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@ Motivation and objectives
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e Seasonal performance of variable speed compressor under heating

operation

 Effect of different test conditions in the standard
* Limitation due to compressor operating envelope

e Significance of the charge optimization in a dedicated subcooler

system

* A peakin COP was observed when receiver was empty

 Why does this peak occur?

* Effect of charge optimization on the seasonal performance

* Variable speed compressor operated at two different charges
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Uncertainty

Temperature (°C)
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@ EU 14825 — Standard to be used W o

. Used for determination of the seasonal performance of a water heat pump
» USA standard AHRI 551/591 available for chiller application, but not for water heat pump
* Defines the seasonal performance using SCOP, seasonal coefficient of performance

Outdoor Indoor Indoor
. (Evaporator) (Condenser) (Condenser)
. Part | . .
Note Test point TR BPHX fixed outlet variable outlet

(%)

temperature temperature temperature

e 5°Cis usedinstead of 3°Cin the outdoor BPHX °C] °C] °C]

* Experimental facility limitations E&F 100 10/7 30/35 30/35
* All te§t points: Outdoor HX inlet temperature A 33 10/* */35 */34
remains constant
. B 54 10/* */35 */30
 E&F>A 2>B—>C—>D: Part load ratio drops, but
_ C 35 10/* */35 */27
* Indoor outlet temperature remains constant OR
* * *
* Indoor outlet temperature \ D 15 10/ /35 /24

* The water flow rate must be held the same as A condition
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©) EU 14825 — Cycling losses W e

* If the provided capacity is greater than the required load, the compressor
must cycle to match the load

* Cycling losses are estimated using capacity ratio (CR) and degradation
factor (C,)

* The system is operated at steady state, the measured COP,,. is degraded
to COPpy

Required heating load

Qco+sc — Qcondenser + qubcooler

CR = Cq =09 ) = 11
Provided heating capacity d Qcotscweg = MwegCpAT
’ = Tiye AR
Experimental result Calculated result Qco+screr ref
Qco+sc avg CR Q 4+ Q
= i COPp; = COP : co+sc,weg co+scref
COP4ec = W > PL dec C,-CR+(1=Cp) Qco+scavg = >

cp
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Typical compressor operating envelope ONCERENCE
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Condensation temperature [°C]

30
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\

Zone A: High P.,,,4 and low Pe,,ap_

/ e (Cause: Extreme ambient conditions
A

¥ S — —— * Risk: High compressor discharge temperature and potential
V. i compressor burn out

/ ] 45-75Hz I /‘

B o e o IE——— L~

\

Zone B: High P.,,4 and high Pevap_

-~ * Cause: High cooling demand during pull-down operation

r-- ------ ———

I 35751 f * Risk: High current consumption and increased load on
I i ' A

P [y p———— o —— compressor motor

C

Zone C: Low P.,,,4 and high Pevap_

-20

* Cause: High evaporating temperature leads to low pressure ratio

=15 -10 -5 o 5 10 15 20

Evaporation temperature [°C] * Risk: Min. pressure ratio required to keep the scrolls loaded.

* The compressor envelope is more restrictive at lower Noisy operation

speeds to prevent overloading and overheating of the
compressor motor

Zone D: Low P,,,,4 and low Pevap_

* Reduced motor cooling due to lower refrigerant flow rate * Reduction in compressor efficiency
* High superheat at compressor suction can cause high discharge temp. * Low pressure difference causes EXV to malfunction
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@ Variable speed compressor — Fixed condenser outlet condition &coupmzuce

* The system is charged with enough refrigerant so
that receiver is half full

10~ 72.5 Hz 9.1 18
2 * The compressor can operate between 15 and 100
Hz
IR Ty T . ,,= * Condenser WEG inlet temperature remains
= 2 e : F-Gapscity £ constant at 35°C
E = ’3?2’ Cycling losses 8
= = pRCOP,, -, * Compressor matches the load at E, A, and B
5 o cop 2 g .
g 14 . =~ condition by reducing the speed
< 0- 4.6 4.6 4.5 4.5 4.5 15 O
o 3.9 3.93.9 3.83.8 . .
N o e But it undergoes cycling losses at Cand D
- - conditions
A | . Ll ] | ) * If the compressor operates at a frequency below
D C B A E&F 28.3 Hz, the required pressure ratio falls outside

Test conditions

the reduced compressor operating envelope
SCOPyyy = 4.33

* Operation is limited to 28.3 Hz at low loads
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@ Variable speed compressor — Variable condenser outlet condition
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125

