& HEAT PUMP
CONFERENCE

Single Fault Impact Analysis of a Residential Heat Pump
in the Cooling Mode
According to the Temperature Conditions

May 16, 2023

Minkyu Jung, Sanghun Jeong, Soyeon Kim,
Donik Ku, Minsung Kim

Chung-Ang University, South Korea

15-18 May 2023, Chicago, lllinois 1



@ Backgrounds HEAT PUMP

CONFERENCE

Previous FDD studies on Heat Pumps
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« Mainly focused on performance variation by fault levels ,/Aé /
Performance parameters : COP, Cooling capacity, Target temperature =
« Limited test cases (Comp., Expn. device, Operating temp) 1
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Table Summary of previous experimental testing

O P A 85 —=—C —D
Author Compressor Expn. device |T,,[°C] Top [°C] -
Palmiter et al =
2011) Scroll TXV 26.7 | 27.8,35.0, 48.9, 51.7 . /
g ]
im et al. 2012) | Tadem, Roten, FXO/EEV | 27.0 35.0 2 o A
=
Mowris et al. (2012) - FXO / TXV 26.7 47.8 S 90 i;/
i C
Qur(ezs(glif)t al Reciprocating XV 21.0 31.6 5%
SCE (2015) B TXV 26'7 35 SU%SO% 60% T0% 80% 90% 100% 110% 120% 130%
Du et al. (2016) | Scroll / Reciprocating TXV / FXO 26.7 27'8'/3277'_88/%?5'_%'36'1 Fault Intensity (1)
Hu et al. (2021) Rotary TXV 26.7 27.8, 35.0, 40.5 Figure Impacts of EF faults on the system performancel!

[1] Hu et al., Applied Thermal Engineering, 2021
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Effect of operating temperature
(D Excess capacity (2 Capacity shortage

np capacity

Cooling requirement
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S Balance poin t% Heat pump capacity with Fault A

~* Heat pump capacity with Fault B

Ambient temperature

Figure Seasonal performance characteristics of heat pump system with a constant speed compressor(?]

System performance depending on operating conditions changes when fault is imposed

[2] Kim, Ph. D Thesis, Seoul National University, 2002
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Study about faults on various operating conditions
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Fault type

CMF compressor/reversing valve leakage fault  LL refrigerant liquid line restriction fault
CF condenser airflow fouling fault UC refrigerant undercharge fault
EF evaporator airflow fouling fault OC refrigerant overcharge fault

Figure Estimated fault levels for each fault at a 5 % degradation in EER
at 4 different operating conditions(3!

« Estimated fault level to cause 5 % EER reduction

v EF & OC — Low fault impact
v LL & OC — Large difference with operating conditions

« Fault impact varies with different
- Fault type
- Operating condition

4

How might operating conditions influence the fault impact?

[3] Kim et al., Applied Thermal Engineering, 2009
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Table Operating conditions of fault-free steady state(FFSS) tests

. [ e ]

W i i3 ‘ Mass flow meter v Test Indoor Outdoor
' il M | foritfeult Index | Dry-bulb T (°C) RH (%) Dry-bulb T (°C) RH (%)
; @ 1" 26.7 50 35.0 40 to 60
2 211 50 211 40 to 60
3 26.7 50 211 40 to 60
4 211 50 27.8 40 to 60
5" 26.7 50 27.8 40 to 60
6 211 50 32.2 40 to 60
7 26.7 50 32.2 40 to 60
8 21.1 50 37.8 40 to 60
Eor ﬁ - 9™ 26.7 50 37.8 40 to 60
4_w'ay vaive 10 211 Dry coil 211 40 to 60
Vilves o 11 26.7 Dry coil 211 40 to 60
E— 12 211 Dry coil 27.8 40 to 60
13 26.7 Dry coil 27.8 40 to 60
c°"Es°' 14 21.1 Dry coil 322 40 to 60
15 26.7 Dry coil 32.2 40 to 60
16 211 Dry coil 37.8 40 to 60
Figure Experimental setup with the heat pump in cooling modef3! 17 26.7 Dry coil 37.8 40 to 60

