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(McIntosh et al.,, 2000). Since cooling and refrigeration
compromise over a third of the electrical energy consumption
in residential and commercial buildings, the development of
diagnostic modules that can effectively detect incipient faults
could result in significant cost and energy savings that would
have a dramatic economic and environmental impact.

1. Introduction

It is well known that performance degradation resulting from
the development of faults within vapor compression systems
can result in significant increases in energy consumption
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Nomenclature

COP, coefficient of performance

COP.;  coefficient of performance based on electric power
input

cos¢ power coefficient of compressor motor

h specific enthalpy of the refrigerant (kJ kg™?)

I current flow through the compressor and fans (A)
m refrigerant mass flow rate (kg s™?)

n compressor motor speed (rpm)

U specific volume (m® kg%

Q. heat rejection rate at the condenser (W)
Q. evaporator load (W)

q net cooling effect

P pressure (kPa)

p-h pressure-enthalpy

R residual values

T temperature (°C)

U voltage across the heaters (V)
Ve compressor cylinder volume (m?)
v volume flow rate (m>s™?)
We electric motor power (W)
Abbreviation

AXV automatic expansion valve
EEV electrical expansion valve
FDD fault detection and diagnosis
H high

L low

N normal

No no value

NCE net cooling effect

VL very low

PH partially high

PL partially low

5% solenoid valve
VH very high

Greek symbols

3 pressure ratio
Ny volumetric efficiency of the compressor
Ns isentropic efficiency
A increment
Subscripts
a air
@ condenser
ca condensing absolute
comp  compressor
dis discharge
e evaporator
ea evaporation absolute
el electric
exp expected values
e saturated liquid
fg latent heat
g,e saturated vapor
max maximum values
min minimum values
nor normalized values
T refrigerant
res residual values
sat saturated
suc suction
sur surface of compressor
sc subcooling
sh superheat
v specific volume

In the late 1980s, the earlier development of diagnostics
of HVAC&R system operation was mainly performed by
rule-based expert systems. During the late 1990s, the devel-
opment of automating fault detection and diagnosis was
emphasized. Inputs and outputs of an HVAC&R operating
process can be mathematically related by using autore-
gressive models with exogenous inputs (ARX), artificial neural
network (ANN) models, and many other developing models
(Wang, 2001). Both ARX and ANN are called black-box because
they require less physical knowledge of the operating process.
These technologies are expected to be commercially available
after laboratory and field tests.

The key to successful troubleshooting is the knowledge of
how a refrigerating system operates and how each component
functions in the system. Because a refrigeration system has at
least four components connected by tubing, the effect of the
operation of each component on the other three ones must be
understood. A problem in one component may cause mal-
functions in others. Knowledge of refrigeration theory and the
operation of the components are necessary for successful
troubleshooting. Besides component failures, external factors
can also cause refrigeration system problems. These factors
include water quality, air quality, and power supply.

Operating procedures and weather conditions can have an
effect on the system. Load changes may cause further prob-
lems. One or more of these conditions may occur at any given
time. Therefore, it is vital that we have an overall knowledge
of system performance (Dossat, 1991).

In the past, methods for fault detection, diagnostics, and
prognostics (FDD) were applied to various systems, such as
vapor compression refrigeration systems (Tassou and Grace,
2005) and direct expansion cooling equipment (Li and Braun,
2007). Other publications of research have been presented
on FDD itself (Han et al., 2011; Piacentino and Talamo, 2013).

In general, current FDD algorithms for vapor compression
cycles are divided into two categories: steady-state model-
based algorithms and neural network/fuzzy model ap-
proaches (Halm-Owoo and Suen, 2002). The characterization
of vapor compression system faults has been pursued by
many investigators. Rossi and Braun (1997) developed a
technique that uses only temperature measurements to
detect and diagnose five commonly occurring faults in rooftop
air-conditioning systems. Breuker and Braun (1998) tested the
sensitivity of the FDD method in a laboratory setting. The
rooftop air conditioning unit was operated in a simulated
building using typical on-off control over a range of operating
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conditions and fault levels. Grimmelius et al. (1995) developed
an on-line failure diagnosis system for a vapor compression
refrigeration system used in a naval vessel or a refrigerated
plant. Stylianou and Nikanpour (1996) provided a performance
monitoring, fault detection and diagnosis of reciprocating
chillers. Kim and Kim (2005) tested a water-to-water heat
pump system with a variable speed compressor and an elec-
trical expansion valve (EEV). They also provided an FDD al-
gorithm along with two different rule-based charts depending
on the compressor status. Proctor (2006) markets an expert
system within a database that uses technician gathered sys-
tem information to diagnose system faults.