107 72.5Hz 9.1
9.1
-120 L
g s T
—y R =&-Capacity B =
-g :-15- =4 Load 15 nﬁ
,3 - -2 Cycling losses 8
f‘ =7 - .COPdec "8
= o
5 “ |:|COPPL 10 m-u
50 .
& 6.9 6.5
2 6.1 6.1
5.25.2
N o 3939 3838  |°
_5 | | | I I I L 0 .
D C B A E&F

Test conditions

Same refrigerant charge as previous case

Condenser WEG inlet temperature drops from
35°C at E&F condition to 24°C at D condition

This drop in the condenser temperature causes
the pressure ratio to be within the compressor
operating envelope

e Thus, compressor matches the load at all the conditions
except D cond.

The compressor can operate between 15 and 100
Hz

* Hence it undergoes cycling losses at D condition

The higher SCOF,,,, is due to reduced cycling
losses and lower condenser WEG temp. leads to
an operation at lower pressure ratios

IEEEE
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© Typical charge test — TXV/EXV system

—= . . Q,
* Refrigerant is added to the system o A | : | 7
6 g I . I
. . 5 < -
Secondary fluid conditions are not changed =1 IS ! Peonadnser !
e <, :
~ . & | |
At steady state, Q,, W, P and T at different = P : . o7
. - i\
points are measured A ! supetheat | superheat
3 RV | I
Undercharge: Low mass, High SPHT, Low Py p, S ! : !
_ Undercharge | Proper Eharge I |Overcharge
. . | . |
Proper charge: Medium mass. The mass just | i 1
increases in the receiver, does not do anything to ; 9 ] Qe
S I - I
the system performance S| e ! !
. . . I |
Overcharge: High mass. Charge increases in the | : |
condenser : cop :
A, ] I . I &
: : : Sl O | | G
System is usually operated in properly charged region | |
with the receiver half full : — e
_ efrigerant charge
15-18 May 2023, Chicago, Illinois S. Inampudi #506 10/20
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. .. 14 IEA
Variable speed compressor — Charge opt. B condition HEAT PUNP
5.8 6
56 /7&\ " 55 L . .
st /:_.1;';~ \j\k,/K'AL ===t~  * Bcondition (54%) with variable condenser outlet
52 Region 1 | &~ |1 P - z °
5 S | 1 s Compressor operates at 35.4 Hz
824-8 . 2 * Condenser outlet temperature is 30°C
“us 43,5% * Looks like a typical charge opt. curve
4 , E * But COP peak occurs when receiver is empty
4.2 ~0-COPec
‘ “¢m 25 e In the coming slides
Mo s 2 IS w2 a2 * Why does this peak in COP occur?
25 15 * How does the SCOP change if the system is operated at the
peak COP charge?
20  Region1 | D | R _,-'? 113 . . .. . .
~ ) 1 S T s _* To explain why this peak occurs, divide into 4 regions
8 Max .:'I E .
el cop Mg * Region1
g ( \ IS X EE S SE B * Max COP occurs in Region 2
g10 oot 2 P e P o Onsetees 0.9 E .
s et 07 * Region 4
— Osos]wol?z 4 1e 18 T2 .45 518 May 2023, Chicago, lllinois S. Inampudi #506 11/20
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)) Variable speed charge opt. B condition — Region 1 HEAT PUMP
:::k ‘ RegionIKI 20| <Region 1 o h3’ > h3 i COP ¢ QCO+SC — mref (hl - h4,)
= | £ l * Added charge ->Evaporator
U:j i \Y * Superheat\y > UA,,MN
s dco+sc = (hz — hg') N2 * Heating capacity™ W.,
P T I . hsc,rofl\ =[Specific heating capacity\
A AQcy/ Qo — * My = Heating capacity
Charge COPdec,weg Q 0 AWep AW.. /W ATsn UAey hgcro
Q W, o o
[kg] [] € P b [°’cl | [kw/ecl|  [ki/kel
— [%] [%] [%]
0.80 [3.86 - - - 11.1 0.34 251
o | [090 {421 | [+10.65 +1.49 +9.16 9.3 0.44 55
6§ J1[100 [486 |9 [+16.35 +0.75 +15.59 6.4 0.72 b3
oo ©
& | [T05 [513 [ [+5.48 -0.09 +.37 >-2 083 254
1.10 5.38 < |+6.94 +2.02 +4.92 4.9 0.72 255
_[115 [559 § |[+4.48 +0.60 +3.88 4.8 0.70 H5s5
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r \ 144 EA
| @ HEAT PUMP
=~ Max COP in Region 2 CONFERENGE
- :
 Superheat, UA,, constant & 0 f1 x MaxCoP !
5.6 /Mi st - 1 | 0.9
54 cop 3 ®
hSC,TO \l/ 52 e esion 1 JE:;:z = ani- |:‘A CLRRRLLEEE e e et o o > 0.8
* Heating capacity™ = = : P - 3ingle phase at 07
S,, Sy5- : : I subcooler inlet =
AQCO AWCp 4:47 O’g I I . :9 -10.6 i@
° VVCp/I\ but [——| > o =520 I I N 05 2
co Wep =4 11 B B B B P . 2
. . :; 15 11 g-"" ....... P A T e 4)40’3“
* Quality at subcooler inlet, Q. = Jaest = wow . Fos
. “% 11 B scweg/ Wsctcoweg
e Subcooler inlet = Two phase; Part of two—phase . Twophaseat 1 Is" \ &, _ E Quoruogi-hane |5
. subcoolerinlet 147 | e e
heat transfer happens in the subcooler o P SN 4 S . S 01
QSC 0 Y T TT i e, b e, bk A < |‘\i' o o r o & © : 3 0
* — , — , T — 0.6 0.8 1 1.2 1.4 " 1.6 1.8 2 2.2 2.4
Qsc,l phase Qsc,two phase Qsc+0co otimge [ig]
. AQco/Qco - Receiver
Charge | COPgecweg A.Qco AWep ATsn UAey hscro F:> AN O 0.0
QCO wc Apr/pr ° ° com;)(::ssor A PN
[ke] [-] P [°cl | [kw/°cl|  [ki/kg] N N
5 [%] [%] [%] R — o
S [120 [5.65 +1.73 +0.57 +1.17 4.9 0.70 hee Condenser Sobeoole o
x
s [1.25 [5.69 +2.29 +1.71 +0.58 4.9 0.71 )51
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@ Variable speed charge opt. B condition —

