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@ Outline Aﬁl'fhpuwlp
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* Introduction
» Motivation and Objectives
» Storage heat pump concept

System model
» Modeling approach for heat pump water heater; Component models

Experimental facility

Model validation using experimental results

Comparing storage heat pump system performance with conventional system
» Conventioanl system using back-up electric coil
» Conventioanl system in heat pump only mode with variable speed compressor
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@ Project motivation Aﬁ“&h PUMP

CONFERENCE

» Heat pump systems support decarbonization goals

HEAT PUMP
Tsink
Sk g
» Achievable temperature is often limited by compressor o o)
operating envelope = O J—
« Example: Cold climate heat pumps face issue of high pressure ratio and Condenser
discharge temperature Compressor y
EXV P
.l . . . >
» Mitigation currently achieved through back-heat source ~
. | |
(electric or gas) —
e Other technologies: Vapor injection scroll compressor, Cascade systems
pai kbt Evaporator
TSO‘LLT'CQ
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@ Project objectives &Wﬁh PUMP
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» A new storage heat pump concept to increase output Back up coil

temperature of various heat pump systems

Conventional HPWH
» Implementation of new concept for a Heat Pump Water S >
© «—
Heater (HPWH) system S 8 Mair ,
2 ) s
L ] 8
Refrigerant pressure, water temperature profiles EXVpq | Compressor £
4 A : S
A S ———— ao- 3
I | Pressure ratio S ! A
At E too high, § T\N‘to@ |} \ 1 *
-} k- i Target water
' compressor I —
i g 1 temp. not v
49 ! cC -
1 | stops SO reached 2 Wrap-around
Pevap E Qad | = E condenser coil
: ! S
- » Time : » Time = LS
Water tank
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@ Storage heat pump system &ﬁﬂ\wump

Evaporator

Mod? I - Mode‘ll » System operation in two modes to get the high
— 4 2 8 temperature lift
, c A . .
X :malr EQD 3 X §{} » Mode |: Same as conventional system operation
Throttle * = Opep 1 » Mode Il: Throttle valve splits wrap-around coil into
| condenser and evaporator
Water tank U:l i |
|__Condenser || | r i Refrigerant pressure, water temperature profiles
A —
.\ 1
==~ 1| Open et <% Model | Modell A Model ! Modell
—— an el al ! g i
R — coﬂdense(mm\ : S
| \¥H—I | oD g ot : Condenser =
: \ | (top only)
Evaporator :
P.,qn | Evaporator
! t
» Switching to Mode Il lifts up evaporating Evaporator | (water source)
) (air source) l .
pressure (reduces pressure ratio) » Time
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* Water temperature and velocity affect performance

of vapor compression cycle.

* Linked modeling approach from Li and Hrnjak (2018)

Evaporator

Water tank

L
N
Condenser
coil
lcT

1

0/00000/0/0/0

W)

Accumulator

ompressor

Ref. tube

Tank wall

Quasi-steady cycle model

[ Tairsmair: RHair: Twater: htcwater: SH: SC

Start with input parameters:

} Transient tank CFD model

I

Guess Poyris Pepros Peri

»

h J

Update P, /

>

3

[ Compressor ]
Update P, J

Linked
R m—

[ Condenser ]
v

—/ SCero —SC< g /
v
Update P, E_)l(v ]

[ Evaporator | * The two models are solved

] iteratively until convergence in
SHeypo — SH <&, / the wall heat flux profile is

- obtained

Pero—Pepri < & /

__/
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Heat exchanger models
* Finite element discretization

Fin tube HX: Evaporator in Mode |

* Heat transfer and pressure drop equations solved for each element sequentially

Wrap around coil HX: Split type condenser

Compressor model
e Variable speed, recip. type
e Input: B, P., SH, Output: hy;, W, m

Outlet (P,)
W Nvot = f1(Pc/Pe)
Pl Nisen = f2(Dc/Pe)

Neom = f3 (pc/pe)
Intet-(P,, Tsyc)