Faults can be divided into two categories: 1) hard failures
that occur abruptly and either cause the system to stop
functioning or not meet comfort conditions and 2) soft faults
that cause degradation in performance but allow continued
operation of the system. The techniques that have been
developed for diagnosing soft faults in vapor compression
cooling equipment can be described in terms of a series of
steps described by Isermann (1984). The first step is fault
detection, in which a fault is indicated when the performance
of a monitored system has deviated from expectation. The
second step, diagnosis, determines which malfunctioning
component is causing the fault. Following diagnosis, fault
evaluation assesses the impact of the fault on system per-
formance. Finally, a decision is made on how to react to the
fault. Expert knowledge could be used to set larger thresholds
that would guarantee that the detected faults are important
and should be repaired (Braun, 2003).

Several investigators have proposed the use of thermody-
namic impact to diagnose faults. They considered a packaged
air conditioner with a fixed orifice as the expansion device, a
reciprocating compressor with on/off control, fixed condenser
and evaporator air flows, and R22 as the refrigerant. Isermann
(1984) emphasized that condenser fouling is equivalent to
having a smaller condenser and leads to higher condensing
temperatures and pressures than the normal (no fault) case.
Braun (2003) illustrated that the condenser fouling and low
refrigerant can be distinguished by their unique effects on
thermodynamic measurements. Bulgurcu (2009) released a
book on maintenance, troubleshooting and service process in
HVAC&R systems. Although significant progress has been
made in this field, the number of faults that can be effectively
diagnosed is still very limited.

Based on previous review, we found a gap between the in-
formation required to apply a general theory of diagnosis and
the limited information of the p-h diagram. In this study, we
conduct the fault diagnosis of a vapor compression refrigeration
system applying hermetic reciprocating compressor through a
proposed new method. The method is based on cycle analysis to
put theoretical information of FDD and the limited information
of the p-h diagram together. The proposed approach has much
more diagnostic ability. The major objective of the present
research is to test a basic vapor compression refrigeration
experimental setup in order to map system parameters during
fault-free and imposed-fault operations. System operating
conditions are monitored, and performance parameters are
recorded. Eight faults are imposed and investigated with the
proposed method: (i) compressor failure, (ii) compressor valve
leakage, (iii) restricted filter-drier, (iv) restricted automatic

expansion valve, (v) refrigerant undercharge, (vi) refrigerant
overcharge, (vii) dirty condenser, (viii) evaporator fan failure.
These collected results are used for the development of the new
fault detection and diagnosis (FDD) method.

2. Fault detection and diagnosis

To analyze the performance of the refrigeration system, four
points (1, 2, 3, and 4) on the p-h diagram (Fig. 1) and theirs
measured and calculated values such as temperatures of
points 1, 2, 3, and 4 (T4, T,, T3, and T4) high side pressure (P,)
and low side pressure (P.), refrigerants mass flow rate (m),
current (I), voltage (U), and cosine g are required.

The differences between the actually measured values of
an operating parameter, such as temperature T (°C), pressure P
(Pa), volume flow rate V(m?3s ") or mass flow rate m (kgs~*) and
the expected values (estimated, simulated, or set points) of
temperature Teyp, pressure Peyp, volume flow rate Vexp, or
mass flow rate meyp under normal operating conditions are
called residual. A fault can be detected by investigating and
analyzing residuals (Wang, 2001).

A temperature residual Tres(°C), @ pressure residual Py.s(Pa),
oravolume flow rate residual Vyes (m>s~?) can be calculated from

Tres =T- Texp (1)
Pres:P*Pexp (2)
Vres = V - Vexp (3)

where, the subscript exp indicates expected (predicted) values
and the units of Teyp, Pexp, and Vexp are the same as those of T,
P, and V. Most of the measured operating parameters in a fault
detection and diagnostic system are the same monitored

Logp
ATSC
Expansion m
valve 5 3s 12s 2 '2'
/s ATshdis
Evaporator 1s] L
4s /4 !
Compressor
ATsh‘suc
—_— —

h

Fig. 1 — Points of meaningful instrument readings in
refrigeration cycle on the p-h diagram. (ATp suc: Suction
superheat, AT,y gis: discharge superheat, AT.: subcooling,
point 1s: saturated vapor point of point 1, point 1: suction,
point 2: discharge, point 2s: saturated vapor point of point
2, point 2': discharge with entropy increase, point 3s :
saturated liquid of point 3, point 3 : sub-cooled liquid at the
expansion valve, point 4s: saturated liquid of point 4, point
4: evaporator input).
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parameters (sensed or measured) as in an energy manage-
ment and control system (EMCS).

