operation in normal cases.
These issues will be investigated in the our future work.

It is important to note that even though human interaction with the building and the inside space has
an impact on the indoor conditions, it has not been specifically represented during the experimental tests.
Indeed, the system studied has to respond appropriately to inputs (like inside or outside temperature), with
controllable outputs (such as blown temperature or the bypass damper position), regarding the condition
targeted by the operation or maintenance staff. Thus, human activity (regarding thermal and moisture
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generation) is an influential parameter for the internal conditions (solar irradiation, for example), which is
already a controlled variable. Note that faulty human actions are dealt with in the clogging of an air vent.

Examples of the use of such experimental data for FDD in real projects can be found in the literature.
Two recent studies may be cited since they are based on the same AHU equipment. In [46], a multivariate
statistics method was employed to elaborate a map of the commissioning of the equipment. One year of
experimental data were collected from the automation system of an office building. These maps enables a
fast and understandable detection of nominal and faulty operations. In [47], a qualitative based FDD tool
using dimensionality reduction was developed and its reliability was evaluated in terms of the experimental
dataset provided in this work.

To summarise, this study provides experimental datasets for an AHU system. The datasets correspond
to both nominal and faulty operations of the system. Nine different non-exhaustive faults were investigated,
for two regimes of airflow and for each component. A total of 6 nominal operation datasets and 46 faulty
operation datasets were generated. These data are provided with uncertainties in a semi-controlled room
with a thorough experimental design representative of real building monitored by a BAS in both summer
and winter configurations. Without getting into a debate on the merits of existing building data and ex-
perimental data, our datasets are reliable for the following reasons. (i) The experimental protocol and the
(semi-)controlled room reduces the unknown events and maximizes the accuracy of the recorded cases (the
faults and the nominal operation). However, field data do not fulfill this condition, yet are essential to
ensure the suitability of the data for fault detection ; (%) Experimental results provides values and their
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associated uncertainties, making it possible to validate the appearance of a fault. Once again field and
simulated measurements are rarely provided with this information; (7ii) Experimental data represent real
phenomena, whereas simulated data are marred by the model error or bias induced by the hypothesis, not to
mention all the possibilities of simulation error made by the operator. They represent a real system usually
employed in buildings monitored by BAS and subjected to climatic variation; (iv) Experimental data like
field data include background noise in the measurements due to sensor precision, which is not simulated
by the model, representing more closely the type of data processed by in situ FDD tools ; (v) Each fault
dataset is associated with a corresponding nominal dataset to highlight the difference between them. The
transition between nominal and fault sequences was almost continuous.
It is also important to be aware of the limitations of such a dataset; (vi) Experimental data generation is def-
initely more time consuming than simulation or field data retrieval, due to establishment of an experimental
protocol, and then the generation of the data ; (vii) Experimental data are more expensive to produce than
other data ; (viit) The experimental protocols used to properly represent specific faults are complex to set
up. Note that the experimental dataset concerns only the above-mentioned Air Handling Unit (AHU) with
supply and exhaust ducts as well as an air-to-air heat exchanger. The data are provided based on similar
BAS sensors.

For all these reasons, our dataset should be useful for the community. It can be used as input samples to
develop qualitative, quantitative or process history-based FDD tools and evaluate their prediction accuracy
[7, 8]. Future work should focus on providing additional datasets for faulty operations.

Nomenclature
Latin letters
Symbols Description Units
C Heat capacity [Jkg 1K™
k Venturi Coefficient  [m3.h™1.P~?]
P Power W]
D Pressure [Pa]
Qv Volumetric airflow [m®.h™1]
T Temperature [°C]
t Time [min]
Greek letters
Symbols Description Units
A Difference between two values [-]
0] Heat flux (W]
n Efficiency []
P Density [kg.m™3]
o Uncertainty [ST]
Abbreviation
Symbols Description Use
Exh. In the exhaust duct Pressure loss, airflow, equipment power, temperature
Sup. In the supply duct Pressure loss, airflow, equipment power, temperature
Nom. At the nominal value Efficiency
Out. At the outdoor air location Temperature
Ret. At the return air location Temperature
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