











4.3.2 Start-up variation of features at an indoor/outdoor dry-bulb temperature of 21.1 °C /-8.3 °C

Table 4.3.2.1 presents the time required for the moving window standard deviations of the selected
features to remain below a three standard deviation line. Figures 4.3.2.1 through 4.3.2.7 present this
information graphically. The solid horizontal line in each figure indicates three standard deviations
measured during the fault-free steady-state tests at the given ambient conditions. Underlined entries in
Table 4.3.2.1 indicate that the feature’s moving window standard deviation, for that moving window scan
size, fell below the three standard deviation line and rose above it again before remaining below, i.e. the
feature oscillated around the three standard deviation line.

Table 4.3.2.1. Time required for features to remain below the three standard deviation line for various
moving window sample sizes at an indoor/outdoor dry-bulb temperature of 21.1/-8.3 °C

Three  Four Five
Feature Name Feature Scans Scans  Scans
Symbol .
minutes
total air side capacity Oca 4.15 4.73 5.33
compressor amps - 5.92 6.52 7.10
refrigerant mass flow rate Mg 5.33 5.92 6.52
evaporator exit saturation temperature TR 4.15 4.73 5.33
evaporator bend thermocouple, TC#103 Tr103 4.15 4.73 5.33
evaporator exit superheat ATy 4.15 4.73 5.33
compressor discharge wall temperature Tp 7.70 1125 12.43*
condenser inlet saturation temperature Tcr 3.55 4.15 4.73
condenser bend thermocouple, TC#15 Tcis 3.55 4.15 4.73
condenser inlet superheat ATgc 1540 16.58 20.13
vapor superheat at outdoor service valve ATgv 11.25 1243 15.40
liquid line subcooling at outdoor service valve ATy 4.15 4.73 5.33
condenser air temperature rise ATca 4.73 5.33 5.92
evaporator air temperature drop ATga 3.55 4.15 4.73
liquid line temperature drop ATiL 4.73 5.33 5.92
outdoor temperature minus TC#103 ATz 4.15 4.73 5.33
ID fan motor case temperature Tior 1540 17.77 20.13
OD fan motor case temperature Topr 2.97 3.55 4.15
reversing valve temperature change, discharge side ATrvp 4.73 5.33 5.92
reversing valve temperature change, suction side ATrvs 4.15 4.73 5.33

* Needed a six scan moving window to prevent oscillation around the three standard deviation line.
Underlined entries had sample sizes that oscillated around the three standard deviation line.
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Figure 4.3.2.1. Transient total air side capacity, compressor amps, and refrigerant mass flow rate with
moving window standard deviations for a no-fault test at an outdoor ambient of -8.3 °C
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Figure 4.3.2.2. Transient variation of Tggr, Tt103, and ATy for a no-fault test at an outdoor dry-bulb
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Figure 4.3.2.3. Transient variation of Tp, Tcgr, and 7¢;5 for a no-fault test at an outdoor dry-bulb
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Figure 4.3.2.5. Transient variation of ATca, ATga, and ATy for a no-fault test at an outdoor dry-bulb
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Figure 4.3.2.7. Transient variation of ATryp and ATrys for a no-fault test at an outdoor dry-bulb
temperature of -8.3 °C

4.4 Frosting Characteristics During Fault-Free Operation

4.4.1 System performance during outdoor coil frosting tests

During the frosting tests, the average outdoor dry-bulb and dew-point temperatures plus or minus one
standard deviation were (2.2 + 0.6) °C and (-2.7 £ 0.8) °C (68 % RH), respectively, and the indoor dry-

bulb temperature was (21.1

+ 0.2)°C. The presence of frost manifested itself in an increased air

pressure drop, as shown in Figure 4.4.1.
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Outdoor Coil Air Pressure Drop
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Figure 4.4.1. Outdoor coil air pressure drop during frosting at an outdoor dry-bulb/dew-point temperature
of (2.2 £ 0.6) °C/(-2.7 £ 0.8) °C and indoor dry-bulb temperature of (21.1 + 0.2) °C

Figure 4.4.1.1 shows the air side heating capacity, refrigerant side capacity, COP, compressor power, and
compressor amps as a function of time from the last defrost initiation.
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Figure 4.4.1.1. (a) Air side heating capacity, (b) refrigerant side heating capacity, (¢) COP, (d)
compressor power, (€) compressor amps, and (f) refrigerant mass flow rate for a frosting
no-fault test
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4.4.2 Feature variations during outdoor coil frosting

Figures 4.4.2.1 through 4.4.2.5 show selected feature’s variations during a frosting test. Figure 4.4.2.2
shows that condenser inlet refrigerant superheat starts to fluctuate approximately 60 minutes after defrost
starts. This may indicate the presence of two-phase refrigerant in the vapor line. This fluctuation also
appears in Figure 4.4.2.5 on the suction side of the reversing valve; again two-phase refrigerant may be
the culprit, but no direct observations were made.
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Figure 4.4.2.1. (a) Evaporator exit saturation temperature, (b) evaporator bend thermocouple #103, and
(c) evaporator exit superheat for a frosting no-fault test
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Figure 4.4.2.2. (a) Compressor discharge line wall temperature, (b) condenser inlet refrigerant vapor
saturation temperature, (c) condenser bend thermocouple, 715, and (d) condenser inlet
refrigerant superheat for frosting no-fault tests
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Figure 4.4.2.3. (a) Refrigerant vapor superheat at the outdoor service valve, (b) refrigerant liquid
subcooling at the outdoor service valve, (¢) condenser air temperature rise, and (d)
evaporator air temperature drop for frosting no-fault test
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Liquid Line Refrigerant Temperature Drop
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Figure 4.4.2.4. (a) Liquid line refrigerant temperature drop, (b) outdoor air temperature minus TC#103,
(c) indoor fan motor case temperature, and (d) outdoor fan motor case temperature for
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frosting no-fault test
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Figure 4.4.2.5. (a) Reversing valve refrigerant temperature change on the discharge side and (b) reversing
valve refrigerant temperature change on the suction side for frosting no-fault test

59



4.5 Fault-Free Test Repeatability

Repeatability tests were performed to determine the variability in feature values at the same nominal test
conditions (indoor dry-bulb temperature and outdoor dry-bulb temperature-dry coil) due to the inability to
exactly replicate test conditions. When performing tests at the same nominal test conditions, the actual
dry-bulb temperatures can never be exactly the same from one test to the next. This becomes a concern
when a feature’s value at a given test condition is needed to calculate a residual during testing at the same
environmental conditions with a fault applied to the system. This means that the inability to exactly
match test conditions from one test to the next introduces an uncertainty in the resulting comparisons
because the same test conditions cannot be exactly repeated.

The residual is calculated as the difference between the current feature value and the reference value as
shown in Equation 4.5.1.
R =F—-NF 4.5.1)
Where: R = residual
F = fault imposed value of feature
NF = fault-free value of feature

The reference values listed in the preceding tables are the arithmetic averages of several tests during fault-
free steady-state testing at the respective ambient conditions. Repeatability tests revealed the variation in
these feature values over time and from one test condition to the next. The “nominal” test conditions are
those conditions which are being repeated, which are also the reference case test conditions. The tables
presented below indicate percent changes from reference state values; these percent values for
temperature residuals should not be used to draw any conclusions because many times the residual (or
temperature change relative to the reference value) is too small to be measured with reasonable
uncertainty. The most important parameter in the tables is the residual.

Table 4.5.1 compares selected reference features and the average of the four repeat tests (Tests #1, #2, #3,
and #4) for a given nominal test condition of 21.1 °C indoor and -8.3 °C outdoor dry-bulb temperatures.
The highest percent difference between the reference and the repeat feature values occurred for ATgysand
ATiy. This is just one example of the variation in system features when trying to exactly replicate test
conditions from one test in another test. Figures 4.5.1 and 4.5.2 graphically show the test temperature
conditions listed as an average value plus or minus one standard deviation in these figures.
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Table 4.5.1. Variation in features due to variation in ambient condition repeatability for a given nominal
test condition of 21.1 °C indoor and -8.3 °C outdoor dry-bulb temperatures

%
Feature Reference Repeat . Difference
Feature Name Symbol Value Test Value Residual wrt the
Reference
total air side capacity (kW) Oca 5.15+0.07 5.11+£0.04 -0.04 -0.78
compressor power (kW) W comp 1.604 £ 0.004 1(')683; 0.003 1.8e-5
refrigerant mass flow rate (kg min™) mg 1.386 + 0.020 1(')3321; -0.005 -0.36
. 2.264 +
coefficient of performance cop 2.275+0.035 0.042 -0.011 -0.48
indoor unit refrigerant side capacity 4919+
(kW) Ocr 4.937 +0.007 0.091 -0.018 -0.36
evaporator exit saturation i -15.43 +
temperature (°C) Trr 15.47+0.16 0.10 0.04 0.26
evaporator bend thermocouple, ) -13.20 £
TC#103 (°C) TE103 13.20+0.13 0.08 0.00 0.00
evaporator exit superheat (°C) ATy 576 +0.35  593+0.27 0.17 2.95
compressor discharge wall 7| 59.51+027 59.83£0.12  0.32 0.54
temperature ("C)
condenser inlet saturation 7 3154, 009 31.66+0.06  0.12 0.38
temperature (°C)
condenser bend thermocouple,
TCH#15 (°C) Tcis 31.81£0.09 31.97=+0.07 0.16 0.50
condenser inlet superheat (°C) ATgc 2533 +£0.13 25.64+0.12 0.31 1.22
vapor superheat at outdoor service AT 2999 +020 30224014 023 0.77
valve (°C) shv ) ’ ’ ) ) )
liquid line subcooling at outdoor
service valve (°C) ATy 6.49+£0.15 6.19+0.11 -0.30 -4.62
condenser air temperature rise (°C) ATca 9.34+0.11 9.35+0.08 0.01 0.11
evaporator air temperature drop (°C) ATga 2.75 £0.08 2.71£0.10 -0.04 -1.45
liquid line temperature drop (°C) ATy 4.19+0.12  3.92+£0.09 -0.27 -6.44
outdoor temperature minus TC#103 AT 481 +0.15 486+ 0.12 0.05 1.04
(OC) 103 . . . . . .

ID fan motor case temperature (°C) Tior 59.92 £0.14 60.19 £0.05 0.27 0.45
OD fan motor case temperature (°C) Topr 17.59+0.23 17.75+0.03 0.16 091
reversing valve temperature change,

discharge side (°C) ATrvp 1.81+£0.11 1.82 £0.07 0.01 0.55
reversing valve temperature change, ATvs 208 + 032 2344015 026 12.50

suction side (°C)
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Figure 4.5.1. Variation of indoor air dry-bulb temperature for several test cases with nominal conditions
of 21.1 °C indoor and -8.3 °C outdoor dry-bulb temperatures
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Figure 4.5.2. Variation of outdoor air dry-bulb temperature for several test cases with nominal conditions
of 21.1 °C indoor and -8.3 °C outdoor dry-bulb temperatures

Table 4.5.2 compares selected features of the reference and a repeat tests (Tests #1 and #2) for a given
nominal test condition of 21.1 °C indoor and 1.7 °C outdoor dry-bulb temperatures. The highest percent
difference between the reference and the repeat feature values occurred for ATryp and ATys. Figures
4.5.3 and 4.5.4 graphically show the test temperature conditions listed as an average value plus or minus
one standard deviation in these figures. As Figure 4.5.3 shows, test conditions with the same average

62



values do not necessarily have the same temperature profile, nor will they produce exactly the same

feature values.