Residuals are often normalized so that the dominant
symptom may have approximately the same magnitude for
different types of faults. The residual R can be normalized as
Ruor = m (@)

Rmax - Rmin

where Ry, is the normalized residual while R,,x and Ry, are
maximum and minimum residuals, respectively.

A simple analysis of a standard vapor compression refrig-
eration system can be carried out by assuming a) steady flow,
b) negligible kinetic and potential energy changes across each
component, and c) no heat transfer in connecting pipe lines.
The steady flow energy equation is applied to each of the four
components.

2.1. Evaporator

Heat transfer rate at evaporator or refrigeration capacity Q, is
given by:

Q. = m(hy — hy) (5)

where m is the refrigerant mass flow rate in kgsfl, h, and hy
are specific enthalpies at the exit and inlet to the evaporator
respectively.

2.2. Compressor

Power input to the compressor, W. is given by:
W = m(h, —hy) (6)

where h, and h; are specific enthalpies at the exit and inlet to
the compressor respectively.

At any point in the cycle, the mass flow rate of refrigerant
m can be written in terms of volumetric flow rate and specific
volume. By applying the mass flow rate equation to the inlet
condition of the compressor,

Y
=Vt
U1

)
where V; is the volumetric flow rate at compressor inlet and v,
is the specific volume at compressor inlet.

The compression ratio is given by:

£=— (8)

where P. is the absolute condensing pressure and P, is the
absolute evaporating pressure.
Volumetric efficiency of compressor is given by:

o myul
™ = Ven/60 ©)

where V. is cylinder volume of compressor and n is the
compressor speed.
Isentropic efficiency of the compressor is defined as:

_WS

e (10)

Ns

where W; is the isentropic work of compressor.

2.3. Condenser

Heat transfer rate at the condenser, Q. is given by:

Q. =y (hy —hs) (11)

where h, and h; are specific enthalpies at the inlet and exit to
the condenser respectively.

2.4. Expansion device

During the throttling process in the expansion valve, it is
assumed that there is no heat transfer to the environment,
and it was mentioned earlier that the changes in kinetic and
potential energies are negligible. Therefore, we have the
following expression:

hs =hy (12)

The exit condition of the expansion device lies in the two-
phase region. One can write:

h4 = (1 — X4)hf'e + X4hg£ = hf + X4hfg (13)

where x, is the quality of the refrigerant at point 4, while hg,,
hge and hg, are saturated liquid enthalpy, saturated vapor
enthalpy and latent heat of vaporization at the evaporator
pressure, respectively.

The ratio of the evaporator load to the compressor power
gives the coefficient of performance for the refrigeration system:
cop- % (14)

We

On the other hand, the coefficient of performance based on
electric power input can be determined from the ratio of the
evaporator load to the electric power consumption of the
overall system:

COPy = v?/ (15)

el

where W, is the sum of electric power inputs to the motors of
compressor, fans of the condenser and the evaporator.

Some terminologies on the p-h diagram (Fig. 1.) are
explained as followings:

The suction superheat can be calculated by

ATsh‘suc = Tl - Tls (16)

where T; is the suction temperature at point 1 and Ty, is the
saturated vapor temperature of point 1.
The discharge superheat can be calculated by

ATshgis = T2 — Tas (17)

where T, is the discharge temperature and Ty is the saturated
vapor temperature of point 2.
The subcooling can be calculated by

ATse = Tas — T3 (18)

where Tj is the liquid temperature at the inlet of expansion
valve and Ts; is the saturated liquid temperature of point 3.
The net cooling effect (NCE) can be calculated by

Ahis=d4=h —h, (19)
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where h; is the specific enthalpy at point 1 and hy is the spe-
cific enthalpy at point 4.