Supethated Water flow due to
n+1 = Ref. out 3 natural convection h
. < i coil Water tank CFD model
turn A—
Pass no( ) h J pitch L
1 — 1 e Q : ,
t % =7 <P o | e Transient
Ref. in» ) :: j 2 Tg“ é : e 2D-axis symmetric
= —r o w 4§ \: || s Heat flux BC using
. — —~ : I . .
e 2 rows, 13 passes in each —_ i _ 1 Swall 1 O I . : user defined function
row, air in crossflow UA  (nehd) — (kA)wau  (phA) .
- ref Water tank
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()

Modeling results: Determining wrap-around coil split ratio (Ne/Nc) ERT PUMP

and compressor speed in Mode Il CONFERENCE

Mode Il

Operating conditions
® Lwater,initial = 25°C, Tagmpient = 27°C Condenser
e Refrigerant: R134a, SH=10°C, SC=10°C

P-h plot upon switching to Mode II

Ne/Nc ,
w 1800 T 2/8 /| *Higher Ne/Nc
x 3/7 Z_ ----------- J- _ .
= — 4/6 > Greater evap. size
P-h plot for conventional system _ £ 1400 F'— 55 | -> Smaller cond. Size
operation (Mode I) Water temperature vs time @ | -> Leads to higher
—TC1 TC10 E 1000 B i heat'ng CapaC|ty
2100 t=20 min O _ [T ] e ' i -> But a higherPeong
t=60 min o 70 TC3 F- by \ 600 | | 4
——1=120 min ';' TCA | [ 8.« L | and Tdischarge
|| ——t=180 mi —TC5 | |] 2 T S
— 700 — § 60 {—Tc6 ||{ 5= Switch to 500 L— Mode | / . . !
S _ U © —7c7 || T Mode I
~1300 | tlmy‘ O cg || —Tcs | [ 2000 250 300 350 400 450
= Q —TC9
o £ ——TC10 h [ki/ke]
5900 - ﬁ 40
Q o . . . .
& s00 | % 30 v’ Select intermediate split ratio Ne/Nc = 3/7 or 4/6
/ < v' Compressor speed in Mode Il lower by 50% compared to Mode |
100 ' . 20 ! !

e To match compressor capacity with smaller size of heat

200 300 400 0 60 120 180 exchangers in Mode |I

h [kJ/kg] Time [minutes]
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( \ ] o 14 EA
&' Experimental facility Ll
N CONFERENGCE
Mode | Mode Il
TE?"O )
E ) L, DR ? Thermocouple
. t
B vaporator Watertank L i unuse i T q
<l Accumulator C__.) Accumulato Water tank | Pressure transducer
i —— . - — L -- _
P e o D Compressor o Power transducer
®-- . .
N C°}‘de“59f N Condenser °7 T Differential pressure
- o--
° B DFer / O transducer
g ® Tcri ® O
a = ) > @) Mass flow meter
@
L
Ter > > < I I I o ) Ball Valve Open
“ EXV R . oN Py 8 * ®
eceiver o = \ . e p@&( Ball Valve Close
Teri _g 8 8 Evaporator N
Py !—T Pro Teri =~ @
cro eri
>

» Ball valves used to change refrigerant flow configuration and switch between the modes
» Receiver installed in liquid line helps to manage the charge variation between Mode | and Il
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@ Splitting of wrap-around coil &EEI{I‘!EEEI\I}’(I}II’E

Tank with a section of Cutting of coil to separate Water tank

insulation cut open the top and bottom portion Brazing pipes at cutting point to in Mode II
make connection with system

|
Evaporator

» Wrap-around coil is split at a certain split ratio (Ne/Nc) in Mode Il

» Here, Ne/Nc=4/6 (determined from modeling study)
 Compressor speed in Mode Il is lowered by 50% compared to Mode |
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Operating Conditions

Warm-up test (no water draw)

T ambient 27°C
Twater,initial 26°C
Split ratio Ne/Nc=4/6

Compressor speed

Mode I: 4500min~1

Mode Il: 2250min~1

Time (minutes)

Mode

t=0 to 205
(until T,y gter = 46°C)

d

t=205 to 285

t=285 to0 320

/

t=320 to 380

t=380 to 405

t=405 to 465

Pressure [kPa]

Pressure [kPa]