Table 4.5.2. Variation in features due to variation in ambient condition repeatability for a given nominal
test condition of 21.1 °C indoor and 1.7 °C outdoor dry-bulb temperatures

%
Feature = Reference Repeat . Difference
Feature Name Symbol Value Test Value Residual wrt the
Reference

. . 6.822 + 6.828 +
total air side capacity (kW)  QOca 0.034 0.035 0.006 0.09

1.708 + 1.716 +
compressor power (kW) Weomp 0.012 0.002 0.008 0.47

. -~ 1.949 + 1.940 +
refrigerant mass flow rate (kg min™) mg 0.011 0.009 -0.009 -0.45

. 2.970 £ 2.956 +
coefficient of performance =~ COP 0.024 0.015 -0.014 -0.49

indoor unit refrigerant side capacity 6.741 + 6.726
(kW) Qcr 0.037 0.033 -0.015 -0.22
evaporator exit saturation tempera(t(l)lée): T 634007 -638=005 -0.04 0.60
evaporator bend thermocouple, TC#(})OS) Tes 4422005 -448£002 006 130
evaporator exit superheat (°C)  ATgr  6.31+0.12  6.72+£0.06 0.41 6.47

compressor discharge wall temperature 59.04 £ 59.80 £
(°C) To 0.32 0.11 0.76 1.29

condenser inlet saturation temperature 3522 + 3529+
e Tcr 0.26 0.06 0.07 0.19

condenser bend thermocouple, TC#15 35.63 + 35.90 +
°C) Tcis 031 0.06 0.27 0.77

. o 2414 + 24.59 +
condenser inlet superheat (°C)  ATgc 0.09 0.09 0.45 1.87

vapor superheat at outdoor service 2722 + 2755+
valve (°C) Al 0.12 0.12 0.33 120
liquid line S“bcs‘;‘;gf;i 3;;’;1;‘208; ATy 5.00+007 508+0.08  0.08 1.68

. . 12.27 + 12.45 +
condenser air temperature rise (°C)  ATca 0.06 0.06 0.18 1.47
evaporator air temperature drop (°C) ATz 3.93+0.05 3.88+0.04 -0.05 -1.16
liquid line temperature drop (°C) ATy 2.92+£0.07 2.85+0.05 -0.08 -2.65
outdoor temperature minus TC#(£0C3) ATis 6.01+005 6214005 0.20 341

o 62.95 + 63.77 +
ID fan motor case temperature (°C) Tior 0.30 0.05 0.83 1.31

o 24.96 + 25.10
OD fan motor case temperature (°C) Topr 0.05 0.04 0.14 0.56
reversing valve teﬂif:gesﬁ‘:‘??g)’ AT 3174010 2864009 031  -9.79
reversing valve temperature change, ATgpys 1.08+0.17 1.04+0.09 -0.04 -3.88
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Figure 4.5.3. Variation of indoor air dry-bulb temperature for several test cases with nominal conditions
of 21.1 °C indoor and 1.67 °C outdoor dry-bulb temperatures
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Figure 4.5.4. Variation of outdoor air dry-bulb temperature for several test cases with nominal conditions
of 21.1 °C indoor and 1.67 °C outdoor dry-bulb temperatures
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Table 4.5.3 compares selected features of the reference and repeat tests (Tests #1 and #2) for a given
nominal test condition of 21.1 °C indoor and 8.3 °C outdoor dry-bulb temperatures. The highest percent
difference between the reference and the repeat feature values occurred for 7gr and ATy Figures 4.5.5
and 4.5.6 graphically show the test temperature conditions; both indoor and outdoor conditions are
matched within 0.1 °C, but evaporator exit superheat and saturation temperature still had substantial
variations from one test to the next.

Table 4.5.3. Variation in features due to variation in ambient condition repeatability for a given nominal
test condition of 21.1 °C indoor and 8.3 °C outdoor dry-bulb temperatures

%
Feature = Reference Repeat . Difference
Feature Name Symbol Value Test Value Residual wrt the
Reference
. . 8.195+ 8.072 £
total air side capacity (kW) Oca 0.031 0.031 0.123 150
1.809 + 1.803 +
compressor power (kW) = Weom " 002 0.002  -0.006  -0.35
. . 2.379 + 2.366 +
refrigerant mass flow rate (kg min™) Mg 0.009 0.008 0.014 0,58
. 3.405 + 3402 +
coefficient of performance =~ COP 0.013 0.012 20,003 -0.08
indoor unit refrigerant side capacity 0 8.045 + 8.013
(kW) R 0.030 0.028 -0.032 -0.39
evaporator exit saturation temperature T
(°C) R .044+£001 -0.63+0.05 -0.189 42.67
evaporator bend thermocouple, TC#103 T
(°C) FIO 133+£0.04 1.18+0.02 -0.153 -11.46
evaporator exit superheat (°C) ATy 6.69+0.07 7.07+0.06 0.382 5.71
p p (
compressor discharge wall temperature T 60.83 + 60.92 +
(°C) D 0.11 0.07 0.091 0.15
condenser inlet saturation temperature T 38.26 + 38.08 +
(°O) R 0.04 0.03 -0.182 -0.47
condenser bend thermocouple, TC#15 T 39.04 + 38.84 +
(°C) 1> 0.05 0.04 -0.202 -0.52
. o 23.78 + 2413 +
condenser inlet superheat (°C) ATy c 0.08 0.06 0.354 1.49
vapor superheat at outdoor service AT 2597+ 26.39 £
valve (°C) shv 0.14 0.14 0.411 1.58
liquid line subcooling at outdoor AT
service valve (°C) V. 4.07£0.07 4.05+0.05 -0.019 -0.48
. . 1491 + 14.72 +
condenser air temperature rise ("C)  ATca 0.04 0.03 0,186 125
evaporator air temperature drop (°C)  ATga  4.97+0.04 4.84+£0.04 -0.138 -2.77
liquid line temperature drop (°C) ATy 2.18+£0.05 2.27+0.05 0.090 4.11
outdoor temperature minus TC#103 AT
(°C) % 6.98+0.05 7.07+0.03  0.088 1.26
o 67.02 £ 66.28 £
ID fan motor case temperature (°C) Tipr 0.12 0.03 0737 110
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OD fan motor case temperature (°C) Topr 30.13 + 30.14 +

0.04 0.02 0.007 0.02

reversing valve temperature change, AT,
discharge side (°C) VP 326+0.14  3.39+0.14  0.135 4.13

reversing valve temperature change, AT
suction side (°C) RVS " 0.75+0.08 0.74+0.04 -0.012 -1.65
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Figure 4.5.5. Variation of indoor air dry-bulb temperature for several test cases with nominal conditions
of 21.1 °C indoor and 8.3 °C outdoor dry-bulb temperatures
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Figure 4.5.6. Variation of outdoor air dry-bulb temperature for several test cases with nominal conditions
of 21.1 °C indoor and 8.3 °C outdoor dry-bulb temperatures

Table 4.5.4 compares selected features and repeat tests (Tests #1, #2 and #3) for a given nominal test
condition of 21.1 °C indoor and 17.6 °C outdoor dry-bulb temperatures. The highest percent difference
between the reference test and the repeat feature values occurred for ATrys, ATi1, ATy, Ter, and ATyg.
Figures 4.5.7 and 4.5.8 graphically show the test temperature conditions.

Slight variations in ambient conditions yielded more significant variation in refrigerant vapor line and
liquid line conditions in all of the repeat tests. The reversing valve suction side temperature change,
ATrys, the evaporator exit superheat, ATk, and the liquid line subcooling, ATy, tended to show the most
sensitivity to ambient conditions for all tests. These results will be used to set the steady-state
temperature variation limits (steady-state standard deviation thresholds) for the real-time steady-state
detector.
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Table 4.5.4. Variation in features due to variation in ambient condition repeatability for a given nominal test condition of 21.1 °C indoor and 16.7 °C outdoor

dry-bulb temperatures

Feature Repeat . % Diff. Repeat . % Diff.
Feature Name Ref. Value Residual wrt the Residual wrt the
Symbol Test #2 Value Test #3 Value
Reference Reference
total air side capacity (kW) Oca 9.754 £ 0.038  9.702 £ 0.027 -0.052 -0.54 9.705 £ 0.045 -0.049 -0.50
compressor power (kW) W eomp 1.917 £ 0.003 1.913 £ 0.002 -0.003 -0.17 1.913 £ 0.003 -0.004 -0.20
refrigerant mass flow rate (kg min™) mg 2.965+0.012  2.939+0.013 -0.026 -0.88 2.938 + 0.024 -0.027 -0.90
coefficient of performance COP 3.934 £ 0.021 3.931 £0.019 -0.003 -0.07 3.929 £ 0.032 -0.005 -0.12
indoor unit refrigerant side capacity
(kW) Ocr 9.705+0.045  9.690 £ 0.047 -0.015 -0.16 9.686 £ 0.082 -0.019 -0.19
evaporator exit saturation T
temperature (°C) ER 6.46 + 0.01 6.17 £ 0.05 -0.297 -4.60 6.14+0.16 -0.325 -5.03
evaporator bend thermocouple, T
TC#103 (°C) E103 8.36 £ 0.02 8.11£0.03 -0.249 -2.98 8.07+0.17 -0.294 -3.52
evaporator exit superheat (°C) ATgx 7.87 £0.05 8.29 £0.05 0.422 5.36 8.22 £0.15 0.355 451
compressor discharge wall T
temperature (°C) P 63.42 +0.10 63.78 = 0.08 0.362 0.57 63.76 = 0.21 0.344 0.54
condenser inlet saturation T
temperature (°C) R 41.72 £0.07 41.48 £ 0.04 -0.238 -0.57 41.46 £0.09 -0.265 -0.64
condenser bend thermocouple, T
TC#15 (°C) c1s 42.49 £ 0.09 42.42 £0.06 -0.067 -0.16 4241 £0.11 -0.080 -0.19
condenser inlet superheat (°C) ATy 23.80 £0.19 24.32 £0.19 0.524 2.20 24.26 £ 0.26 0.460 1.93
vapor superheat at outdoor service AT
valve (°C) shv 2547 +£0.26 25.95+0.24 0.477 1.87 25.94 £0.29 0.468 1.84
liquid line subcooling at outdoor AT
service valve (°C) sV 2.49 +0.07 2.77 £ 0.05 0.277 11.12 2.77 £ 0.09 0.278 11.15
condenser air temperature rise (°C) ATca 17.55 £0.06 17.69 £ 0.04 0.140 0.80 17.70 £ 0.07 0.150 0.85
evaporator air temperature drop (°C) ATga 6.33 £ 0.04 6.17 £ 0.04 -0.160 -2.53 6.13 £ 0.05 -0.196 -3.10
liquid line temperature drop (°C) ATy 1.91 +0.04 1.81 £ 0.04 -0.106 -5.53 1.81 £ 0.04 -0.101 -5.28
outdoor temperature minus TC#103 AT
(°C) 103 8.35+0.04 8.57£0.05 0.212 2.53 8.52£0.12 0.168 2.02
ID fan motor case temperature (°C) Tipr 69.69 £0.19 70.08 £ 0.03 0.384 0.55 70.07 £0.10 0.372 0.53
OD fan motor case temperature (°C) Topr 37.63 £0.05 37.11 £0.11 -0.522 -1.39 37.34 £0.07 -0.286 -0.76
reversing valve temperature change, AT
discharge side (°C) RVD 3.62+0.24 3.54+£0.25 -0.076 -2.12 3.52+0.23 -0.096 -2.66
reversing valve temperature change, AT
suction side (°C) RVS 0.24 + 0.07 0.28 + 0.05 0.035 14.57 0.31+0.16 0.066 27.35
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Figure 4.5.7. Variation of indoor air dry-bulb temperature for several test cases with nominal conditions
of 21.1 °C indoor and 16.7 °C outdoor dry-bulb temperatures
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Figure 4.5.8. Variation of outdoor air dry-bulb temperature for several test cases with nominal conditions
of 21.1 °C indoor and 16.7 °C outdoor dry-bulb temperatures
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CHAPTER 5. Single-Fault Test Results

A constant indoor dry-bulb temperature of 21.1 °C at outdoor conditions of -8.3 °C/Dry and

8.3 °C/(72.5 % RH and Dry) were set while the following six faults were imposed: 1) condenser or
indoor coil improper airflow, 2) evaporator or outdoor coil improper airflow, 3) compressor or four-way
valve leakage, 4) refrigerant liquid line restriction, 5) refrigerant overcharge, and 6) refrigerant
undercharge. The fault level is defined by the percent change from the reference case. Residuals were
calculated according to Equation 4.5.1 as the fault imposed value minus the fault-free value at the same
test condition.