The vapor compression refrigeration cycle has four main
components which are the compressor, the condenser,
expansion device, and the evaporator (Fig. 1). Each main
component is connected to each other by installing pipes
which are called as the line. The refrigerant flows through
each component by means of lines. The inlet to the
compressor is called suction line. It brings the low pressure
vapor into the compressor. The suction line connects the
evaporator outlet (point 1s) and the compressor inlet (point
1). After the compressor compresses the refrigerant into a
high pressure vapor, it removes it to the outlet called
discharge line. The discharge line connects the compressor
outlet (point 2) and the condenser inlet (point 2s). This occurs
(in theory) at a constant entropy. On the other hand, the
compression process occurs at constant entropy only in the
ideal cycle. In the real world, entropy will increase during the
compression process, resulting in even higher discharge
temperatures and adding the amount of heat to the refrig-
erant. Thus, the compressor outlet is represented by point 2'.
After the condenser changes the high pressure refrigerant
from a high temperature vapor to a low temperature and
high pressure liquid refrigerant, it leaves the condenser
through a line called liquid line. The liquid line connects the
condenser outlet (point 3s) and the expansion valve inlet
(point 3). The high pressure refrigerant then flows through a
filter dryer to the automatic expansion valve (AXV) which
meters the correct amount of liquid refrigerant into the
evaporator. As AXV meters the refrigerant, the high pressure
liquid changes to a low pressure, low temperature, and
saturated liquid/vapor. The saturated liquid/vapor enters the
evaporator and is changed to a low pressure, dry vapor. The
low pressure, dry vapor is then returned to the compressor in
the suction line. Thus, the cycle then starts over. The satu-
ration temperature can be defined as the temperature of a
liquid or vapor, where if any heat is added or removed, a
change of state takes place.

3. Description of the experimental setup

The refrigeration troubleshooting experimental setup
2010) consists of a hermetic reciprocating
compressor, a finned type air cooled condenser, an automatic
expansion valve and a unit type evaporator, as shown in Fig. 2.
The system was charged with 600 g of R134a.

The compressor has a swept volume of 7.95 cm® rev* and
it has an average speed of 2800 rpm. The air-cooled condenser
has a heat transfer area of 0.075 m?. The evaporator was made
from copper tube with finned aluminum. The refrigeration
load was provided to the evaporator by the heat transferred
from surrounding air.

The constant pressure expansion valve is operated by
evaporator or valve-outlet pressure. It regulates the mass flow
of the liquid refrigerant entering the evaporator and main-
tains this pressure at a constant value (ASHRAE, 2006).

As shown in Fig. 2, the refrigeration experimental setup
has a compressor delivering the refrigerant to the condenser.
A fan blows air over the condenser. The refrigerant passes

(Bulgurcu,

1

evaporator
p AXV
| level column
| 2
| I accumulator
sight-glass
Suction line filter-dryer
capillary tubes
condenser

compressor l

flow-meter [\

I
[
( =

H_'I liquid receiver

Fig. 2 — Schematic diagram of basic refrigeration
experimental setup. (AXV: Automatic expansion valve, SV:
Solenoid valve).

through the solenoid valve (1), filter-drier, sight glass, second
solenoid valve (2), an expansion device, and then goes to the
evaporator. Another fan blows air over the evaporator. The
refrigerant returns to the compressor through the suction line.
The liquid refrigerant passes through the solenoid valve (4),
and then enters the accumulator. The accumulator is con-
nected to the refrigeration system by top (for vapor refrig-
erant) and bottom side (for liquid refrigerant). It has a column
indicating the refrigerant level. When the solenoid valve (5) or
(6) is opened, the refrigerant is added to the system. When the
solenoid valve (3) is opened, the refrigerant bypasses the
suction line.

All temperature measurements were performed using PTC
type thermistors. The temperatures of the experimental setup
at the inlet and outlet of the cooling components were also
measured using thermocouples in direct contact with the
refrigerant. The refrigerant mass flow rate passing through
the liquid line was continuously monitored by a turbine type
flow meter.

4. Experiments

For better understanding of these faults on the trouble-
shooting set, it is necessary to know the p-h diagram of
normal operating conditions. Experiments have been made in
the air conditioned laboratory maintained at 25 °C ambient
temperature, and the evaporator is also placed in the same
ambient conditions. Thus, its operating temperatures are
higher than those in winter conditions.

Eight faulty conditions cause the refrigeration cycle were
plotted differently on the p-h diagram and were named as
shown in Table 1.

