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Energy context : increasing use of vapor-compression cycles

Cooling relies mostly on
vapor-compression systems

Space and process cooling ————,
Increasing use of high-

temperature heat pumps to
decarbonize the industry

10% of heat pumps in 2020, __
55% expected by 2050

\ Increasing use of heat pump

water heaters

Share of the total final energy demand for heating and
cooling in Europe in 2012 (Fleiter et al. 2017)
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Vapor-compression cycle
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Use of two-phase compression in vapor-compression cycles

Closer to a reversed
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Positive-displacement compressors

Reciprocating

Pressure

Scroll

Time
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Research question

Research question

Thesis title
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Presentation overview

4. Modeling and
Validations

3. Experimental
Investigations

2. Oil-Refrigerant
Mixture Modeling

1. Introduction
and Motivations

5. Results &
Conclusions
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2. O1l-Refrigerant Mixture Modeling




Definition of an oil-refrigerant mixture

(p,T)

N

( )
& / - [ Moy
VAAY
/0
My 1 Mg

Key variable defining the solubility: X =

Ref Oil
Vapor | Zre 0 0
Liquid | z Zon |1-0
dr {0 / 1
- My Zr,1 AMtot

Q :f(erpaT)

n - (1 —/Q) * Mot

= f(p,T)
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Experimental liquid composition

Climatic chamber - fix the temperature

Pressure and temperature

SEeNsors /

Mrg = Prg* Vig

Known
masses

N\
bl

il

R1233zd(E) — POE oil
My = My — My g

mp = Mot — Mg mi
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Modeling of the solubility

R1233zd(E) — POE ol
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0- 45.—-%" e 10C o2&
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Xr
One tube

Vi) p = yiXip? pPi

/

Fugacity equality and use of an equation of
state

Two ways of modeling

Empirical correlations

T~

p(xe, T) =x;p7 +xr- (1 = xp) - (ay +axT + azT? + as + asx, T + aex,T?)

Similar techniques can be used for
the density, the viscosity and other
transport properties
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Applies also to the entropy and
the internal energy

Enthalpy of an oil-refrigerant mixture
— o E Neglected
hm(pa T) - Qhr,g(p, T) + Zoho(ps T) + (1 o Q - Zo)hr I(T) + (1 7
| | | TN
por Oil Liquid refrigerant Excess enthalpy of
contribution contribution contribution the solution
Same reference state 30.0 - 175+ Apparent Superheat S
| 150 s
_ 100 o 1251 /
Pure ref. bell g <] 20l 0 Ll ) g
------ Mixt. is0-Q = ' § o 10bah ,/
-===  Mixt. 1S0-p g 20 % 757 /,’,/’, /
---- Pure ref. iso-p = = v /
1.0; 507 A /
0.5 251 :"
0.895
200 300 400 500 1200 1400 1600 1800 2000
Enthalpy [kJ/kg] Entropy [J/(kg-K)]
ZO = 0-1 ZO - 0.1
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3. Experimental Investigations




Test bench

Testing of compressors with two-phase
flows

Adjustable inlet pressure with heating
resistor

Adjustable pressure ratio and inlet vapor
qualities with valves

Adjustable compressor speed with a
variable frequency drive

Adjustable oil circulation ratio (OCR) with
an oil separator and a control valve
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Compressor Heating resistor

@ / Oil separator

Test bench

Torquemeter

xing line ®
| Vagves )’\)/ S @@Sill @ @%@ \'\
\ - \ Oil

Superheated vapor

©
® S

Subcooler X ! Condenser

Flowmeters
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Tested compressors (open-drive scroll compressors)

Retrofitted Lab-scale

compressor prototype
Displacement volume [cm?] 86 200
Built-in volume ratio [-] 2.3 3
Orbiting mechanism Balls Oldham
Axial compliance No No
Radial compliance No Yes
Reed valve and IDV Yes Yes

310 steady-state points

@ o000 {

* Al

A

Comp;,
Comp,
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Comp,,

- No oil
- Pure oil

- Oil mixture |

- Oi1l mixture
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Inlet apparent vapor superheat [K]

3. Experimental investigations

@@ 00000O0 16



Determination of the inlet vapor quality

Nmix = n’:_ghg(pgv Tg) + Zoho(pm To) + aal hra"l(Tl) hsy = quhr,g(psu»Tsu) + Zoho(psua Tsu) + (1 - Q- Zo)hr(i(Tsu)

tot

N
hmix ]])wll
” ?k

Without correction:

With correction:

Mot
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\ Qamb
/ Psu l
_’ Teu
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Mot
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m, (1 Xr 0)
{o = )
Mot

M1 M2
Biix = By + —2mb
/ o
Psu known peu known
Ty known 1, unknown

Qgu unknown

f(p,T) before separation

Qg unknown
Osu = f(Z09 Psus Tsu)
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Determination of the inlet vapor quality