5.1 Condenser Air Flow Fault (CF fault)
5.1.1  Indoor dry-bulb temperature of 21.1 °C at outdoor conditions of -8.3 °C/Dry

The air flow rate through the indoor coil was varied by changing the speed of the nozzle chamber booster
fan. Figure 5.1.1 shows the change in heating capacity, refrigerant-side heating capacity, compressor
power, COP, and refrigerant mass flow rate as a function of the percent reduction in indoor air flow rate.
COP was calculated based upon refrigerant-side heating capacity. Disagreement between refrigerant and
air side heating capacities increased as air flow rate was reduced, but their agreement remained better than
6 %.

Figure 5.1.2 shows the residuals of Tgr, TE103, and ATy as a function of indoor coil air flow rate percent
reduction. The sudden downward jump in evaporator exit superheat was caused by a change in mass flow
rate induced by the actions of the TXV; an increase in refrigerant mass flow rate caused the decrease in
superheat. Increasing the fault level caused the evaporator exit superheat to begin increasing at the 30 %
fault level. The non-linear sawtooth pattern of all the residuals was caused by the TXV moving to correct
evaporator exit superheat.

Figure 5.1.3 shows residuals for Tp, Tcr, Tcis, Tsne, Tsnv> and Tyey. All residuals show positive slopes as
fault level increased. The largest slope occured with the compressor discharge wall temperature; an
absolute change of more than 2.75 °C occurs at the highest fault level. Note that the condenser inlet
saturation temperature, calculated from a pressure measurement, was closely paralleled by the
temperature measured by thermocouple, 7¢i5. Superheat residuals were again fluctuating due to
corrections applied to refrigerant mass flow rate by the TXV.

Figure 5.1.4 shows residuals for ATca, ATga, ATyy, and AT)3. As expected, the indoor coil air
temperature change increased with decreases in the air flow rate; the maximum change was 3.0 °C at the
highest fault level. The remaining parameters showed less than 0.5 °C change at the highest fault level.

Figure 5.1.5 shows residuals for Tipr, Topr, ATrvp, and ATrys. As indoor air flow rate decreased the
indoor fan’s case temperature increased; a maximum change of almost 8.0 °C occurred at the highest fault
level. Temperature change around the reversing valve and the outdoor fan case was relatively negligible;
less than 0.5 °C.

Table 5.1.1 shows the linear slopes and absolute value of the percent changes in the system characteristics
and residual temperatures for the indoor air flow faults. Seven features changed by more than 5 % at the
maximum fault level; ATca, Tipr, ATLL, ATrvp, TEr, Tc15, and Tcr. The residuals which had the largest
slopes are important to indicating the condenser air flow. The five largest changes in the residuals with
increased indoor coil air flow reduction occurred for Tipr, Tp, ATca, Tc1s, and Tcg.
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Figure 5.1.1. Residual of selected features with a condenser fouling fault at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry: R[QOcal, R[Ocr], R[Weomp],
R[COP], and R[mg]
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Figure 5.1.2. Residual of selected features with a condenser fouling fault at an indoor dry-bulb

temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry: R[Tgr], R[TE103], and
R[ATshE]
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Figure 5.1.3. Residual of selected features with a condenser fouling fault at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry: R[Tp], R[Tcr], R[Tcis],
R[ATgc], R[ATsv], and R[ATev]
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Figure 5.1.4. Residual of selected features with a condenser fouling fault at an indoor dry-bulb
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Table 5.1.1. Linear fit slopes of features as a function of percent condenser air flow rate fault at an indoor
dry-bulb temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry

Feature , Feature % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca -7.28E-03 -4.4
compressor power (kW %) Weomp 3.15E-03 5.8
refrigerant mass flow rate (kg min"' %) MR 6.07E-05 0.0
coefficient of performance(%-1) COP -2.72E-03 -3.7
indoor unit refrigerant side capacity (kW %) Ocr -2.81E-03 -1.8
Faplt imposed by lowering nozzle chamber boost§r fan Max Fault Level:
drive frequency. Fault level equal to % decrease in 2994 9
. (1]

indoor coil air flow rate.

Listed in Descending Order of Largest ABS(A°C (%Fault)™)

Residual’s slope as a function of % fault level

Feature % Change @
A°C (%Fault)! Max Fault Level

ID fan motor case temperature (°C) Tior 0.270 10.1

compressor discharge wall temperature (°C) b 0.102 3.7
condenser air temperature rise (°C) ATca 0.101 324

condenser bend thermocouple, TC#15 (°C) Tcis 0.087 5.1
condenser inlet saturation temperature (°C) Tcr 0.086 5.1

vapor superheat at outdoor service valve (°C) ATy 0.019 1.4

liquid line temperature drop (°C) AT 0.014 9.9

condenser inlet superheat °C)  ATyc 0.012 0.9

OD fan motor case temperature (°C) Topr -0.011 -1.1

liquid line subcooling at outdoor service valve (°C) AT,y 0.008 3.6
evaporator exit saturation temperature (°C) Ter 0.005 5.7

reversing valve temperature change, discharge side (°C)  ATrvp 0.004 6.6
outdoor temperature minus TC#103 (°C) ATz -0.004 -1.9

evaporator air temperature drop (°C)  ATga -0.003 -3.3

evaporator bend thermocouple, TC#103 (°C) TE103 0.003 0.9
reversing valve temperature change, suction side (°C)  ATgrys 0.002 0.2
evaporator exit superheat (°C) ATy 0.001 1.6

5.1.2  Indoor Dry-Bulb Temperature of 21.1 °C at Outdoor Conditions of 8.3 °C/72.5 % RH

Figure 5.1.6 shows the change in air-side heating capacity, refrigerant-side heating capacity, compressor
power, COP, and refrigerant mass flow rate as a function of the percent reduction in indoor air flow rate.
COP decreased by almost 10 % with a 31 % reduction in indoor air flow rate. Air-side and refrigerant-
side capacity decreased by more than 8 % and 4 %, respectively.

Figure 5.1.7 shows the residuals of T&g, Tt103, and ATy as a function of indoor coil air flow rate percent
reduction. Evaporator exit superheat residual showed a greater change than the evaporator exit saturation
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temperature residual, but both features changed with decreasing indoor air flow rate. The changes in
residual slopes were not significant relative to other feature’s residual slopes.

Figure 5.1.8 shows residuals for Tp, Tcr, Tcis, ATsnc, ATy, and ATy, All residuals, except for the
outdoor service valve liquid line, showed positive slopes with decreasing indoor coil air flow rate. The
largest slope occured for the residual of the compressor discharge wall temperature; an absolute change of
more than 6.0 °C occurs at the highest fault level. Note that the condenser inlet saturation temperature,
calculated from a pressure measurement, was closely paralleled by the temperature measured by
thermocouple, T¢is. Superheats and subcooling were also affected by the reduced indoor coil air flow.

Figure 5.1.9 shows residuals for ATca, ATga, AT1y, and AT)3. As expected, the indoor coil air
temperature change increased with decreases in the air flow rate; the maximum change was 4.2 °C at the
highest fault level. The other features showed less than 0.5 °C change at the highest fault level.

Figure 5.1.10 shows residuals for Tipg, Topr, ATrvp, and ATrys. As indoor air flow rate decreased the
indoor fan’s case temperature increased; a maximum change of almost 11.0 °C occurred at the highest
fault level. Temperature change around the reversing valve and the outdoor fan case was negligible; less
than 0.6 °C.

Table 5.1.2 shows the linear slopes and absolute value of the percent changes in the system features and
residual temperatures for indoor air flow faults. Five features showed residual changes with fault level of
more than 0.1 °C %™"; Tipr, Tp, Teis, ATca, and Ter. Of these features the air temperature change across
the condenser (indoor coil) had the greatest change at the maximum fault level, 30.7 %. The residuals
with the largest slope were indoor fan case temperature and the compressor discharge line wall
temperature with values of 0.351 °C %' and 0.209 °C %"
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Figure 5.1.6. Residual of selected features with a condenser fouling fault at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH: R[QOca], R[Ocr],
R[Weanp], RICOPY, and R[]
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Table 5.1.2. Linear fit slopes of features as a function of percent condenser air flow rate fault for a given
nominal test conditions of 21.1 °C indoor and 8.3 °C/72.5 % RH outdoor

Feature , Feature % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca -2.22E-02 -8.3
compressor power (kW %) W eomp 6.40E-03 10.8
refrigerant mass flow rate (kg min"' %) Mg -4.95E-04 -0.6
coefficient of performance(%-1) COP -1.13E-02 -10.0
indoor unit refrigerant side capacity (kW %) Ocr -1.24E-02 -4.6
F aplt imposed by lowering nozzle chamber boost§r fan Max Fault Level:
drive frequency. Fault level equal to % decrease in 307 %
. (V]

indoor coil standard air flow rate.

Listed in Descending Order of Largest ABS(A°C (%Fault)™")

Residual’s slope as a function of % fault level

Feature % Change @
A°C (%Fault)’' Max Fault Level

ID fan motor case temperature (°C) Tior 0.351 12.6
compressor discharge wall temperature (°C) Tp 0.209 8.2
condenser bend thermocouple, TC#15 (°C) Tcis 0.158 8.5
condenser air temperature rise (°C)  ATca 0.141 28.9
condenser inlet saturation temperature (°C) Tcr 0.140 7.7

vapor superheat at outdoor service valve (°C) AT gy 0.082 9.9
condenser inlet superheat (°C) ATgc 0.074 9.9

liquid line subcooling at outdoor service valve (°C) AT,y -0.040 -32.7
liquid line temperature drop (°C) AT 0.018 24.5

evaporator exit superheat (°C) ATgE -0.017 9.2

evaporator air temperature drop (°C) ATga -0.015 -11.7

reversing valve temperature change, suction side (°C)  ATgrys 0.014 42.2
outdoor temperature minus TC#103 (°C) ATz -0.013 -6.8

reversing valve temperature change, discharge side (°C)  ATrvp 0.013 10.3
evaporator exit saturation temperature (°C) Tsr 0.011 1.9
evaporator bend thermocouple, TC#103 (°C) TE103 0.009 1.5
OD fan motor case temperature (°C) Topr 0.003 0.2

5.2 Evaporator Air Flow Fault (EF fault)
5.2.1 Indoor dry-bulb temperature of 21.1 °C at outdoor conditions of -8.3 °C/Dry

The air flow rate through the outdoor coil was varied by placing solid ribbons of paper across the bottom
edge face of the coil, thus increasing the flow resistance, and blocking air flow along the bottom circuits
(also see Figure 4.2.3.6). The bottom circuits are most likely to be blocked due to snow, icing, or
dirt/trash accumulation. Figure 5.2.1 shows the change in air-side heating capacity, refrigerant-side
heating capacity, compressor power, COP, and refrigerant mass flow rate as a function of the percent
blockage in outdoor coil face area. Refrigerant-side heating capacity and COP decreased by 26.5 % and
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23.5 %, respectively, with a 30 % blockage in outdoor coil face area causing a 14.3 % increase in coil
pressure drop.