Each fault mode was performed and explained respectively
as below:
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Table 1 — Description of studied faults, abbreviations, and determination of level of fault.

Faults Abbreviations Determination of level of fault during test
Compressor failure-doesn't work CDW compressor switch off

Restricted filter-drier RFD % of normal pressure drop through AXV
Restricted automatic expansion valve RXV % of normal pressure drop through evaporator
Compressor valve leakage CVL % of refrigerant flow rate

Refrigerant undercharge RU % undercharge from the correct charge
Refrigerant overcharge RO % overcharge from the correct charge

Dirty condenser DC % of air flow rate reduction

Evaporator fan failure EFF evaporator fan switch off

Normal condition NC fault free test

1) CDW: If the compressor is switched off, the compressor
will not work. In this case, the evaporating pressure is nearly
the same as the condensing pressure. Thus, both of them
are represented by a straight line, as shown in Fig. 4(a).

2) RFD: When the normally open solenoid valve 1 (SV,) closes,
simulation of the restricted filter-drier fault (RFD) occurs. In
this case, while refrigerant starts to flow through the filter
from bypass capillary tube instead of liquid line, sweating
on the filter-drier occurs. During this case, the mass flow
rate of refrigerant decreases and both the suction line and
the discharge line pressures decrease, as shown in Fig. 4(b).

3) RXV: When the normally open solenoid valve 2 (SV,) closes,
simulation of the restricted automatic expansion valve
(AXV) fault (RXV) occurs. In this case, while refrigerant
starts to flow through the filter from bypass capillary tube
instead of liquid line, sweating on the expansion valve
occurs. During this case, the mass flow rate of refrigerant
decreases and both the suction line and the discharge line
pressures decrease, as shown in Fig. 4(c).

4) CVL: Compressor valve leakage can be caused by worn cyl-

inder surfaces and piston rings as well as a clogged valve

plate. The suction line and the discharge line are connected
by the normally closed valve (SV3). When SV; opens, simu-
lation of the compressor valve leakage fault (CVL) occurs. In
this case, the hot gas will return from the liquid line to the
suction line bypass valve (3). Thus, refrigerant mass flow
rate decreases in the refrigeration system, as shown in

Fig. 4(d).

RU: Both the solenoid valve 4 (SV,) and the solenoid valve 6

(SVe) are the normally closed valve. If both SV, and SVg

open, the liquid refrigerant and the gaseous refrigerant are

easily displaced and the liquid refrigerant is accumulated
in the accumulator. It is required to close valves as soon as

w1
-~

the liquid refrigerant reaching the highest level of the sight
glass tube. In this case, simulation of the undercharged
refrigerant (RU) occurs. Thus, the refrigeration system will
have lack of refrigerant to perform the cooling process, as
shown in Fig. 4(e).

RO: When the normally closed solenoid valve 5 (SVs) or
valve (SVg) open, simulation of the overcharged refrigerant
fault (RO) occurs. In this case, the liquid refrigerant flows
through the capillary tube from the accumulator to the
suction line and thus, the refrigerant charge of the system
increases. It is required to close valves as soon as the liquid
refrigerant observing at the lower level of the sight glass
tube, as shown in Fig. 4(f).

DC: The dirty condenser (DC) is simulated by restricting the
air mass flow rate of fan while the condenser is clogged by
paper (leaves, paper pieces, dust, etc.). Thus, DC occurs. In
this case, the heat transfer capacity of the condenser will
decrease. Eighty percent of failures are caused by fully or
partially blocking of the finned frontal area of the
condenser, as shown in Fig. 4(g).

EFF: If the evaporator fan motor switched off, the heat
transfer coefficient of the evaporator will decrease. Thus,
simulation of the evaporator fan motor fault (EFF) occurs.
The refrigerant does not evaporate in the evaporator, and
then it flows through the suction line to the compressor in
the liquid phase, as shown in Fig. 4(h).

N
-~

&

Calculated values are expressed as a percentage, and NC
values (fault free) are considered to be 100% after collecting
data from the refrigeration system. Experimental data
collected from the experimental setup are listed in Table 2.
Changes in percentage of calculated results with respect to
normal condition are listed in Table 3. Each difference in

Table 2 — Experimental data.