HEAT PUMP

Region 3 (Beyond Max COP) CONFERENCE

“ « Max COP 1

40
hSC,T'O \l/

35
Q Aw, 4
e But W ,I\ and | co 14 _ [rreserernere > 0.8
Qco Wep X 30 Single phase at o7
. . - subcooler inlet =
 Quality at Subcooler inlet \ oézs s $ 6%
Qsc =,20 I s
Qsc,two—phase\l’r Qsc,l—phase/]\ 2 \l’ A e e o o e o o e et - Y e e e e e e t oy
QsctQco < 15 e 04
Qcond.,two—phasell\ 10 ESEs AN ] 0 Quessea/ Qucrcoey | O
wo phase at 0 (. weg,1 - phase
e Same Acond. - LMTDCO & PCO/I\ - COP\I’ subcooler inlet 7 e el = "
5 . -~
4 [ ey Spup ey fepey g e ey "'I"'.""" ' ~_ 0.1
] &
e 08 : T--o--+ °'fz"' EVLEEE IR IR vzv2: Y
: AQco/ Qeo — ' ' ' Charge [ke] ' ' '
Charge | COPgecweg A.Qco AWep C“/ - ATsp UAey hgero
Q W | AW, /W, ) )
[ke] [-] “ P PR [°cl | [kw/ocl|  [ki/kg]
] [%] [%] [%] ___
o 1.30 5.56 -0.52 +1.79 -2.31 4.8 0.71 49
.5 - [1.40 5.42 +2.43 +5.01 -2.58 4.9 0.72 247
[=T1]
& 1.45 |[5.38 +0.79 +1.58 -0.79 4.9 0.73 ha6
= 1.50 5.34 -0.10 +0.54 -0.64 4.9 0.72 246
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@ Variable speed charge opt. B condition — Region 4 and beyond HERT PUMP

T 58 6 ;
Ny » Added charge = Receiver
) Ao 5'5 . . . .
5.4 = * No significant change in system performance
5
. _ Region 1 = .
* = LB e Beyond Region 4
-‘?T 5 Region 4
4 Exas * Receiver is completely full
;U //
lasE e A * Added charge = Condenser
LR a4 } . B
3 = - PCO/]\ - VVCPD Receiver
o = o ... 0O
‘ { V | | ‘ | coP From A
8 : e o8 1 12 4 16 1 compressor | 20N
Charge kg|
AQco/Q S
Charge |COPyecweg A.Qco AW, co/ co ATy, UA,., hycro Condenser Subcooler EXV
Q W Ach ch . .
[ke] [-] « P [°cl | [kw/ecl|  [ki/kg]
o [%] [%] [%]
1.60 5.39 +0.66 -0.15 +0.81 4.9 0.72 246
T | [1.70 |5.44 +0.72 -0.30 +1.02 4.7 0.74 246
271 [1.80 [5.43 -0.07 0.12 -0.19 47 0.74 |y
1.90 5.42 -0.17 -0.02 -0.15 4.8 0.74 245 5. Inampudi #506 15/20
2.00 5.42 +0.09 0.25 -0.16 4.8 0.74 245
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@ Significance of the peak and effect of BPHX size HEAT PUMP