+ System : R410A 8.8 kW residential heat pump with constant-speed scroll compressor and TXV
* Fault-free tests : #2~17 * Faulttests: #4,5,8,9
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Fault implementation

« 6 common faults in air-conditioner were selected
» Fault level was defined as the ratio of parameters
compared to fault-free operation

4
Figure CMF fault

Table Description of studied faults

Fault Abbr. Determination of level of fault
Compressor leakage (4-way valve leakage) CMF | % of refrigerant flow rate
Improper outdoor air flow rate (Condenser fouling) CF % of coil area blocked
Improper indoor air flow rate (Evaporator fouling) EF % of correct air flow rate
Liquid-line restriction LL | % of normal pressure drop through TXV
Refrigerant overcharge OC | % overcharge from the correct charge
Refrigerant undercharge ucC % undercharge from the correct charge

Figure LL fault
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Fault-free steady-state (FFSS) model
« Model for system parameters (COP, Cooling capacity) using NF data
- 2" order multivariate polynomial model (Tip, Top, Tipp)
¢ =ap+ a;Tip + a,Top + a3Tipp + a4 Tjh + asTipTop + asTipTipp +37Tép + agTopTipp + a9 TiHp
QEA . . . A
COP == o Qea = Qeasens T QEa lat > N(I::dz:ti:t‘i,ng;if))n | Cooling requirement
3 :
S |
- Estimate No-fault reference value at Fault test condition TE; Capacity (Fault) ]
. e I
- Estimate COPyg, Qeanr and performance degradation r “ |
|
] >
COP; — COP, . Year — C Fault . -
r(COP)[%] = —— NE %100 r(Qgs)[%] = Qear — Qeane g, condition Ambient temperature
COPNF QEA,NF

Figure FFSS model and the fault test data
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=2 4 g 0
@) " CF10% (b)
-4 -2
R [ ° "
o CF 20% — _ -
& 8 / ;}: CF10% --®- T,,=27.8°C -e— T,=37.8°C P-h diagram
'g -10 3 6 CF20% --@- Ty,=27.8°C —e— T,=37.8°C 6x10 | Test5-T,26.7°C, T,,27.8°C — NF
S ., 2 CF35% - T, =27.8°C —-e= T, =37.8°C o o 10%
= .. -8 4 4 x 10° —== CF20%
-4 e |e— ™. CF35% ( S e CF35%
.\ﬁh’\. 3
16| CF35% . -10 4 - 3x10
.............. o 1 enenen 2
18 ] S o X : :
21.1 . 26.7 21.1 . 26.7 g 2x107 I
T [°C] T, [C] 2 E
9] 1:
Figure Performance parameters with temperature conditions of CF faults a E
100 - 4 T :1
% CF fault characteristics
« CF fault — Heat exchange through the condenser decreased, Pconqg T& DSC | 6 % 102 . . . . . . .
150 200 250 300 350 400 450 500 550
% CF fault level (10%) : Little performance change (Enough condenser capacity) Enthalpy [IJ/kg]

% CF fault level (20%, 35%)

* Atlow Tqp, COP drops less : low load, higher m,.f, better compensation of decreased i,
« At CF 35%, Ty 26.7, Top 27.8 — System performance drops significantly
: My reduced too much — low DSC — two-phase mixture enters TXV

Figure P-h diagrams of every CF levels for test 5
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CF level : Blockage of condenser airflow CONFERENCE
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Figure Performance parameters with temperature conditions of CF faults 1o 1
14— e .
% CF fault characteristics N 8 :_//
« CF fault — Heat exchange through the condenser decreased, Pcynq T & DSC | 4 :
=2 L
% CF fault level (10%) : Little performance change (Enough condenser capacity) S :g ’
£ E 4
% CF fault level (20%, 35%) T -4 g .|
* Atlow Tqp, COP drops less : low load, higher m,.f, better compensation of decreased i, "5 1 2]
« At CF 35%, Ty 26.7, Top 27.8 — System performance drops significantly T 1]
: Mg reduced too much — low DSC — two-phase mixture enters TXV s '. ol .
21.1 26.7 21.1 26.7