Measurements P, [kPa] P.[kPa] T;[°C] T,[°C] Ts[°C] T4[°C] Tew[°C] m[gs™} I[A] U]lvolt] cosg
Faults

CDW 560 560 25 25 25 25 25 0 0 0 0
RFD 210 980 14.5 61.5 37.6 1.6 40 3.0 2.1 225 0.79
RXV 190 950 16.3 61.2 37.1 -0.2 40.7 2.7 2.07 226 0.78
CVL 280 860 10 63.3 34.5 7.6 415 2.9 2.13 225 0.80
RU 190 860 20.1 62.5 34.1 -0.2 41 2.5 2.04 225 0.77
RO 256 1090 6.2 50.5 40.3 5.7 32 2.6 2.19 226 0.81
DC 230 1300 17.1 70.4 48.9 3.6 42 3.6 2.19 224 0.82
EFF 195 840 0.5 46.5 33.8 0.5 24.4 3.4 2.08 226 0.77
NC 225 990 10 59 38.3 3.2 38.5 3.9 2.14 227 0.79
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Table 3 — Change of calculated results based on normal condition (%).

Measurements Magn Tsc Q. Q. QComp Wear Ny Ns COP COPq; €
Faults

CDW 0 0 0 0 0 0 0 0 0 0 1
RFD 189 109 80 79 74 97 84 113 108 82 105
RXV 242 95 73 71 63 94 82 124 115 77 109
CVL 35 164 76 79 90 100 63 69 85 77 83
RU 299 173 71 69 60 91 78 124 118 77 110
RO 07 130 64 62 52 105 60 124 122 61 929
DC 199 82 86 88 94 106 94 121 91 83 126
EFF 0 77 87 83 65 94 93 124 133 92 95
NC 100 100 100 100 100 100 100 100 100 100 100

values shows the code of fault which characterizes the type of
fault.

5. Results and discussion

This section will start with the discussion of the use of the p-h
diagram for detection of the faults. Later, the performance of
the proposed method will be demonstrated and discussed for
each fault. Finally, the classification of the observed variables
will be assigned the classification of symptom of failures for
detection of the faults.

To use the p-h diagram, we suggest the following
procedures:

First, thermodynamic properties would be calculated after
the experimental data is collected.

Second, the CoolPack software (CoolPack, 2010) would
prepare the refrigeration cycle on the p-h diagram given in
Figs. 3 and 4 from the thermodynamic properties such as the
temperature (T), the pressure (p), the entropy (s), and the
enthalpy (h).

Third, we interpret the p-h lines to diagnose the faults.
Under the normal conditions (NC), the cycle would stay
within the boundaries indicated by the points marked as 1, 2,
3, and 4 in the diagram and the cycle is plotted with dashed
line on the p-h diagram as shown in Fig. 3. However, when
the system has a faulty condition, the refrigeration cycle
would operate among the points marked as 1/, 2/, 3 and 4
and the cycle is plotted with continuous line on the p-h di-
agram as shown in Fig. 3. The cycle of normal conditions and
faulty conditions are plotted with dash line and continuous
line respectively so that both cycles can be compared with
each other.

Let's consider the system had a DC fault cycle as shown in
Fig 3 and the fragment of DC fault cycle as shown in Fig. 4(g). If
the condenser is clogged by paper, the DC fault occurs. When
the system had a DC fault, the refrigeration cycle would
operate among faulty points. Fig. 3 has more details about
thermodynamic properties of the refrigeration cycle. The fault
could be identified after the deviation of each thermodynamic
property was analyzed. All faulty conditions would create
their unique changes at the p-h diagram.

Each fault mode is plotted with continuous lines on frag-
ments of the refrigeration cycle with faults on the p-h diagram
was compared with NC which was plotted with dash lines as
shown in Fig. 4, respectively. The performance of the

proposed method would be demonstrated in Fig. 4 and dis-
cussed in terms of cycle for each fault as below:

Fig. 4(a) shows that CDW causes the refrigeration system to
be P, the same as P,. The refrigeration cycle on the p-h diagram
is represented by a straight line. The temperature of the
refrigerant, which is a mixture of saturated liquid and vapor,
is the same as the ambient temperature.

Fig. 4(b) shows that RFD causes the suction superheat and
enthalpy (h;) to increase, the evaporating temperature (T,) and
pressure (P,) to decrease, the degree of subcooling to increase
slightly, and the condensing temperature and pressure (P.) to
stay almost the same value or to increase indistinctly on the p-
h diagram. Because of the additional expansion in the liquid
line, refrigerant mass flow reduces, thereby decreasing the
refrigeration capacity.