Receiver 4
= [ [
From SN * Smaller subcooler COPyoarc ! |
compressor| Al | i A2 *  This will ensure the .::..
C)/A3\Q 1% receiver will start | cop ,
Subeoolor BV fll!]llng up at lower % : I .
Receiver ; irged d heat O I [
= (0 O — . ut reduced hea I I
From | ~ N OO transfer area will ' .
AN N [ I
COMPIESSOr A ”””””””” AN decrease the COP | |
RN 7N | | .
© 9O O of=w] Receiver empty | Receiver fillingup 1 Receiver full
Condenser Subcooler EXV L L >
* Peak occurs when some partof « Qversized condenser Refrigerant charge
two-phase heat transfer happens . - .
TP PP Increases two-phase heat transferarea —,  gyergized Cond. + Smaller Subcooler
in the subcooler »  But COP will ONLY plateau when subcooler is

* Remove two-phase A2 area from Subcooler
and add it to Cond. area (A1)

Only optimum subcooling (A3) happens in
the dedicated subcooler

completely filled with subcooled liquid
*  The subcooling obtained when the subcooler is filled
might not be the opt. subcooling or cause peak COP  *

* QOversized condenser vs ) L
*  Thus, the peak COP will occur before subcooler is filled
smaller subcooler i.e., empty receiver

INACRCIES="N
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e How can we achieve the ideal
charge opt. curve?

15-18 May 2023, Chicago, lllinois S. Inampudi #506 16/20




Charge optimization

14" [EA

HEAT PUMP
CONFERENCE

@ Seasonal performance for different cases

Fixed/ QCO+SC’avg at | Differencein

Variable Difference in full load full load
Charge [kg] SCOP 4,4 []
Condenser SCOP,,, [%] condition

: The variable speed compressor is
Qco+scavg operated at two different

| OEEaUiEs | [kw] [%] refrigerant charges
1.50 4.33 . 9.08 ; e 1.50 kg = Receiver is half full
1.25 [ Fixed | 4.56 +5.3% 8.85 [25%] | * 1.25kg=Charge
——— ) corresponding to peak COP
1.50 [Variable] 5.26 +21.5% 9.08 . (Receiver is empty)
1.25 variable 2.3/ 126.3% &.80 [525%1 | . Atboth these charges, the

* Compare Case #1 and #2
* Operation at opt. charge increases the SCOF,,,4; by 5.3%. But the Qco+sc drops by 2.5%
* If both these cases are operated to match the Q... ¢, the 5.3% would drop
* Similar conclusions can be seen comparing cases #3 and #4
* Compare Case #1 and #3
* The variable condenser WEG outlet temperature causes #3 to operate at lower pressure ratio
* #1 undergoes higher cycling loses because of reduced compressor operating envelope
* Similar comparison can be done for cases #2 and #4

I EE;E @tg 1. E 15-18 May 2023, Chicago, lllinois S. Inampudi #506 17/20
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@) conclusions J e

* Experimentally studied the effect of charge and the fixed/variable outlet condition on the seasonal performance of
an R410A water heat pump with a variable speed compressor

* The SCOPF,,  for the variable speed compressor with variable outlet condition was 21.5% higher than the fixed
outlet condition

* Lower cycling losses and reduced pressure ratio

* Peak in COP = Before receiver starts filling up
* When the variable speed compressor was operated at this optimum charge, the SCOF,,,; improved by 5.3% for the fixed
outlet condition and 4.8% for the variable outlet condition.
* The charge optimization curve divided into different regions to provide a possible explanation for this peak in COP
* Increased power consumption due to reduced two phase heat transfer in the subcooler vs. increased cooling capacity due
to higher subcooling in the subcooler
* Limitations of this charge opt.
* Heating capacity is reduced when operating at this peak COP charge
* Any refrigerant leak can drop the COP significantly
e TXV/EXV might have problems with lower charge due to reduced subcooling

I Em @tg 1. E 15-18 May 2023, Chicago, lllinois S. Inampudi #506 18/20
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