Figure 5.2.2 shows the residuals of Tgr, Tg103, and ATy as a function of outdoor coil area blockage. At
the maximum fault level, the evaporator exit refrigerant saturation temperature, 7gg, and the evaporator
exit superheat, ATy, changed by more than 100 % from their NFSS values; the residuals of these two
features changed more than any other feature with slope values of -0.261 C %" and 0.250 C %',
respectively.

Figure 5.2.3 shows residuals for Tp, Tcr, Tc15, ATsuc, ATwy, and ATy.y. Compressor discharge line wall
temperature, Tp, and condenser inlet saturation temperature, 7cg, residuals show the largest change;
increasing and decreasing by more than 4 % and 6 %, respectively, from their NFSS values.

Figure 5.2.4 shows residuals for ATca, ATga, AT1L, and ATyg;. At the maximum fault level, AT}; residual
increases by more than 5.5 °C, which corresponds to a 116 % increase of this feature over its NFSS value.
The condenser air temperature rise residual also showed a noticeable change resulting from a 23 %
decrease from it NFSS value.

Figure 5.2.5 shows residuals for Tipr, Topr, ATrvp, and ATrys. As outdoor coil area blockage increased
the indoor fan’s case temperature decreased more than the outdoor fan’s case temperature. The maximum
change occurred for the residual of ATyrys; decreasing by more than 7 °C, which corresponded to a 350 %
decrease in this feature from its NFSS value.

Table 5.2.1 shows the residual’s linear slopes and the percent changes in the system characteristics and
temperatures for the evaporator or outdoor air flow fault. Thirteen features changed by more than 5 % at
the maximum fault level; the top five were: ATrys, Ter, ATrvp, ATshE, and ATg; (in descending order of
maximum magnitude change). The residuals that have the largest changes as a function of fault level are
important to indicating an outdoor coil air flow fault; Tgr, ATsg, ATrys, TE103, and AT oz had residual
slopes greater than 0.18 C %™
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Figure 5.2.1. Residual of selected features with evaporator air flow faults at an indoor dry-bulb

temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry: R[QOcal, R[Ocr], R[Weomp],

R[COP], and R[mg]
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Figure 5.2.3. Residual of selected features with an evaporator fouling fault at an indoor dry-bulb
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Figure 5.2.4. Residual of selected features with an evaporator fouling fault at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry: R[ATcal, R[ATga], R[ATL],
and R[AT103]
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Table 5.2.1. Linear fit slopes of features as a function of percent evaporator air flow rate fault at an
indoor dry-bulb temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry

Feature , Feature’s % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca -4.10E-02 -23.7
compressor power (kW %) W eomp -2.96E-03 -5.7
refrigerant mass flow rate (kg min"' %) Mg -1.29E-02 -27.6
coefficient of performance(%-1) COP -1.80E-02 -23.5
indoor unit refrigerant side capacity (kW %) Ocr -4.38E-02 -26.4
Outdoor coil face area blocked to produce hlgher air Max Fault Level:
pressure drop across the coil. Fault determined by % 30.0 %
. (V]

coil face area blocked equal to 10, 20, and 30 percent.

Listed in Descending Order of Largest ABS(A°C (%Fault)™")

Residual’s slope as a function of % fault level

Feature % Change @
A°C (%Fault)’' Max Fault Level
evaporator exit saturation temperature (°C) Tsr -0.261 -339.2
evaporator exit superheat (°C)  ATyg 0.250 128.2
reversing valve temperature change, suction side (°C)  ATgrys -0.248 -351.0
evaporator bend thermocouple, TC#103 (°C) Tr103 -0.188 -122.4
outdoor temperature minus TC#103 (°C) ATo3 0.187 116.0
reversing valve temperature change, discharge side (°C)  ATrvp -0.180 -284.6
compressor discharge wall temperature (°C) Tp 0.138 4.8
condenser bend thermocouple, TC#15 (°C) Tcis -0.104 -6.4
condenser inlet saturation temperature (°C) Tcr -0.097 -6.0
ID fan motor case temperature (°C) Tior -0.085 -3.3
condenser air temperature rise (°C) ATca -0.073 -23.1
vapor superheat at outdoor service valve (°C) ATy 0.058 5.2
evaporator air temperature drop (°C)  ATga -0.042 -45.5
liquid line temperature drop (°C) ATy 0.027 19.5
liquid line subcooling at outdoor service valve (°C) ATy 0.023 10.5
OD fan motor case temperature (°C) Topr -0.010 -0.8
condenser inlet superheat (°C) ATgc 0.000 -0.7

5.2.2 Indoor dry-bulb temperature of 21.1 °C at outdoor conditions of 8.3 °C/72.5 % RH

Figure 5.2.6 shows the change in air-side heating capacity, refrigerant-side heating capacity, compressor
power, COP, and refrigerant mass flow rate as a function of the percent area blockage of the outdoor coil
face. COP was calculated based upon refrigerant-side heating capacity. Heating capacity and COP
dropped by 18 % and 14 %, respectively, at the maximum fault level of 30.0 % outdoor coil area blockage.

Figure 5.2.7 shows the residuals of Tggr, Tr103, and ATg as a function of indoor coil air flow rate percent

reduction. Evaporator exit superheat residual and evaporator exit saturation temperature residual show
comparable changes with outdoor coil area blockage.
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Figure 5.2.8 shows residuals for Tp, Tcr, Tcis, ATsnc, ATy, and ATy, The residuals of condenser inlet
refrigerant saturation temperature, Tcg, its twin, 7¢;s, and compressor discharge line wall temperature, 7p,
showed substantial negative slopes.

Figure 5.2.9 shows residuals for ATca, ATga, ATyy, and ATy3. The residual of the temperature difference
feature (outdoor air temperature minus evaporator coil return bend temperature, TC#103, showed a large
positive slope for this fault. The residual of the temperature rise across the indoor coil, ATc4, showed the
second largest slope among these features.

Figure 5.2.10 shows residuals for Tipg, Topr, ATrvp, and ATrys. The indoor fan motor case temperature,
Tipr, and the reversing valve refrigerant temperature change on the suction side, ATrys, showed big
residual slopes that could be useful for FDD.

Table 5.2.2 shows the linear slopes and absolute value of the percent changes in the system characteristics
and residual temperatures for the outdoor coil area blockage fault. Four features had residual slopes
greater than 0.2 C %'1; ATrvs, Ter, ATgig, and Tipg. Of these four features, ATrys decreased by 642 %
from its NFSS value at the maximum fault level of 30.0 %. Evaporator exit superheat increased by 97 %

from 5.5 C t09.6 C.
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Figure 5.2.6. Residual of selected features with evaporator air flow faults imposed at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH: R[QOca], R[Ocr],
R[Weomp), RICOP], and R[mg]
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Figure 5.2.7. Residual of selected features with an evaporator fouling fault at an indoor dry-bulb
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Figure 5.2.8. Residual of selected features with an evaporator fouling fault at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH: R[7p], R[7cr],
R[7ci5], R[ATwc], R[ATsnv], and R[ATcv]
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Figure 5.2.9. Residual of selected features with an evaporator fouling fault at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH: R[ATca], R[ATga],
R[ATLL], and R[AT103]
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Figure 5.2.10. Residual of selected features with an evaporator fouling fault at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH: R[Tipg], R[TopE],
R[ATRrvp], and R[ATrys]
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Table 5.2.2. Linear fit slopes of features as a function of percent evaporator air flow rate fault for a given

nominal test conditions of 21.1 °C indoor and 8.3 °C/72.5 % RH outdoor

Feature , Feature % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca -5.34E-02 -18.1
compressor power (kW %) Weomp -4.02E-03 -6.1
refrigerant mass flow rate (kg min"' %) Mg -1.70E-02 -19.4
coefficient of performance(%-1) COP -1.75E-02 -14.2
indoor unit refrigerant side capacity (kW %) Ocr -5.28E-02 -18.0
Outdoor coil face area blocked to produce lower air flow
rate and higher air pressure drop across the coil. Fault Max Fault Level:
determined by % coil face area blocked equal to 10, 20, 30.0%

and 30 percent.

Listed in Descending Order of Largest ABS(AT°C (%Fault)™")

Residual’s slope as a function of % fault level

Feature % Change @
A°C (% Fault) Max Fault Level
reversing valve temperature change, suction side (°C)  ATgrys -0.255 -642.9
evaporator exit saturation temperature (°C) Ter -0.220 -33.6
evaporator exit superheat (°C)  ATyg 0.216 97.9
ID fan motor case temperature (°C) Tior -0.201 -6.3
outdoor temperature minus TC#103 (°C) ATz 0.168 72.7
evaporator bend thermocouple, TC#103 (°C) Tr103 -0.167 -23.0
condenser bend thermocouple, TC#15 (°C) Tcis -0.137 -6.6
condenser inlet saturation temperature (°C) Tcr -0.125 -6.1
condenser air temperature rise (°C) ATca -0.099 -18.5
compressor discharge wall temperature (°C) Tp -0.087 -3.3
reversing valve temperature change, discharge side (°C)  ATgryp -0.045 -31.8
evaporator air temperature drop (°C)  ATga -0.036 -27.8
condenser inlet superheat (°C)  ATgc -0.025 -2.7
OD fan motor case temperature (°C) Topr -0.015 -0.5
vapor superheat at outdoor service valve (°C) ATy -0.008 -0.6
liquid line temperature drop (°C) ATy 0.005 8.4
liquid line subcooling at outdoor service valve (°C) ATy 0.005 -0.2

5.3 Compressor or Four-Way Valve Leakage Fault (CMF fault)
5.3.1 Indoor dry-bulb temperature of 21.1 °C at outdoor conditions of -8.3 °C/Dry

The compressor or four-way valve refrigerant leakage fault was simulated by bypassing hot discharge gas
to the compressor suction, thus decreasing refrigerant mass flow rate. Figure 5.3.1 shows the change in
heating capacity, refrigerant-side heating capacity, compressor power, COP, and refrigerant mass flow
rate as a function of the percent reduction in refrigerant mass flow rate. Refrigerant-side heating capacity
and COP decreased by 16.6 % and 13.8 %, respectively, with a 17.5 % reduction in refrigerant mass flow
rate.
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Figure 5.3.2 shows the residuals of Tggr, Tk103, and ATy, as a function of percent decrease in refrigerant
mass flow rate due to the hot gas bypass. At the maximum fault level, the evaporator exit superheat,
ATy, and evaporator exit refrigerant saturation temperature, 7gr, changed by more than 5 % from their
NFSS values.

Figure 5.3.3 shows residuals for Tp, Tcr, Tc15, AT, ATwy, and AT.y. The key feature to observe in this
plot is the negative slope of the condenser inlet saturation temperature as shown by the two features Tcr
and 7¢;s. The residuals of these two features had the greatest change of all residuals and are thus the
strongest indicators of a compressor or four-way valve leakage fault. Both features had a greater than
0.1 °C change with every percent change in refrigerant hot gas bypass mass flow rate.

Figure 5.3.4 shows residuals for ATca, ATga, ATy, and ATo;. Of these features, the evaporator air
temperature change had the largest percent change at the highest fault level. The residuals of all of these
features showed changes as fault level increased; the maximum change was seen for the condenser air
temperature, ATca.

Figure 5.3.5 shows residuals for Tipr, Topr, ATrvp, and ATrys. Compared to the NFSS value, the
temperature change across the discharge side of the four-way valve showed an immediate increase with
the addition of hot gas bypass, then decreased with increasing fault level, and returned to normal levels at
a fault level near 13 % with a further decrease at the maximum fault level. The indoor fan motor case
temperature also showed a decreasing residual with increasing fault level.