Fig. 4(c) shows that RXV causes the suction superheat and
the enthalpy of point 1 (h;) to increase, the evaporating tem-
perature and pressure (P,) to decrease, the condensing tem-
perature and pressure (P.) to decrease slightly, subcooling and
the enthalpy of point 3 (hs) to decrease, the refrigeration ca-
pacity to increase.

Fig. 4(d) shows that CVL causes the refrigerant mass flow
rate to decrease in the refrigeration system. Thus, P, indis-
tinctly increases and P. decreases rather, while the suction
superheat and the enthalpy of point 1 (h,;) rather decreases,
the discharge superheat and the enthalpy of point 2 rather
increases, and the subcooling slightly increases. On the other
hand, the entropy increases rather. The refrigerant mass flow
reduces, thus decreasing the refrigeration capacity.

Fig. 4(e) shows that RU causes the refrigerant charge of
system to decrease. Thus, P. indistinctly decreases and P,
slightly decreases and the superheating and the enthalpy of
point 1 (h4) and 2 (h,) rather increase while the subcooling and
the enthalpy of point 3 (hs) slightly increase. The refrigerant
mass flow rate reduces, thus decreasing the refrigeration
capacity.

Fig. 4(f) shows that RO causes both P, and P. to increase. But
the suction superheat is zero and the enthalpy of point 1 (h,)
slightly decreases. The subcooling and the enthalpy of point 3
(hs) slightly decrease. The refrigerant mass flow rate increases,
but lack of net cooling effect occurs.

Fig. 4(g) shows that DC causes the heat transfer capacity of
the condenser to decrease. In this faulty case, the high side
pressure (P.) reasonably increase and the low side pressure (P,)
increases slightly. The subcooling and the enthalpy of point 3
(hs) rather decrease but the suction superheat and the
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enthalpy of point 1 (h1) rather increase. On the other hand the
discharge superheat and the enthalpy of point 2 (h,) slightly
increase.

Fig. 4(h) shows that EFF causes the heat transfer coefficient
of the evaporator to decrease. The refrigerant does not evap-
orate sufficiently in the evaporator, and then it flows through
the suction line to the compressor in the liquid phase. This
condition is very detrimental for the compressor. P, and P
decrease, the superheating is nearly absent, but the subcool-
ing rather increases. The enthalpy of point 1 (h;) and 2 (hy)
decrease but the enthalpy of point 3 (hs) rather increases. The
low pressure switch opens the control circuit. The refrigera-
tion capacity decreases because of the ice layer.

The performance of the proposed method would be
demonstrated on graphs as shown in Fig. 5 and discussed in
terms of calculated values of cycles for each fault as below:

Fig. 5(a) shows the highest superheating occurs at RU fault,
while the lowest occurs at RO and EFF fault conditions. The

heat efficiency of evaporator is reduced by increasing the
suction superheat. Conversely, refrigerant back flow may
occur by decreasing the superheat, which can cause a me-
chanical compressor failure. As shown in Fig. 5(a), the highest
subcooling occurs at RU fault whereas the lowest occurs at RO
and EFF faults conditions.

As shown in Fig. 5(b), the changes in the heat capacity of
the evaporator, condenser, compressor, and the changes in
the electrical input to the compressor as a function of the
imposed fault have been investigated. It is seen that the
lowest heat capacity values occur at RO condition and the heat
capacity changes in the evaporator, condenser and
compressor are parallel to each other. It is also seen that heat
flow rates of condenser and compressor decrease whereas the
electrical power input to the compressor increase in RO
condition.

The changes of the efficiencies including isentropic and
volumetric are depicted in Fig. 5(c). This figure shows that the
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maximum values of the efficiencies are obtained at EFF fault,
while the minimum occurs at CVL.

As shown in Fig. 5(d), the changes in COP and COPg; are
examined in FDR, RXV, CVL, and RU conditions. The value of
COPg, is at the minimum level in the RO faulty condition, while
the COPis just below the maximum value. Fig. 4(d) also depicts
that the values of COP and COPg; in the DC and EFF faulty
conditions are higher than NC.

Fig. 5(e) shows that pressure ratio of the compressor rea-
ches a maximum value in the DC condition but it has a min-
imum value in the CVL condition.