1800

=
S
o
o

=
o
o
o
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200

[EEN
[0}
o
o

=
N
o
o

1000

600

200

_ Mode | (0 to 205 minutes) _

Water temperature vs time

65 TW1
——TW2
— 60 |
O TW3
— 55
@ s
S 50 |
- ——TW6
545 | ——TW7
o ——TW8
g 40 1 1w
+ 35 [ ——TW10
S
S 30
(0
S 5 P S —ScSe—Se—>
20 Mode | L [ | I |
0 100 200 300 400 500

Time [minutes]

Peyap lifts up when switching to Mode |I
* Gives reduction in pressure ratio
Peyap reduces with time in Mode |l
* As water in lower tank region gets cooled

[~ |/
I 1/ //
| | ‘ / t=20 min
—1=60 min
/ —1t=120 min
! . —1t=204 min
200 300 400 500
Specific Enthalpy [kJ/kg]
Mode Il (205 to 285 minutes)
B I i »
Y
B »
—1=204 min
- L %3 t=215 min
—1=240 min
. T ——1=265 min
200 300 400 500
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Experimental results: Refrigerant side pressure and temperature
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At t=205 minutes

» Water in lower tank region becomes heat source for Evap.

t=205 rr;nn t=285 min (switching to Mode Il) e Thislift up Peyap » Tevap
2000 ——P_cond,in E
P_cond,out| | ! r-—" 100
1600 L|—P_evap,in | ! f/' | 90 L
— —P_evap,out| | i { — 80 Tdischarge
(C i O
= | :/ y/ &, 70
—=1200 o <, ”
g ! : ° 5 60 —T_cond,in
@ 800 E | Evaporator E >0 T_cond,out
o i i Q40 r —T_evap,in
Q- P evap € 30 F ——T_evap,out
400 : | At t=285 minutes - 20 e Toap
S>> Sex—> (switching back to Mode 1) 10 £ Model __ Sy
Mode | - 1 'I | Il [ I < D> K——D>EK—>
0 1 ] | 1 1 | 0 | | | |
0 100 200 300 400 500 0 100 200 300 400 500
Time [minutes] Time [minutes]
» Water in lower tank region is colder
*Note: Local fluctuations in the pressure and temperature observed during < @ This gives a drop in Peona, Teona
switching are due to sudden change in refrigerant flow configuration
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@ Experimental results: Discharge temperature, pressure ratio, KENT PUMP
N water tem perature CONFERENCE

100 7 65
. — — Conv. system operation _ TW1 T, = 60°C
% 9%  |— Storage heatpump | __---"7T 1 6 '05' EZ i
3 % s R
© o S 50 .
| 70 O hd TW7
o 14 ® S 45 -

© Q TW6
£ 60 oc Q. -
] o g 40 E
Iq—) 1 3 ; Q TW4
ED 50 § E 35 TW3
% 40 a8 30 w2
L 3 T Twil
2 30 Model < g ST ' >
ode I R | M | | | |
20 | | | | O 20
0 100 200 300 400 500
0 100 200 300 400 500

Time [minutes]

Time [minutes . . . .
[ ] » Water temperature in upper region keeps increasing

» Water temperature in lower tank region (TW1 to TW3) reduces in Mode Il
» Conduction within water layers in vertical direction is negligible
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Operating Conditions

Warm-up test (no water draw) 1,6
. 70
Tambient 27°C Qcond 60
Twaterinitial 26°C 1,2
split ratio in Mode Il Ne/Nc=4/6 >0

40
30
20
10

Compressor speed | Mode I: 4500min~*

0,8
Mode II: 2250min~1

—o— Model
=== Experiment

Time (minutes) Mode
t=0 to 205 I
t=205 to 285 |
t=285 to 320 I
t=320 to 380 |
t=380 to 405 I
t=405 to 465 |

0,4

Bulk avg. water temp. [°C]

Heating Capacity , Power [kW]

Time [minutes]

Tw,bot,avg

— Model

=== Experiment

0 100 200 300 400 500 0

100 200 300 400 500

Time [minutes]
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@ Model vs Experiment: Refrigerant side pressure, discharge HEAT PUMP
=% temperature and pressure ratio CONFERENCE
2000
120 —— Model / —-e— Model
$ 100 [L=*" Experiment 1 6 1600 [=*" Experiment
g Tdischarge 4 5 7 —
+ 80 o D
o = >, 1200 |
o 140 w
£ 60 W =
I3 1332 s 800
oo 40 |, ¢ &
1:: 20 F Pratio (Pcond/Pevap) 1 400
a 3 KX K—>
0 M|O el | I Q\ 1 |I Il 0 0
0 100 200 30 400 500 0 100 200 300 400 500
Time [minutes] Time [minutes]