Table 5.3.1 shows the residual’s linear slopes and the percent changes in the system characteristics and
temperatures for the compressor or four-way valve leakage fault. This fault did not produce large
changes in residuals as fault level increased. The greatest change in residual occurred for the condenser
inlet refrigerant saturation temperature, as indicated by 7Tcgr and 7¢;s. Several features had large changes
in value; Ter, ATga, ATrvp, Tr103, AT11L, and ATo; changed by more than 10 % from their NFSS values,
but the change in their residual values with respect to increasing fault level was small.
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Figure 5.3.1. Residual of selected features with compressor or four-way valve refrigerant leakage faults
imposed at an indoor dry-bulb temperature of 21.1 °C and outdoor conditions of -
8.3 °C/Dry: R[Ocal, R[Ocr], R[Weomp), RICOP], and R[mg]
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Figure 5.3.2. Residual of selected features with compressor or four-way valve refrigerant leakage fault at
an indoor dry-bulb temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry: R[Tgr],
R[7k103], and R[AThe]
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Figure 5.3.3. Residual of selected features with compressor or four-way valve refrigerant leakage fault at
an indoor dry-bulb temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry: R[7p],
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100



1.000

0.500

0.000

-0.500

Residual Temperature (°C)

-1.000

-1.500

Fault Level %

Compressor or Reversing Valve Leakage Fault
—=p— Condenser air temperature rise, AT, (°C)

—<>— Evaporator air temperature drop, ATy, (°C)
—2v— Liquid line temperature change, AT;; (°C)
—O— Outdoor air temperature minus TC103, AT, (°C)

Figure 5.3.4. Residual of selected features with compressor or four-way valve refrigerant leakage fault at
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Table 5.3.1. Linear fit residual slopes and feature changes as a function of percent compressor or four-
way valve refrigerant leakage fault at an indoor dry-bulb temperature of 21.1 °C and outdoor
conditions of -8.3 °C/Dry

Feature , Feature’s % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca -4.31E-02 -14.2
compressor power (kW %) Weomp -4.39E-03 -4.4
refrigerant mass flow rate (kg min"' %) MR -1.39E-02 -17.5
coefficient of performance(%-1) COP -1.76E-02 -13.8
indoor unit refrigerant side capacity (kW %) Ocr -4.70E-02 -16.6
Compressor hot gas bypassed to suction. Fault Max Fault Level:
determined by % decrease in refrigerant mass flow rate. 17.5%

Listed in Descending Order of Largest ABS(AT°C (% Fault)™)

Residual’s slope as a function of % fault level

Feature % Change @
A°C (% Fault)” Max Fault Level
condenser inlet saturation temperature (°C) Tcr -0.112 -3.6
condenser bend thermocouple, TC#15 (°C) Tcis -0.110 -3.5
ID fan motor case temperature (°C) Tior -0.078 -1.3
condenser air temperature rise (°C)  ATca -0.074 -13.2
vapor superheat at outdoor service valve (°C) ATy 0.057 4.6
reversing valve temperature change, discharge side (°C)  ATrvp -0.041 -18.1
evaporator exit saturation temperature (°C) Ter 0.039 33.5
evaporator air temperature drop (°C)  ATga -0.032 -21.2
liquid line temperature drop (°C) AT 0.024 10.6
evaporator bend thermocouple, TC#103 (°C) TE103 0.024 10.7
outdoor temperature minus TC#103 (°C) ATz -0.024 -10.0
evaporator exit superheat (°C)  ATyg -0.019 -5.3
compressor discharge wall temperature (°C) b -0.017 -0.2
OD fan motor case temperature (°C) Topr 0.009 0.1
reversing valve temperature change, suction side (°C)  ATrys 0.008 9.2
liquid line subcooling at outdoor service valve (°C) AT,y 0.007 1.8
condenser inlet superheat (°C) ATgc 0.006 1.8

5.3.2 Indoor dry-bulb temperature of 21.1 °C at outdoor conditions of 8.3 °C/72.5 % RH

Figure 5.3.6 shows the change in heating capacity, refrigerant-side heating capacity, compressor power,
COP, and refrigerant mass flow rate as a function of the percent reduction refrigerant mass flow rate due
to a compressor or four-way valve refrigerant leakage fault. Heating capacity and COP dropped by

11.6 % and 7.7 %, respectively, at the maximum fault level of 12.4 %.

Figure 5.3.7 shows the residuals of Tgr, Tr103, and ATy, as a function of percent decrease in refrigerant
mass flow rate due to the hot gas bypass. These features showed minimal changes with this fault.
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Figure 5.3.8 shows residuals for Tp, Tcr, Tcis, Tsne, Tsnv> and Tyey. The residuals of the vapor line
superheat and condenser inlet superheat showed almost no change until fault levels of 5 % and higher.
Liquid line subcooling oscillated around its NFSS value as fault level increased. The residuals of
compressor discharge line wall temperature, 7Tp, and condenser inlet saturation temperature, 7cr, showed
distinct negative slopes with increasing fault level.

Figure 5.3.9 shows residuals for ATca, ATga, ATiL, and ATyg;. The residual of the condenser air
temperature rise had the greatest slope of these feature residuals with a value of -0.12 C %™. The other
three residuals vary by less than 0.5 °C from their NFSS values at the maximum fault level.

Figure 5.3.10 shows residuals for Tipg, Topr, ATrvp, and ATgrys. The indoor fan motor case temperature
showed the largest change of these features with a residual slope of -0.13 C %™'. The remaining residuals
varied by less than 0.5 °C from their NFSS values.

Table 5.3.2 shows the linear slopes and absolute value of the percent changes in the system characteristics
and residual temperatures for the compressor or four-way valve leakage fault. Four features had residual
slopes greater than 0.12 C %'l; Tcr, Tc1s, Tipr, and ATca. Of these four features, A7ca decreased by 11 %
from its NFSS value at the maximum fault level of 12.4 %.

104



0.400

0.200

0.000

-0.200

-0.400

Residual O, Ocr, Weomp (KW), COP, and my (kg min™')

Fault Level %

Compressor or Reversing Valve Fault
—ap— Air-Side Capacity, O,
—<>— Refrigerant-Side Capacity, O,
—A— Compressor Power, W,

comp
—(O— Cop
—{ }— Refrigerant Mass Flow Rate, n,

Figure 5.3.6. Residual of selected features with compressor or four-way valve refrigerant leakage faults
imposed at an indoor dry-bulb temperature of 21.1 °C and outdoor conditions of
8.3 °C/72.5 % RH: R[Qcal, R[Ocr], R[Weompl, RICOP], and R[mg]
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Figure 5.3.7. Residual of selected features with compressor or four-way valve refrigerant leakage fault at
an indoor dry-bulb temperature of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH:
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Figure 5.3.8. Residual of selected features with compressor or four-way valve refrigerant leakage fault:
R[7b], R[Tcr], R[Tci5], R[ATwc], R[ATswv], and R[AT.v] at an indoor dry-bulb temperature
of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH
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Figure 5.3.9. Residual of selected features with compressor or four-way valve refrigerant leakage fault at
an indoor dry-bulb temperature of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH:
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Figure 5.3.10. Residual of selected features with compressor or four-way valve refrigerant leakage fault
at an indoor dry-bulb temperature of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH:
R[7ipr], R[Topr], R[ATryp], and R[ATRys]
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Table 5.3.2. Linear fit slopes of features as a function of percent compressor or four-way valve leakage
fault at nominal test conditions of 21.1 °C indoor and 8.3 °C/72.5 % RH outdoor

Feature , Feature % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca -7.01E-02 -11.6
compressor power (kW %) Weomp -7.10E-03 -5.5
refrigerant mass flow rate (kg min"' %) Mg -2.68E-02 -11.9
coefficient of performance(%')  COP -2.23E-02 7.7
indoor unit refrigerant side capacity (kW %) Ocr -7.77E-02 -11.6
Compressor hot gas bypassed to suction. Fault Max Fault Level:
determined by % decrease in refrigerant mass flow rate. 12.4 %

Listed in Descending Order of Largest ABS(AT°C (% Fault)™)

Residual’s slope as a function of % fault level

Feature % Change @
A°C (% Fault)! Max Fault Level
condenser inlet saturation temperature (°C) Tcr -0.148 -3.9
condenser bend thermocouple, TC#15 (°C) Tcis -0.147 -4.0
ID fan motor case temperature (°C) Tior -0.132 2.3
condenser air temperature rise (°C) ATca -0.124 -10.9
vapor superheat at outdoor service valve (°C) ATy 0.075 1.9
liquid line subcooling at outdoor service valve (°C) ATy 0.063 -31.8
evaporator exit saturation temperature (°C) Tsr 0.053 3.2
condenser inlet superheat (°C) ATgc 0.043 1.0
compressor discharge wall temperature (°C) b -0.039 -2.1
reversing valve temperature change, discharge side (°C)  ATryp -0.036 -4.4
evaporator bend thermocouple, TC#103 (°C) Tk103 0.028 1.4
outdoor temperature minus TC#103 (°C) ATz -0.024 -5.6
evaporator air temperature drop (°C) ATga -0.021 -12.1
evaporator exit superheat (°C)  ATyg -0.018 -6.7
liquid line temperature drop (°C) ATy -0.006 8.5
OD fan motor case temperature (°C) Topr 0.006 -0.1
reversing valve temperature change, suction side (°C)  ATgrys -0.004 16.1

5.4 Liquid Line Restriction Fault (LL fault)
5.4.1 Indoor dry-bulb temperature of 21.1 °C at outdoor conditions of -8.3 °C/Dry

The refrigerant liquid line restriction fault was simulated by partially closing a pair of parallel valves near
the middle of the liquid line. Figure 5.4.1 shows the change in air-side heating capacity, refrigerant-side
heating capacity, compressor power, COP, and refrigerant mass flow rate as a function of the percent
increase in refrigerant pressure drop. Refrigerant-side heating capacity and COP changed by only 0.03 %
and 0.12 %, respectively, with a 45.4 % increase in refrigerant pressure drop. NFSS pressure drop was 33
kPa and increased to 48 kPa at the highest fault level; compressor discharge pressure increased less than
15 kPa. Suction pressure decreased by less than 10 kPa at the highest fault level.
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Figure 5.4.2 shows the residuals of Tgr, Tk103, and ATy, as a function of liquid line refrigerant pressure
drop. The residual of the evaporator exit superheat, ATk, oscillated due to corrective actions by the
thermostatic expansion valve. At the maximum fault level AT,z was within 0.1 °C of its NFSS value.
The pressure calculated value of the evaporator exit saturation temperature, Tgr, and the thermocouple
measured value, 7% o3,decreased with increasing fault level, but the magnitude of the residual value slopes
was less than 0.01 °C %"

Figure 5.4.3 shows residuals for Tp, Tcr, Tcis, ATsnc, ATy, and ATy, The results of the thermostatic
expansion valve’s corrective actions are seen within this plot. There is a linear change in superheat values
and compressor discharge wall temperatures, and then a correction by the TXV occurred at a fault level
somewhere between 20 % and 35 %. As the fault level increased above 35 %, the beginning of a new
linear trend may be occurring.

Figure 5.4.4 shows residuals for ATca, ATga, ATLL, and ATyg;. Of these features, the liquid line
temperature change, A7y, had the largest percent change at the highest fault level, a decrease of 8.03 %.
The residuals of all of these features showed changes as fault level increased; the maximum was seen for
the condenser air temperature change with a residual slope of -0.074 °C %™". The rapid drop of liquid line
temperature change residual at the 8 % fault level did not continue as fault level increased. This suggests
that an offset from the NFSS value was already present, or there was a very non-linear effect occurring
with a small increase in liquid line pressure drop.

Figure 5.4.5 shows residuals for Tipr, Topr, ATrvp, and ATrys. Compared to the NFSS value, the
temperature change across the cold side of the four-way valve showed an immediate increase with
increased liquid line pressure drop, and then decreased with increasing fault level. The indoor fan motor
case temperature also showed an increasing residual with increasing fault level, while the outdoor fan
motor case temperature was decreasing; they appear to be almost mirror images about the zero residual x-
axis.