According to Table 3, RFD faulty condition has the suction
superheat is observed to be over 89% and that of over cooling
appears 9% above NC. The valves of capacity and volume is
seen to be below whereas that of the isentropic outcome

appears 13% above the norm while COP exceeds NC by 8%,
COPy, is observed to be 8% below NC. The pressure rate in-
creases by 5%.

Table 3 also shows, in case of CVL faulty condition, the
suction superheat drops against the expectations whereas the
degree of subcooling rises in compliance with the predictions.
The heat capacity of the condenser and evaporator seems to
lower than the normal operation terms. The volume and
isentropic efficiency are observed to be 37% and minimum
31% below NC. Likewise, the COP as well as the pressure rate is
seen to be low.

In case of RU faulty condition, Table 3 shows that the
suction superheat and the overcooling appear to be over NC
(199% and 73% respectively), and the heat capacity rates fall
below NC. While the volumetric efficiency falls 22% below
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Fig. 5 — Graphs for different fault conditions. (a) Change degrees of superheating and subcooling ratio, (b) Change of
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NC, the isentropic efficiency rises 24% above NC against the

predictions. Likewise, while the COP, falls 33% below NC,
the COP exceeds NC by 18% against the predictions. Besides,
the pressure rate against the expectations gets 10%

over NC.

When there is a fault with flow (refrigerant overcharge), the
suction superheat gets lower than NC whereas the value of
overheating exceeds NC. According to Table 3, the heat ca-
pacity rates of condenser and compressor get 36%, 38%, 48%

lower than NC respectively. While the volumetric efficiency is

Table 4 — The classification of the observed variables.

Measurements P 12 Tsh T m
Assigned classification [kPa] [kPa] [K] K] [gs™Y

Min Max Min Max Min Max Min Max Min Max Min Max
No — — — 0 0.1 0 0.1 0 0.1 25 25.1
VL 190 195 560 830 0.1 2.0 0.1 3.0 0.1 2.5 25.1 30
L 195 200 830 930 2.0 4.0 3.0 3.5 2.5 3.0 30 34
PL 200 220 930 980 4.0 6.0 3.5 4.0 3.0 3.5 34 38
N 220 230 980 1020 6.0 8.0 4.0 45 3.5 4.0 38 40
PH 230 250 1020 1100 8.0 11.0 45 5.5 = = 40 42
H 250 280 1100 1200 11.0 15.0 5.5 6.5 — — — —
VH 280 560 1200 1300 15.0 21.0 6.5 7.5 = = = =
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Table 5 — Symptoms of failure.

Measurements P. P. Tsh  Tse m Tsur

— [kPa] [kPa] [K] [K] [gs7] [K]
CDW VH VL No No No No
RFD PL PL H PH L PH
RXV VL PL VH M L H
CVL H I L, PL L PH
RU VL L VH VH VL PH
RO H PH VL H L L
DC PH VH H PH PL PH
EFF L VL VL L PL VL

seen to get 40% lower, the isentropic efficiency gets 24% higher
than NC. Likewise, the COP and COP, display changes similar
to those with the volumetric and isentropic efficiency. The
pressure rate display the same level as NC.

In case of DC, Table 3 shows that the suction superheat
gets 99% higher and the overheating gets 18% lower than NC.
The heat capacity rates, except the electric motor, display
lower values than NC. While the volumetric efficiency gets 6%
lower, the isentropic efficiency gets 21% higher than NC.
Likewise, the COP is seen to be 9% below NC, the COP is
displayed even 17% lower. The pressure rate, however, is
observed to get 26% above NC.

Finally, for detection of the faults, the classification of the
observed variables was required to assign the classification of
symptom of failures. The assigned classifications and their
values in minimum and maximum limits were determined
and considered as N, PH, H, VH, PL, L, and VL in Table 4. The
malfunctions of refrigeration system would be detected by
using symptoms of failures listed in Table 5.

6. Conclusions

In this paper, we developed a vapor compression refrigeration
system experimental setup to diagnose faults based on the p-
h diagram. For this purpose, eight common fault scenarios
were imposed on the refrigeration system, and results have
been discussed in terms of possible faults in basic refrigera-
tion systems.

Eight faults were easily observed to cause changes on the
p-h diagram and in the performance parameters of the sys-
tem. It was found that these changes varied depending on the
type of expansion valve used, accessories, ambient tempera-
ture and fault level in the refrigeration system.
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