T,[°C] T, [°C]
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(a) (b) °
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- 0C 10% _ .
S 0 - - P-h diagram
= — 0C10% --o: T,=27.8°C —-e— T, =37.8°C
=~ ~ ~ _ . 6 x 10° . .
o .o 0C20% --o- T,,=27.8°C —o— T,=37.8°C | Test5-T, 26.7°C, T,, 27.8°C — NF
9‘: St 0C30% --o- T,=27.8°C —e- T, =37.8°C —-- 0C10%
4 x 103 === 0C20%
-8 1 oc30% | | Tt e 0C 30%
— 3x10°
™ g = 2
. ; -6 L : =3
21.1 . 26.7 21.1 . 26.7 9 2x10° 1
T, [°Cl T, [°C] 2 ,
Figure Performance parameters with temperature conditions of OC faults &’ :
4
10° - 1
% OC fault characteristics
+ OC fault level increases — Py T, AT.T— DSC T 6 x 10
X 2 T T T T T T T

Pgyap T, DSH | — TXV closed

RY

% OC fault level (10%, 20%, 30%)

«  Performance variation is minimal
- Cooling capacity changes < 4%, COP drop is due to Weomyp 1
- Charge amount even with OC 30% is in the acceptable range

150 200 250 300 350 400 450 500 550
Enthalpy [kJ/kg]

Figure P-h diagrams of every OC levels for test 5

15-18 May 2023, Chicago, lllinois

10



@) Results — OC o e

OC level : Excessive amount of refrigerant CONFERENCE

6
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27 4] 3 5.5
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_ 2| % _0C 10% asle
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O A . . T o/ Q 3.5
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- - 6 - 1.5
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Figure Performance parameters with temperature conditions of OC faults
3
< OC fault characteristics S
«  OC fault level increases — Py T, AT.T— DSC 1 ) T h
Pgyap T, DSH | — TXV closed g = 5
~ 9 £ 4
E g | —
% OC fault level (10%, 20%, 30%) = ] ° ., e .
»  Performance variation is minimal
a o a =2 4 2
- Cooling capacity changes < 4%, COP drop is due to Weomyp 1
- Charge amount even with OC 30% is in the acceptable range -3 L : 1 .
21.1 o 26.7 21.1 o 26.7
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UC level : Refrigerant amount of shortage CONFERENCE
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a -10 4 ~ o _ ° _ ° 6 x 10°
s UC 20% "y | .o UC20% - T,,=27.8°C —o— T,=37.8°C Test5-T,, 26.7°C, T,, 27.8°C —
% -12 - =g s uc30% --e- T,=27.8°C -e— T,=37.8°C i —:- UC10%
i 4 x 103 - -—-- UC20%

e o o N W R UC 30%

16 —_ 3X 103 -

-18 UC30%"-.. -20 | UC 30% ™., § —5 2

21.1 . 26.7 21.1 . 26.7 E' 2 x 10° i
To[Cl Tp[Cl a I"
g i
Figure Performance parameters with temperature conditions of UC faults o
103 -
% UC fault characteristics
. H 6 x 102 T
UC fault — Py |, DSC | — Pgyqp |, DSHT — TXV opening 1 150 200 250 300 350 400 450 500 550
+ Less performance drop at lower T;;(21.1) Enthalpy [kJ/kg]

: System nominal charge targets T;; (26.7) — initially overcharged condition
Figure P-h diagrams of every UC levels for test 5

% UC fault
* TXVin control (10%) : Charge amount is still acceptable, Small variation in performance
+  TXV saturated : ni,f, Qga and COP drops significantly
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UC level : Refrigerant amount of shortage CONFERENCE
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Figure Performance parameters with temperature conditions of UC faults
0 - 0
- - -10 4
% UC fault characteristics .
« UCfault — Py |, DSC | — Pgyqp |, DSHT — TXV opening 1 - 201 slE
+ Less performance drop at lower T;;(21.1) ; -30 <A ,
: System nominal charge targets T;; (26.7) — initially overcharged condition E .10 =
o -50 4 -3
% UC fault ".".'.-
* TXVin control (10%) : Charge amount is still acceptable, Small variation in performance 1
[ ]
. . . b - - g . . -4 : :
TXV saturated : m,.r, Qga and COP drops significantly 1 6.7 - g

T,[°C] T, [°C]
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LL level : Liquid line pressure drop Co ¢
b
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0 @ euiiis '.‘. -
\x "
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iy -5 - LL 200% ° = LL 200% 6 x 10°
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S -10- 37107 LL200% --@- T,,=27.8°C —e— T,,=37.8°C —-- LL100%
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Figure Performance parameters with temperature conditions of LL faults /
10° :
- - : 1
% LL fault characteristics
e LL fault : Clogged filter/dryer — Increased pressure drop before and after TXV 6 x 10 .