Table 5.4.1 shows the residual’s linear slopes and the percent changes in the system characteristics and
temperatures for the liquid line pressure drop fault. This fault did not produce large changes in residuals
as fault level increased. The greatest change in residual (greatest slope) occurred for the refrigerant
subcooling at the service valve; its value was -0.014 °C %™'. Several features had large changes in value
at the 45 % maximum fault level; Tggr, ATgrys, and ATy changed by more than 10 % from their NFSS
values, but the change in their residual values with respect to increasing fault level was small (less than
0.02 °C %™). All of the figures show that the liquid line refrigerant flow restriction fault has a minimal
effect on the system performance at these temperature conditions due to the corrective action of the TXV,
and this fault is not evident from changes in the features listed in Table 5.4.1. The high fault level is not
indicative of the small absolute change in liquid line pressure drop; low mass flow rates a low ambient
conditions produce low pressure drop in the liquid line and thus even a small absolute change in pressure
drop will produce a large percentage change.
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Figure 5.4.1. Residual air-side capacity, refrigerant-side capacity, compressor power, COP, and
refrigerant mass flowrate with liquid line restriction faults imposed at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry
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Figure 5.4.3. Residual of selected features with liquid line restriction faults at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry: R[Tp], R[Tcr], R[Tc15],
R[ATnc], R[ATnv], and R[ATv]
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Figure 5.4.5. Residual of selected features with liquid line restriction faults at an indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry: R[Tipr], R[Topr], R[ATrvD],
and R[ATR\/s]
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Table 5.4.1. Linear fit residual slopes and features changes as a function of percent liquid line restriction
fault at an indoor dry-bulb temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry

Feature , Feature’s % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca -1.09E-03 -1.1
compressor power (kW %) W eomp -1.25E-05 0.0
refrigerant mass flow rate (kg min"' %) Mg -6.40E-05 -0.2
coefficient of performance(%-1) COP 5.22E-05 0.1
indoor unit refrigerant side capacity (kW %) Ocr 5.70E-05 0.0
Valye used to vary flow resistance near rnlddle- of Max Fault Level:
refrigerant liquid line. Fault determined by % increase 4549
. (V]

in refrigerant pressure drop.

Listed in Descending Order of Largest ABS(AT°C (% Fault)™)

Residual’s slope as a function of % fault level

Feature % Change @
A°C (% Fault)” Max Fault Level
liquid line subcooling at outdoor service valve (°C) ATy -0.014 -11.1
condenser inlet superheat (°C) ATgc 0.013 2.9
vapor superheat at outdoor service valve (°C)  ATyvy 0.013 2.2
compressor discharge wall temperature (°C) Tp 0.011 0.7
evaporator bend thermocouple, TC#103 (°C) Tr103 -0.007 -8.1
evaporator exit saturation temperature (°C) Tsr -0.007 -14.4
ID fan motor case temperature (°C) Tior 0.006 04
liquid line temperature drop (°C) ATy -0.006 -8.0
OD fan motor case temperature (°C) Topr -0.005 -0.9
reversing valve temperature change, suction side (°C)  ATrys 0.004 12.6
condenser bend thermocouple, TC#15 (°C) Tcis -0.003 -0.2
condenser inlet saturation temperature (°C) Tcr -0.002 -0.2
evaporator exit superheat (°C)  ATyg 0.001 0.1
condenser air temperature rise (°C)  ATca -0.001 -0.5
reversing valve temperature change, discharge side (°C)  ATrvp -0.001 1.0
evaporator air temperature drop (°C) ATga -0.001 -0.1
outdoor temperature minus TC#103 (°C) ATz 0.000 0.0

5.4.2 Indoor Dry-Bulb Temperature of 21.1 °C at Outdoor Conditions of 8.3 °C/72.5 % RH

Figure 5.4.6 shows the change in heating capacity, refrigerant-side heating capacity, compressor power,
COP, and refrigerant mass flow rate as a function of the percent increase in refrigerant liquid line pressure
drop. The corrective action taken by the thermostatic expansion valve (TXV) is shown by the oscillations
in refrigerant mass flow rate and resulting oscillations of other features as the liquid line pressure drop
was increased. Refrigerant-side heating capacity and COP changed by only -1.2 % and -1.8 %,
respectively, with a 48.4 % increase in refrigerant pressure drop. A large fault level was indicated even
though the absolute change in liquid line pressure drop was less than 40 kPa. Suction and discharge
pressure absolute values changed by less than 38 kPa at the highest fault level.
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Figure 5.4.7 shows the residuals of Tgr, Tr103, and ATy, as a function of liquid line refrigerant pressure
drop. The evaporator exit superheat, AT, oscillated within 0.2 °C to -0.6 °C of its NFSS value due to
corrective actions by the thermostatic expansion valve. The evaporator exit saturation temperature was
insignificantly affected by this fault.

Figures 5.4.7 through 5.4.10 show residuals of selected features because of their significant oscillations
due to the corrective action by the TXV, these features are not suitable for application in an FDD scheme.

Table 5.4.2 shows the residual’s linear slopes and the percent changes in the system characteristics and
temperatures for the liquid line pressure drop fault at outdoor conditions of 8.3 °C/72.5 % RH. The
greatest change in residual (greatest slope) occurred for the condenser inlet saturation temperature; its
value was -0.15 °C %", Several features had large changes in value at the 48 % maximum fault level; Tgg,
ATrys, ATca,and ATy changed by more than 10 % from their NFSS values, but the change in their
residual values with respect to increasing fault level was small (less than 0.02 °C %™). All of the figures
show that the liquid line refrigerant flow restriction fault has a minimal effect on the system. The high
fault level is not indicative of the small absolute change in liquid line pressure drop; low mass flow rates
and low ambient conditions produce low pressure drop in the liquid line and thus even a small absolute
change in pressure drop will produce a large percentage change.
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Figure 5.4.6. Residual of selected features with refrigerant liquid line restriction faults imposed at an
indoor dry-bulb temperature of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH:
R[QCA]a R[QCR]a R[ Wcomp]a R[COP], and R[mR]
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Figure 5.4.7. Residual of selected features with a refrigerant liquid line restriction fault at indoor dry-bulb
temperature of 21.1 °C and outdoor conditions of 8.3 °C/72.5 % RH: R[Tgr], R[7E103], and
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Table 5.4.2. Linear fit slopes of features as a function of percent increase in refrigerant pressure drop due
to a refrigerant liquid line restriction at nominal test condition of 21.1 °C indoor and
8.3 °C/72.5 % RH outdoor

Feature , Feature % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca -8.92E-04 -0.7
compressor power (kW %) Weomp 1.14E-04 1.1
refrigerant mass flow rate (kg min"' %) MR -2.19E-04 -1.2
coefficient of performance(% ") COP -4.42E-04 -1.8
indoor unit refrigerant side capacity (kW %) Ocr -6.50E-04 -1.2
Valye used ‘Fo vary flow resistance near mlddle. of Max Fault Level:
refrigerant liquid line. Fault determined by % increase 48.4 9
. (V]

in refrigerant pressure drop.

Listed in Descending Order of Largest ABS(AT°C (% Fault)™)

Residual’s slope as a function of % fault level

Feature % Change @
A°C (% Fault) Max Fault Level

condenser inlet saturation temperature (°C) Tcr -0.148 -3.9
condenser bend thermocouple, TC#15 (°C) Tcis -0.147 -4.0

ID fan motor case temperature (°C) Tipr -0.132 -2.3
condenser air temperature rise (°C) ATca -0.124 -10.9

vapor superheat at outdoor service valve (°C) ATy 0.075 1.9
liquid line subcooling at outdoor service valve (°C) AT,y 0.063 -31.8

evaporator exit saturation temperature (°C) Ter 0.053 3.2
condenser inlet superheat (°C)  ATyc 0.043 1.0

compressor discharge wall temperature (°C) b -0.039 -2.1
reversing valve temperature change, discharge side (°C)  ATgryp -0.036 -4.4
evaporator bend thermocouple, TC#103 (°C) Tr103 0.028 1.4

outdoor temperature minus TC#103 (°C) ATz -0.024 -5.6

evaporator air temperature drop (°C)  ATga -0.021 -12.1

evaporator exit superheat (°C) ATgE -0.018 -6.7

liquid line temperature drop (°C) ATy, -0.006 8.5

OD fan motor case temperature (°C) Topr 0.006 -0.1

reversing valve temperature change, suction side (°C)  ATrys -0.004 16.1

5.5 Overcharged Refrigerant Fault (OC fault)
5.5.1 Indoor Dry-Bulb Temperature of 21.1 °C at Outdoor Conditions of -8.3 °C/Dry

The overcharged refrigerant fault was accomplished by setting the proper refrigerant charge in the cooling
mode (according to manufacturer specs) and then weighing in more refrigerant to increase charge level
during the heating mode. Figure 5.5.1 shows the change in air-side heating capacity, refrigerant-side
heating capacity, compressor power, COP, and refrigerant mass flow rate as a function of the percent
increase in refrigerant charge. Refrigerant-side heating capacity and COP changed by -0.1 % and -7.9 %,
respectively, with a 30.4 % increase in refrigerant mass charged.
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Figure 5.5.2 shows the residuals of Tgr, Tg103, and ATy, as a function of refrigerant overcharge. The
evaporator exit superheat, ATy, oscillates due to actions by the thermostatic expansion valve. Even
though test conditions remained steady, the TXV may have tried to adjust superheat due to intermittent
flooding of a refrigerant circuit. Even with proper charge the transition point from saturated to
superheated refrigerant within a refrigerant circuit oscillates with respect to axial (streamwise) position.
This has been observed with infrared photography of the evaporating refrigerant in indoor coils at steady
air conditions. At the maximum fault level ATy was within 0.1 °C of its NFSS value. The pressure
calculated value of the evaporator exit saturation temperature, Tgg, and the thermocouple measured value,
Tk103, remained relatively constant with increasing fault level, and the residual value slopes were still less
than 0.01 °C % .

Figure 5.5.3 shows residuals for Tp, Tcr, Tcis, ATsne, ATghy, and ATyy. This plot shows substantial
changes in compressor discharge line wall temperatures with increasing fault level. Condenser inlet
saturation temperature and superheat residuals also showed large changes. At the maximum fault level,
the refrigerant subcooling at the service valve increased by more than 4.0 °C.

Figure 5.5.4 shows residuals for ATca, ATga, AT11, and AT)o3. These features showed little change with
increasing charge level.

Figure 5.5.5 shows residuals for Tipr, Topr, ATrvp, and ATrys. Compared to the NFSS value, the
temperature change across the cold side of the four-way valve showed an immediate increase, and then
decreased with increasing fault level. The mirroring of the suction side by the discharge side reversing
valve temperature change faltered at the maximum fault level. The indoor fan motor case temperature
also showed an increasing residual with increasing fault level, while the outdoor fan motor case
temperature was decreasing.

Table 5.5.1 shows the residual’s linear slopes and the percent changes in the system characteristics and
temperatures for the overcharged refrigerant fault. Compressor discharge temperature and condenser inlet
refrigerant saturation temperature were the features that changed the most; 7 and 7cg residual slopes
were 0.264 °C %" and 0.164 °C %', respectively. Subcooling and superheat at the service valve along
with superheat at the condenser inlet showed substantial change with their residual slopes being

0.133°C %™, 0.089 °C %™, and 0.071 °C %', respectively.