Important deviations

\20\ Without correction With correction
20

Comp;, - Pure oil ©  Comp; - Pure oil
- Oil mixture ©  Comp, - Oil mixture
15 - - Oil mixture 15 - ® Comp, - Oil mixture
S ARD = 4.66% = ARD = 1.50%
Q| Ql
| Q% |
S| 101 ® =
& &
— 5 X
’ T,
0 ! ! ! ! P ‘@Y 00 ’.I?
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Apparent vapor superheat [K] Apparent vapor superheat [K]
Correction of the OCR Two valid
important methodologies
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Definition of the performance indicators
Delivered mass flow rate

Volumetric efficiency: &y = —— =

Displacement volume

, . Wi Mot (hex,is - hsu)
Isentropic efficiency: Eig = — = :

W Wshaft,cp

Power consumption
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Retrofitted compressor results " Inlet pressures

| Data points Gaussian process
Important decrease at high pressure at different: 5 « Compressor speeds interpolation tool

ratios and low vapor qualities
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Dynamic pI'GSSU.I'G SENSOTr Pressure sensor

Kulite pressure sensor

discharge
valves

Pressure sensor area [mmz]
—
W S

IV,

0 /2 T 3m/2 2n
Orbiting angle [rad]
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4. Modeling and Validation




‘Two-phase

Geometrical
parameters
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+ Heat transfer
* Flow pattern
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Core model
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Core model

|

Heat exchanges generate irreversibilities

Volume reduction phase

Resting phase
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| | |
‘ ©  Retrofitted compressor /

2
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Leakage g, f

hs
- h o4 -
2 parameters
Height ratio: rp = min (1,

Flow area liquid phase: A} =A -y

Flow area vapor phase:  Ag = A(1 —rp)
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Heat transfer

Nex

Exhaust

A

Mechanical losses

Chambers

A}

Supply

Results of the model:; —

Heat exchange coefficients defined

g

based on correlations

Retrofitted compressor at 1000 RPM: Agl * hgt = 10 W/K

Prototype at 5000 RPM:

—

Agl - hg ~ 10000 W/K

4. Modeling and validation
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Mechanical power losses

Non-zero mechanical losses Constant friction torque
Mechanical losses in friction parts: War = WML,O +a - Wi WML =Tr - W

(o)}
]

| ___— Indicated power
Win =N - Wieal

Pressure [bar]
N

Shaft power:  Wepag = 11 (hex — hgy) — Qamb

[\
1

0 50 100 150 200
Volume [cm3]

Hydraulic losses
investigated but neglected
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Validation — fixed parameters - prototype

Mexp — Msim

5 —> X
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Bad prediction at high
vapor qualities
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Validation — varying parameters

GP predictions of
0 and k;

(

Parameters

Fixed for a given

compressor
(| =t

Predicted from the inputs

Interpolation
OUtpUtS 6 = f(psua QSlla pCXa Na Z())
hex, m, Wshaft,cp ki = f(Psus Osu> Pex> N, Zos 5)

Scroll compressor
model

- - =

pSlb QSU) peX, Na Z0

|npUtS /T//

Geometrical parameters
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90]

Validation results: prototype
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Validated models

Strong variation in

Force on the tip seal
the leakage gap

Same law for both machines Higher friction and leakage gap for

\ the prototype
A
trofitted Lab-scal
comypressor prototype

Orbiting mechanism

Friction torque [Nm]
Leakage gap § [um]
Liquid-thickness correction factor kj [-]
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5. Results and Conclusions




Performance indicators Leakage-related volumetric efficiency

Heat transfer and pressure drops-related
volumetric efficiency

@)}

: . . ot Pex .L _____ _‘__
m m My | . §

Ey = - T — 8v,1k : 8V,PT iQd ——— Sim. curve
Mth  Min Nty

- == Ideal cycle

Pressure [bar]
N

Mass flow rate without
leakage

)

50 100 150 200
3
Indicated powe\ Volume fem’]

Mechanical efficiency
i hexis = ) _ i Wi W _—

Eis = . = — . = &v,Jk " €v,PT " Im * €in
Wshaft,cp Mth Wshaft,cp Wreal ——

N - Wreal

Indicated efficiency
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Pressure-volume diagrams at high vapor qualities

High pressure ratio Low pressure ratio

ex
. __.I__E --------------- 3.5 Pex Sim. curve
p— === Ideal cycle
=== Ideal cycle 3.01 O —Exp-ap
O Exp. data

Pressure [bar]
N

|
|
|
|
Wigeal = 24. 45{]

Pressure [bar]
[\®)
)]

Wigeal = 42.02J
Wicat = 44,201 5 e = 26,68
21 I
- 151
0 50 100 150 200 0 50 100 150 200

3 3
Volume [cm”] Volume [cm”] Indicated efficiency lower

/ for overcompression
€y 1k €v,PT 8\/

High pressure ratio  89.18%  96.66%/79. 88‘%jX95 02% /65/34% 86.20%

Low pressure ratio 90.82% 96.13% \76.72%/\91.65%/ 6131% 87.3%

High mechanical losses
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Pressure-volume diagrams at low vapor qualities