150 200 250 300 350 400 450 500 550

Myer| — DSH T — TXV opening 1 Enthalpy [kJ/kg]
% LL fault — Low T, & High T;; (100%)

«  TXVisin control : Performance variation is small Figure P-h diagrams of every LL levels for test 5

% LL fault — High T, (200%, 300%)
-+ TXVis saturated (Fully opened) : rityer) , Pryap 1/ Qea |
+ (ID 26.7/ OD 27.8) : Too much pressure drop before TXV, two-phase mixture enters TXV
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LL level : Liquid line pressure drop
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-
.'......'.'II::-.‘._,_
Q“.‘
LL 200% *
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-15

=20 -

LL100% --®- T, = 27.8°C
LL200% --® T,,= 27.8°C

- T,,=37.8°C
—e— T,,=37.8°C
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- LL 100%
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\
21.1 . 26.7
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Figure Performance parameters with temperature conditions of LL faults

LL fault characteristics

LL fault : Clogged filter/dryer — Increased pressure drop before and after TXV

Myer| — DSH T — TXV opening 1

LL fault — Low T;, & High T;, (100%)
TXV is in control : Performance variation is small

LL fault — High T, (200%, 300%)

TXV is saturated (Fully opened) : tityer| , Pepap Lr Qea |

(ID 26.7/ OD 27.8) : Too much pressure drop before TXV, two-phase mixture enters TXV

déI(DSH) [°C]

XV
Saturation
(DSH>10°C)

-10

r(m,) [%]

10

6

_4_

2447

del(DSC) [°C]

26.7

26.7

15-18 May 2023, Chicago, lllinois

T,[°C] T,[°C]
L
3
3
. _
211 . 267 211 . 26.7

T,[Cl] T,[°C]
15



@ Results HEAT PUMP

CONFERENCE

Effects of operating conditions — Comparative evaluation

5 25
EZ #4 (ID 21.1°C/OD 27.8°C)
l;! 4 7] l;l O3 #5 ((ID 26.7°C;OD 27.8°C;
] N [ #8 (ID 21.1°C/OD 37.8°C]
E. 7 E 20 [ #9 (ID 26.7°C/0OD 37.8°C)
2 31 2
whd
e R g 157 Y N
S S 7
® 1 § 101 — N
-] 2
© o o0 N
o 0 & 5 : 7
g -u )
o -1 EZ #4 (ID 21.1°C/OD 27.8°C) o
o) [ #5 (ID 26.7°C/OD 27.8°C) [e) 0
O [ #8 (ID 21.1°C/OD 37.8°C) (8
-2 - [ #9 (ID 26.7°C/OD 37.8°C)
T T T T T -5 T T T T T
CMF 3% CF 10% EF 10% LL 100% 0C 10% UC 10% CMF 6% CF 35% EF 30% LL 300% 0OC 30% UC 30%
Fault type Fault type
Figure COP degradation ratio under mild fault levels Figure COP degradation ratio under hard fault levels
< Mild fault level % Hard fault level
« In all faults, COP reduction is within 5% « In all faults, COP reduction is within 23%
+ CMF, OC, UC — Large performance degradation * LL, UC — Large performance degradation
» EF, LL, OC — Significant change depending on operating conditions « LL, UC — Significant change depending on operating conditions
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« System behavior with single fault under different operating conditions were analyzed.

+ The performance changes varied depending on the faults and operating conditions.

 When examining the long-term performance of a system with single fault,
the influence of operating conditions is expected to be significant.

15-18 May 2023, Chicago, lllinois 17



& HEAT PUMP
CONFERENCE

Thank you
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