124



0.100

=

g

en _
<

=

N

=

g 0000 —
[=9)

5

Q

i i
g

= 0100 —
4

@]

S

3

O) —
=

j=1

=

Z

& 0200

Fault Level %

Refrigerant Overcharge Fault
—op— Air-Side Capacity, Q,
—<— Refrigerant-Side Capacity, Q.
—A— Compressor Power, W

—O— cop
—HJ— Refrigerant Mass Flow Rate, my

comp

Figure 5.5.1. Residual of selected features with overcharged refrigerant faults imposed at an indoor dry-
bulb temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry: R[Qcal, R[Ocr],
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Table 5.5.1. Linear fit residual slopes and feature changes as a function of percent increase in refrigerant
charge at an indoor dry-bulb temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry

Feature , Feature’s % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca 1.94E-03 1.5
compressor power (kW %) W eomp 6.15E-03 11.7
refrigerant mass flow rate (kg min"' %) Mg -3.60E-04 -0.8
coefficient of performance(%')  COP -6.07E-03 -7.9
indoor unit refrigerant side capacity (kW %) Ocr -4.32E-04 -0.1
. . o
Refrlgerant mass was added. Fault determined by .A) Max Fault Level:
increase above normal system charge level determined 304 9%
. (V]

in the cooling mode.

Listed in Descending Order of Largest ABS(AT°C (% Fault)™)

Residual’s slope as a function of % fault level

Feature % Change @
A°C (% Fault)” Max Fault Level
compressor discharge wall temperature (°C) b 0.264 11.2
condenser inlet saturation temperature (°C) Tcr 0.164 10.2
condenser bend thermocouple, TC#15 (°C) Tcis 0.145 9.1
liquid line subcooling at outdoor service valve (°C) ATy 0.133 64.5
vapor superheat at outdoor service valve (°C) ATy 0.089 10.4
condenser inlet superheat (°C) ATgc 0.071 10.0
reversing valve temperature change, suction side (°C)  ATgrys -0.021 -31.4
reversing valve temperature change, discharge side (°C)  ATryp -0.009 -23.6
evaporator exit saturation temperature (°C) Ter 0.008 11.6
ID fan motor case temperature (°C) Tior 0.007 0.3
evaporator bend thermocouple, TC#103 (°C) TE103 0.004 33
OD fan motor case temperature (°C) Topr 0.004 0.5
outdoor temperature minus TC#103 (°C) ATz -0.004 -2.9
evaporator air temperature drop (°C)  ATga -0.004 -4.1
evaporator exit superheat (°C) ATgE 0.004 0.2
liquid line temperature drop (°C) ATy, 0.003 2.4
condenser air temperature rise (°C)  ATcx 0.003 1.1

5.5.2  Indoor Dry-Bulb Temperature of 21.1 °C at Outdoor Conditions of 8.3 °C/Dry

Figure 5.5.6 shows the change in air-side heating capacity, refrigerant-side heating capacity, compressor
power, COP, and refrigerant mass flow rate as a function of the percent increase in refrigerant charge
within the system. Refrigerant-side heating capacity and COP changed by -0.1 % and -14.4 %,
respectively, with a 30.4 % increase in refrigerant mass charged. COP decreased due to an increase in
compressor power of 22 % at the maximum fault level.

Figure 5.5.7 shows the residuals of T&g, Tt103, and ATy as a function of refrigerant overcharge. The

evaporator exit superheat, ATk, increases then decreases due to corrective actions by the thermostatic
expansion valve. At the maximum fault level AT, was within 0.1 °C of its NFSS value. The pressure
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calculated value of the evaporator exit saturation temperature, Tgg, and the thermocouple measured value,
Tk103, remained relatively constant with increasing fault level, and the residual value slopes were still less
than 0.01 C %'. The saturation temperature residual clearly shows a negative slope then a positive slope
as fault level increases.

Figure 5.5.8 shows the residuals of Tp, Tcr, Tc1s, AT, ATshy, and ATy.y. This plot shows there are
substantial changes in compressor discharge line wall temperatures with increasing fault level. Condenser
inlet saturation temperature, superheat and liquid line subcooling at the service valve residuals also
showed large changes. At the maximum fault level, the refrigerant subcooling at the service valve
increased by more than 7.0 °C.

Figure 5.5.9 shows the residuals of ATca, ATga, AT1L, and ATyg;. These features showed little change
with increasing charge level relative to the changes that occurred with the compressor discharge
temperature.

Figure 5.5.10 shows the residuals of Tipr, Topr, ATrvp, and ATrys. Compared to the NFSS value, the
temperature change across the cold side of the four-way valve decreased with increasing fault level. The
mirroring of the suction side by the discharge side reversing valve temperature change held at all fault
levels. Overall, the residuals are small, within 1°C of the minimum level of fault.

Table 5.5.2 shows the residual’s linear slopes and the percent changes in the system characteristics and
temperatures for the overcharged refrigerant fault. Compressor discharge temperature and condenser inlet
refrigerant saturation temperature were the features that changed the most; 7 and 7cg residual slopes
were 0.403 C %' and 0.270 C %', respectively. Subcooling and superheat at the service valve along
with superheat at the condenser inlet showed substantial change with their residual slopes being

0.229 C%"',0.160 C %", and 0.144 C %', respectively.
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Figure 5.5.6. Residual of selected features with overcharged refrigerant faults imposed at an indoor dry-
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Table 5.5.2. Linear fit residual slopes and feature changes as a function of percent increase in refrigerant
charge at indoor dry-bulb temperature of 21.1 °C and outdoor conditions of 8.3 °C/Dry

Feature , Feature’s % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca 1.30E-03 0.7
compressor power (kW %) W eomp 1.30E-02 22.1
refrigerant mass flow rate (kg min"' %) Mg -9.83E-04 -1.3
coefficient of performance(%™") COP -1.62E-02 -14.5
indoor unit refrigerant side capacity (kW %) Ocr -4.85E-04 -0.1
. . o
Refrlgerant mass was added. Fault determined by .A) Max Fault Level:
increase above normal system charge level determined 1304 %
. 0

in the cooling mode.

Listed in Descending Order of Largest ABS(AT°C (% Fault)™)

Residual’s slope as a function of % fault level

Feature % Change @
A°C (% Fault)” Max Fault Level

compressor discharge wall temperature (°C) b 0.403 15.8
condenser inlet saturation temperature (°C) Tcr 0.270 14.8
condenser bend thermocouple, TC#15 (°C) Tcis 0.260 14.0

liquid line subcooling at outdoor service valve (°C) ATy 0.229 175.6
vapor superheat at outdoor service valve (°C) ATy 0.160 19.0
condenser inlet superheat (°C) ATgc 0.144 18.6
ID fan motor case temperature (°C) Tior 0.036 1.3

reversing valve temperature change, discharge side (°C)  ATryp 0.028 26.2

reversing valve temperature change, suction side (°C)  ATgrys -0.027 -112.1
OD fan motor case temperature (°C) Topr 0.009 0.6
liquid line temperature drop (°C) ATy L 0.005 7.0
evaporator exit saturation temperature (°C) Ter 0.005 0.9
evaporator air temperature drop (°C)  ATga -0.005 -2.7
evaporator bend thermocouple, TC#103 (°C) Tt103 0.003 0.5
outdoor temperature minus TC#103 (°C) ATz -0.003 -1.3
condenser air temperature rise (°C) ATca 0.003 0.7
evaporator exit superheat (°C)  ATyg 0.002 1.5

5.6 Undercharged Refrigerant Fault (UC fault)
5.6.1 Indoor Dry-Bulb Temperature of 21.1 °C at Outdoor Conditions of -8.3 °C/Dry

The undercharged refrigerant fault was accomplished by setting the proper refrigerant charge in the
cooling mode (according to manufacturer specs) and then removing refrigerant. Figure 5.6.1 shows the
change in air-side heating capacity, refrigerant-side heating capacity, compressor power, COP, and
refrigerant mass flow rate as a function of the percent decrease in refrigerant charge (% decrease is a
negative number). Air-side heating capacity and air-side COP changed by -4.9 % and -2.8 %,
respectively, with a -30.3 % change in refrigerant mass charged. Normally, refrigerant and air side
measurements would be within = 3 % or better, but refrigerant mass flow measurements, and thus
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refrigerant-side capacity, was affected by the presence of bubbles in the liquid line. These bubbles caused
erroneous mass flow rate readings in the Coriolis meter, thus making any refrigerant-side measurements
erroneous as well.

Figure 5.6.2 shows the residuals for Tgg, 7103, and AT as a function of refrigerant undercharge. The
evaporator exit superheat, A7, remains stable until a 20 % reduction in charge due to corrective action
by the thermostatic expansion valve; increases in superheat may indicate that the TXV was at maximum
opening and thus began operating like a fixed area expansion device. At the maximum fault level ATy
increased to be 0.5 °C greater than its NFSS value. The pressure calculated value of the evaporator exit
saturation temperature, 7gr, and the thermocouple measured value, 7,03, remained relatively constant
with increasing fault level.

Figure 5.6.3 shows residuals for Tp, Tcr, Tcis, ATsne, ATghy, and ATy. Liquid line subcooling at the
service valve, ATy, has the greatest change due to the undercharge fault. At the maximum fault level of
-30.3 %, the liquid line subcooling drops almost 6 °C below its NFSS value. The residuals of the
condenser inlet saturation temperature and its thermocouple counterpart, 7cg and 7¢;s, 0.045 °C %! and
0.040 °C %', respectively.

Figure 5.6.4 shows residuals for ATca, ATga, ATyy, and AT);. The figure shows that the liquid line
temperature change is a good indicator for loss of refrigerant charge. This was the second largest slope
seen for all features. It is interesting to note that very little variation in any feature occurs at up to a 10 %
undercharge. The TXYV is able to correct mass flow rate until, somewhere between 10 % and 20 %
undercharge, the presence of two-phase refrigerant at the TXV inlet causes it to open fully and begin
performing like a fixed area expansion device.

Figure 5.6.5 shows residuals for Tipr, Topr, ATrvp, and ATrys. The indoor fan case temperature residual
shows some correlation to refrigerant undercharge. The only other feature here to show some reasonable
linear change with undercharge is the cold side reversing valve temperature change, ATrys. This feature
increases by more than 14 % from its NFSS value and has a residual slope of -0.009 °C %"

Table 5.6.1 shows the residual’s linear slopes and the percent changes in the system characteristics and
temperatures for the undercharged refrigerant fault. The prominent features for the undercharge fault are
liquid line subcooling, liquid line temperature drop from the outdoor service valve to the indoor TXV
inlet, condenser inlet saturation temperature, and vapor line superheat at the service valve. Interestingly,
the indoor fan case temperature residual was comparable to the service valve superheat residual for
indicating an undercharge fault.
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Figure 5.6.1. Residual of selected features with undercharged refrigerant faults imposed at an indoor dry-
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Table 5.6.1. Linear fit residual slopes and feature changes as a function of percent decrease in refrigerant
charge at indoor dry-bulb temperature of 21.1 °C and outdoor conditions of -8.3 °C/Dry

Feature , Feature’s % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca 8.04E-03 -4.9
compressor power (kW %) Weomp 1.55E-03 -2.9
(INVALID) refrigerant mass flow rate (kg min"' %) Mg 7.93E-03 -17.3
coefficient of performance, air-side (%) COP 2.00E-03 -2.8
(INVALID) indoor unit refrigerant side capacity (kW %) Ocr 2.89E-02 -17.6
. . o
Refrigerant mass was removed. Fault deteqnmed by % Max Fault Level:
decrease below normal charge level determined during the 303 %
- . (1]

cooling mode.