* In Mode Il, model predicted a lower compressor isentropic efficiency and consequently a higher discharge temp. than experimental results
* Observed experimentally:

* The compressor isentropic efficiency increased significantly upon reduction of the compressor speed (this can be compressor specific)
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Modeling results: Comparison with conventional system that
uses back-up electric heating elements
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Upper
electric IcoiI

L. TC10

i TC9

- TC8
—

*TCY7
- TC6

L. Tcs
& I
- TCa

e TC3
TC2

N —
_.'rc}<
Lowe/r

electric coil

Water temperature [°C]
= N w 5 U1 )] ~
o o o o o o o

o

120V Supply, Coil Power: 1125W

i —T1
—T2 ~cQo
I ks  Tw= 58 °C
T4 ~ o E
B T, = 46 °C i
- ——T6 \
—T7 ;
|| —T8 Z
—T9 |
—T10 ;
i Heat Pump Electric coil
| IE |
0 100 200 300

Time [minutes]

Water temperature [°C]

0 100

Conventional system using electric coil to reach the higher water temperature

240V Supply, Coil Power: 4500W

— T1

—T2

T3

T4
—T5
- ——T6
—T7
—T8
| [——T9

| T, =58°C

Heat Pump

Electric coil
N
7

200 300
Time [minutes]

Water temperature [°C]

10

Storage heat pump system

—T1
—T2

T3

T4
—T5
—T6
—T7
—T8
—T9

S
rd

100 200 300
Time [minutes]

400
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Modeling results: Comparison with conventional system that
uses back-up electric heating elements (cont.)
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Conventional system Storage HP

120V Electrical Supply :
1125W electric coil

240V Electrical Supply:
4500W electric coil

(Total tank capacity = 50 gallon)

T, qter from 26°C to 46°C 1.04 kWh 1.04 kWh 1.04 kWh
Energy consumed by (t =0 to 205 minutes) (using heat pump) (using heat pump) (Mode I)
heat pump compressor
or electric coil T, qter from 46°C to 58°C 2.25 kWh 2.25 kWh 0.59 kWh
(205 minutes onwards) (using electric coils) (using electric coils) (Mode Il & 1)
Time taken for the additional increase in water 120 minutes 30 minutes 160 minutes
temperature (7, ¢ from 46°C to 58°C)
Hot water available at end of warm-up 50 gallons 50 gallons 40 gallons

Hot water available per unit energy consumed

15.1 gallon/kwh

15.1 gallon/kwh

24.5 gallon/kwh

| cts

15-18 May 2023, Chicago, lllinois

P. Patel #258
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@ Modeling results: Comparison with conventional heat pump &ﬁ"g;“ PUMP
system using variable speed compressor CONFERENGE
Storage heat pump system Conventional system (only heat pump mode)
With compressor speed reduction
Operating Conditions Operating Conditions
Warm-up test (no water draw) Warm-up test (no water draw)
Switch between modes using the split type condenser System continuously operates in Mode |
Time (minutes) Mode Compressor Time (minutes) Mode Compressor
speed speed
t=0 to 205 (until T\, 4¢er = 46°C) I 4500min~1! t=0 to 205 I 4500min~1
t=205 to 285 | 2250min~! t=205 to 380 | 2250min~1!
t=285 to 320 | 4500min~1!
t=320 to 380 | 2250min~!

» Compressor speed is lowered in Mode Il for Storage HP
* To match compressor capacity with smaller size of condenser and evaporator in Mode Il compared to Mode |

M AC R CHei=s P, patel #2560 1o/
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Modeling results: Comparison with conventional heat pump

HEAT PUMP
: ] . °
system at medium ambient temperature (T gmpient = 27°C) CONFERENCE
R , 120 7
o 70 o Storage heat pump system switches %) Conv. system
2 60 | Conv. system to Mode Il 2. 100 [ ==—-— Storage HP 16
g | 7T Storage HP Conv. system continues in Mode |, g %0 1 50
g 0 _< but compressor speed is reduced © A -%
— a" N v : 7] o
g 40 + "”o \\ ,/\\ g. 60 discharge > | o
g 30 L \\ L/ S| In Mode | In Mode Il g ran 4 3 >
. - ’TW bot,avg i g'i) 40 ,' i M O
[eT0) ’ ’ - tan P . d T 2 £
> 20 r \Condi} T : © ratio a
] i w.top.avg (§ C 20 |
i; 10 < > S — Tw,avg \EZ i 2 < Mode | >< >e—><——> | 1
a Mode | I Il A — | ode Il I 1
0 | 1 1 — Tw,bot,avg._ L 0 ' ' ' 0
0 100 200 300 400 | —c 0 100 200 300 400
. . Time [minutes]
Time [minutes]
:> 10 [ 5 == T gischarge and Prgsio Storage HP gives slightly greater reduction in
El cond o Tgischarge aNd Prqtio than conv. system
Q. S | L
o 08 —— Conw. system NS o . . o
E" _____ Storage HP sl = Ty qavg and hot water quantity at end of Storage HP : 58.5°C, 40 gallons
Z 04 . . . . warm-up Conv. system: 55.5°C, 50 gallons
o .
- 0 100 200 300 400  Average Q.4 after switching to Mode Il

Higher by 14% for Storage HP than conv. system
Time [minutes]
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@ Modeling results: Comparison with conventional heat pump e

. HEAT PUMP
W7 system at lower ambient temperature (T gmpient = 10°C) CONFERENCE
ampien
60 c ¢ 1,2 Conv. system 100 /
) onv. system = || =m——— Storage HP T : -2
O_‘ 50 I — Storage HP E g 8 80 | dlSChClT'ge ”. ”’l 6 'T'
o - - = |' /" L’I 1 5 S'
540 | - 208 : e S > e
s} ‘—" \\ 8 Q S N e 60 4 4 ©
O o - S cond ~J \\\ [ o
£30 + __—-~ S s © - w >
© — \ 4 S @) o0 4 3 7
; \\ ’ N oo o 40 (%,
] ’ ) c 04 © S
go 20 r Tw,bot,avg % -S 42 a
g 10 + T < Mode | O | R | a 20 Conv. system 11
E- Mode | 1 | I X N DO St Storage HP
> <> 0 ' ' | 0 - - ' 0
O | | |
0 100 200 300 400 0 lOOT [200 ]300 400 0 100 200 300 400
ime [minutes . .
Time [minutes] Time [minutes]
When comparing system performance at lower ambient temperature
T gischarge and Prgsio Storage HP gives much greater reduction in Ty;s and P44, than conv. system

Ty qvg and hot water quantity at end of warmup  Storage HP : 50°C, 40 gallons , Conv. HP: 44°C, 50 gallons

Average Qonq after switching to Mode I Higher by 75% for Storage HP than conv. system

I V-Vel=I=d cts 15-18 May 2023, Chicago, linois P, Patel #258 20/21
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Conclusions e

» Storage heat pump concept is introduced
* Mode I: Same as conventional system operation, Mode Il: Wrap-around coil is split into condenser and evaporator
* Water contained in lower tank region acts as energy storage element

» System model is developed: Wrap-around coil split ratio (Ne/Nc=4/6) and compressor speed in Mode Il are obtained

» Experimental facility is built by modifying a conventional HPWH system
* Experimental results are used to validate the model

» Comparison with conventional system that uses electric heating elements

» Storage HP takes longer time to get the additional rise in water temp. (5 times more compared to 240V conv. system (4500W coil) and
35% more compared to 120V conv. system (1125W coil)).

* For the additional rise in water temperature, the storage HP has lower power consumption (70% less than conv. system).

» Comparison with conventional system (heat pump only) that uses variable speed compressor like the storage HP

* Tambient = 27°C: Conventional system can give the required reduction in Ty;scnarge and Prqtio, however storage HP shows slightly
higher heating capacity (14% average) when switching to Mode II.

*  Tampbient = 10°C: Storage heat pump system gives much greater reduction in Tgischarge and Prqtio and a higher (75% average) heating
capacity when switching to Mode II.

] cts P Patel #258 2172
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