Listed in Descending Order of Largest ABS(AT°C (% Fault)™)

Residual’s slope as a function of % fault level

Feature % Change @
A°C (% Fault)” Max Fault Level

liquid line subcooling at outdoor service valve (°C) ATy 0.196 -89.7
liquid line temperature drop (°C) ATy, 0.096 -68.4

condenser inlet saturation temperature (°C) Tcr 0.045 -2.8
condenser bend thermocouple, TC#15 (°C) Tcis 0.040 2.4

vapor superheat at outdoor service valve (°C)  ATyv -0.023 2.3

ID fan motor case temperature (°C) Tior 0.022 -09

compressor discharge wall temperature (°C) Tp 0.021 -0.9
condenser inlet superheat (°C) ATgc -0.020 2.4

condenser air temperature rise (°C)  ATca 0.017 -5.7

evaporator exit superheat (°C) ATgE -0.016 8.8

reversing valve temperature change, suction side (°C)  ATgrys -0.009 14.5
evaporator exit saturation temperature (°C) Ter 0.008 -11.5

outdoor temperature minus TC#103 (°C) ATz -0.007 5.0

evaporator air temperature drop (°C)  ATga 0.007 -8.3

evaporator bend thermocouple, TC#103 (°C) TE103 0.004 29

OD fan motor case temperature (°C) Topr 0.002 -0.3

reversing valve temperature change, discharge side (°C)  ATgyp 0.002 -0.9

5.6.2  Indoor Dry-Bulb Temperature of 21.1 °C at Outdoor Conditions of 8.3 °C/Dry

Figure 5.6.6 shows the change in air-side heating capacity, refrigerant-side heating capacity, compressor
power, COP, and refrigerant mass flow rate as a function of the percent decrease in refrigerant charge (%
decrease is a negative number). Air-side heating capacity and air-side COP changed by -13.9 % and
-9.2 %, respectively, with a -30.3 % change in refrigerant mass charged. Normally, refrigerant and air
side measurements would be within + 3 % or better, but refrigerant mass flow rate, and thus refrigerant-
side capacity, was affected by the presence of bubbles in the liquid line.

Figure 5.6.7 shows the residuals of Tgr, Tg103, and ATy as a function of refrigerant undercharge. The
evaporator exit superheat, A7, remained stable until a more than 20 % reduction in charge due to
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corrective actions by the thermostatic expansion valve. At the maximum fault level AT increased to be
2.4 °C greater than its NFSS value. The pressure calculated value of the evaporator exit saturation
temperature, Tgg, and the thermocouple measured value, 7§03, mirrored the changes in superheat residual.

Figure 5.6.8 shows the residuals of Tp, Tcr, Tc1s, AT, ATshy, and AT,y. Liquid line subcooling at the
service valve (A7), had the greatest change due to an undercharge fault. At the maximum fault level of
-30.3 %, the liquid line subcooling droped by 3.5 °C from its NFSS value. The residuals of the condenser
inlet saturation temperature and its thermocouple counterpart, Tcg and 7¢;s, also showed large slopes.

Figure 5.6.9 shows the residuals of ATca, ATga, AT1L, and ATyg;. This figure shows that the liquid line
temperature change was not as large as it was at the lower outdoor temperature. The indoor coil air
temperature rise residual showed the most change of all these features. The outdoor air temperature
minus the bend thermocouple, TC#103, showed the second largest residual slope for these features; ATg;
had a residual slope of -0.048 C %' and changed by more than 25 % at the maximum fault level.

Figure 5.6.10 shows the residuals of Tipr, Topr, ATrvp, and ATrys. The indoor fan case temperature
residual showed the strongest correlation to refrigerant undercharge. The second largest residual slope
occurred for the outdoor fan motor case temperature.

Table 5.6.2 shows the residual’s linear slopes and the percent changes in the system characteristics and
temperatures for the undercharged refrigerant fault. The prominent features for the undercharge fault are
liquid line subcooling, condenser inlet saturation temperature, and vapor line superheat at the service
valve. Interestingly, the indoor fan case temperature residual was comparable to the service valve
superheat residual for indicating an undercharge fault.
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Table 5.6.2. Linear fit residual slopes and feature changes as a function of percent decrease in refrigerant
charge at indoor dry-bulb temperature of 21.1 °C and outdoor conditions of 8.3 °C/Dry

Feature , Feature’s % Change @
Feature Name Symbol Feature’s slope Max Fault Level
total air side capacity (kW %) Oca 1.74E-02 -13.9
compressor power (kW %) Weomp 1.40E-03 -6.6
(INVALID) refrigerant mass flow rate (kg min"' %) Mg 6.71E-02 -61.1
coefficient of performance, air-side (%) COP 5.33E-03 -58.1
(INVALID) indoor unit refrigerant side capacity (kW %) Ocr 2.28E-01 -60.3
. . o
Refrigerant mass was removed. Fault deteqnmed by % Max Fault Level:
decrease below normal charge level determined during the 303 %
- . (1]

cooling mode.

Listed in Descending Order of Largest ABS(AT°C (% Fault)™)

Residual’s slope as a function of % fault level

Feature % Change @
A°C (% Fault)” Max Fault Level
liquid line subcooling at outdoor service valve (°C) ATy 0.111 -87.7
condenser inlet saturation temperature (°C) Tcr 0.084 -5.5
vapor superheat at outdoor service valve (°C)  ATyvy -0.083 10.5
condenser bend thermocouple, TC#15 (°C) Tcis 0.079 -5.1
condenser inlet superheat (°C)  ATyc -0.074 10.0
ID fan motor case temperature (°C) Tior 0.073 -34
evaporator exit saturation temperature (°C) Ter 0.064 -13.7
evaporator exit superheat (°C)  ATyg -0.064 35.9
condenser air temperature rise (°C)  ATca 0.063 -14.4
evaporator bend thermocouple, TC#103 (°C) TE103 0.049 -9.6
outdoor temperature minus TC#103 (°C) ATz -0.048 25.7
evaporator air temperature drop (°C) ATga 0.032 -21.0
OD fan motor case temperature (°C) Topr -0.026 1.6
reversing valve temperature change, suction side (°C)  ATgrys -0.020 62.7
reversing valve temperature change, discharge side (°C)  ATrvp 0.011 -12.8
liquid line temperature drop (°C) ATy, -0.009 17.4
compressor discharge wall temperature (°C) b -0.008 0.0

5.7 Summary of the Effects of Faults on Heating Capacity and COP

Figure 5.7.1 shows the effects of condenser or indoor coil air flow restriction faults on the heating
capacity and COP. It is interesting to note the linear nature of the normalized values with increasing air
flow restriction across the indoor heat exchanger. Higher fault levels indicate more reduction in the air
flow rate across the indoor coil (condenser). At higher outdoor temperature the fault had a greater effect
upon capacity and COP. There was a 10 % reduction in COP with a 30 % reduction in indoor coil air
flow rate at outdoor ambient conditions of 8.3 °C/72.5 % RH.

Figure 5.7.2 shows the effects of outdoor coil face area blockage on heating capacity and COP. A 30 %
blockage of face area resulted in a 26 % reduction in heating capacity and a 24 % reduction in COP at the
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coldest outdoor ambient conditions. The same fault was not as severe for the higher ambient conditions;
heating capacity dropped by 18 % while COP decreased by 14 %.

Figure 5.7.3 shows how a compressor valve or a four-way reversing valve leakage fault affects heating
capacity and COP. Heating capacity at the higher temperature outdoor conditions was more affected by
this fault; heating capacity decreased by almost 14 % as refrigerant mass flow rate decreased more than
12 %. COP degradation was comparable at the higher and lower outdoor ambient conditions.

Figure 5.7.4 shows that the liquid line restriction fault had very little effect upon the functioning of the
system in the heating mode; the obtained results are within the uncertainty of our measurements.

Figure 5.7.5 shows that refrigerant overcharge has negligible effects on heating capacity, but more of an
effect upon COP. At the higher temperature outdoor ambient conditions, the COP dropped by more than
14 % as the refrigerant was overcharged 30 %.

Figure 5.7.6 shows that undercharge faults have more effect upon heating capacity than the overcharge
faults, especially at higher temperature outdoor ambient conditions. For a slightly more than 30 %
undercharge fault, heating capacity decreased by almost 14 % while COP dropped by almost 9 %.
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Figure 5.7.1. Normalized heating capacity and COP for condenser or indoor coil air flow restriction
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CHAPTER 6. Concluding Remarks

A residential heat pump was tested in the heating mode at several indoor and outdoor conditions with no
faults and then with faults imposed. The no-fault performance of the system will be used to generate a
No-Fault Steady-State (NFSS) reference model of various system features as a function of the
independent variables of indoor dry-bulb, outdoor dry-bulb and, possibly, outdoor dew-point temperature.
Knowing NFSS values allows the calculation of feature residuals. As in the previous work by Kim et al.
(2000), certain patterns of feature residuals represent certain faults. The magnitude of the feature
residuals is also directly related to the probability that a fault is occurring. With the data collected in the
heating mode, a complete FDD method will be developed to detect the studied faults.

Heating capacity was affected most by the compress/reversing valve leakage fault (CMF). For the
constant indoor dry-bulb temperature of 21.1 °C, heating capacity decreased by 70 W per % fault at

8.3 °C outdoor temperature and 43 W per % fault at -8.3 °C outdoor temperature. COP was also most
affected by the CMF fault with a 22.3e-3 decrease per % fault increase at 8.3 °C and 17.6e-3 decrease
per % fault at -8.3 °C. The evaporator or outdoor coil fouling fault (EF) had the second greatest effect
upon heating capacity and COP; reducing heating capacity and COP by 53.4 W per % fault and 17.5e-3
per % fault at the 8.3 °C outdoor temperature, respectively. With the exception of the liquid line
restriction fault, all faults had the most affect at higher capacity, higher temperature outdoor conditions.

For the test conditions studied in this work, the liquid line restriction fault did not pose a penalty on COP
or heating capacity until a fault level greater than 48 %. Other faults that required severe levels to
produce a 5 % reduction in COP or heating capacity were condenser air flow fault (max 50% at low
temperatures), undercharged refrigerant, and overcharged refrigerant. At an outdoor temperature of

8.3 °C, the refrigerant had to be more than 18 % overcharged to produce a 5 % drop in COP, and , if we
extrapolate the trend, more than 50 % overcharged to produce the same loss in heating capacity.
Undercharge produced a 5 % drop in COP and heating capacity at a fault level of approximately 25 %.

Outdoor coil frosting also poses a unique problem for heating mode fault detection. As seen in the figures
of chapter 4, system features change substantially as the outdoor coil frosts; some features change by
more than 50 % during frosting. A reliable method of frost detection must be implemented within any
heating mode FDD algorithm. The fault detection method could rely on temperature and humidity
sensors at the outdoor unit, monitoring of various features that change substantially with frosting, or a
combination of these methods to determine when frosting is occurring. Frosting density and frosting rates
vary too much to be included in an FDD algorithm, thus frosting must be treated as a type of fault that the
FDD algorithm tries to detect. Frosting conditions can simply be detected by comparing an evaporator
(outdoor coil) two-phase return bend temperature to some temperature above freezing; FDD would only
be implemented outside of frosting conditions.

The results presented here show the difficulty in detecting faults in the heating mode. The work by Li et
al. (2007) in developing virtual sensors and in isolating faults will aid in developing generalized FDD
techniques. The uniqueness of each heat pump installation will make a robust and sensitive FDD system
very difficult to develop without some kind of “machine learning” or adaptive correlation technique to
adjust the FDD algorithms to each different type of installation environment seen in the field. As seen in
the previous work by Kim et al. (2006) and the work presented here, most of the features change in a
relatively linear manner as fault levels increase; this should make it easier to implement adaptive
correlations for predicting fault-free feature values on small microprocessors within the system’s normal
controls. A simple FDD algorithm could easily monitor system refrigerant charge using only two
temperature sensors (refrigerant subcooling for a TXV system); two more sensors could be added to
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monitor refrigerant superheat and thus become the basis for a simple commissioning tool to aid
technicians in setting the proper charge during the intial installation. The common problem of charging a
system in the heating mode could also be aided by an FDD system that monitors the compressor
discharge temperature; compressor refrigerant discharge temperature was the most sensitive variable to
refrigerant overcharge in the heating mode tests performed for this work.
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