High pressure ratio Low pressure ratio
5 g g o e ey g P
1 N
i ———  Sim. curve 3 A R ——— Sim. curve
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7 N 2 .
2 | Wigea = 26.85F B 2 1 Wigear = 22:03]
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Important leakage loss

__— indicated efficiency
\ 8V 1k SV,PT €is v
High pressure ratic>/66.16%\ 88.53% 75. 61% 82 28%\/36.39%\ 58.57% i i

Low isentropic
Low pressure ratio 8 17%) 87.96% 70.82% 90 6/%

38 46% 59.96% efficiency
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Sensitivity analysis: 1sentropic efficiencies

High impact of the thermal

non-equilibrium

o

[
1
B

Isentropic efficiency

Retrofitted compressor

0.9 1
0.8 1

e i
[\ R O R Y e

Non-ideal comp. + pressure losses

+ Mechanical losses

+ Thermal non equilibrium

+ Leakages

+ Heat transfer

1.5

5.0

5 20 25 30 35 40 45
Pressure ratio [-]

Osu = 0.5 [-] N = 4000 [RPM]

ol
1
d

Isentropic efficiency

High discharge pressure losses

Lab-scale prototype

1.0
0.9 -
0.8 -
0.7 -
0.6 -
0.5 1
i Non-ideal comp. + pressure losses
0.4 ——— + Mechanical losses
0.3 - —— + Thermal non equilibrium
. — + Leakages
0.2 1 — + Heat transfer
15 20 25 30 35 40 45 50
Pressure ratio [-]
psy = 1.5 [bar] OCR =5 [%]

5. Results and Conclusions
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Conclusion: optimal compressor for two-phase regimes

S ] Soluti Retrofitted  Lab-scale  Optimized
Ources orlosses olution compressor  prototype design
: Higher built-in _
Undercompression losses —— velume ratio Fvin [-] 23 3 4
High pressure losses — Larger ports Agis [mm?] 95 160 260
: Better sealing =
—_— 5
High leakage mechanism [m] 21 42 20
Enhanced
High friction —> orbiting 7 [Nm] 0.42 1.6 0.8
mechanism
Thermal non-equilibrium —— Larger size Vaisp [em’] 86 200 220

5. Results and Conclusions
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Conclusion: optimal compressor for two-phase regimes /0% of isentropic efficiency
achievable

Larger discharge port

JNO tip seal

0.4 - Non-ideal comp. + pressure losses
) —— + Mechanical losses
0.3 ——— + Thermal non equilibrium
— + Leakages
0.2 — + Heat transfer

15 20 25 30 35 40 45 5.0
Pressure ratio [-]

w=05[-] N =4000 [RPM]

5. Results and Conclusions
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Conclusion: Contributions and Perspectives of the Thesis

Contributions

Modeling overview of oil-refrigerant mixtures

Experimental testing of two scroll compressors
under two-phase

Deterministic model for two-phase
compression under thermal non-equilibrium
and special leakage management

Validation of the model based on three
measured outputs

Optimized design of scroll compressor for two-
phase flows

Perspectives

Further investigations of thermodynamic cycles
with two-phase compression

Testing and modeling of an hermetic
compressor

Lifetime experimental study, is an oil-free
machine possible?

Manufacturing and testing the compressor
proposed design

Additional pressure sensors for an even better
model validation

5. Results and Conclusions
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Back-up slides




1. Introduction and Motivations




Improvement of vapor-compression cycles

Control-oriented measures

A

Optimize refrigerant choice

P—

How to improve the COP of a
vapor-compression cycle (VCC)?

\
/ \

Optimize compressor operation Improve heat exchanger performance

\ Can be achieved through /

two-phase compression

Piping design and refrigerant charge

1. Introduction and Motivations
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Positive-displacement compressors vs two-phase

Reciprocating Rotary Screw Scroll

Air conditioning at high

High risk of liquid Avoided at start-up Leakage reduction and )
ambient temperature

compression cooling effect

High risk of liquid Seal g i
Studied for expansion compression Compressor performance effaeg;g and cooling
Compression-resorption .
heat pump Two-phase compression in
\ cycles?
Research gap
“Contribution to the improvement of "How can two-phase compression in
scroll compressor operating under < scroll compressor be made efficient
two-phase conditions” enough to be of practical interest?”
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‘Two-phase in positive-displacement compressors

Why is two-phase usually undesired in compressors?

Danger for the compressor (liquid slugging
phenomenon)

Operating condition usually not controlled

Cannot work with all positive-displacement
compressors

Two-phase is difficult to quantify

l

Definition of the 0= mg Mg

vapor quality: Mot Mo

—g

Temperature [

175

150 -

[E—

-

-
1

~J
()]
1

50 -

25 1

02 04 06 08 !

1200 1400 1600 1800
Entropy [J/(kg-K)]
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‘Two-phase in positive-displacement compressors

Definition of the void fracti (Q) = — Qvy
eriniton o e vol Ffaction. (04 = =
Viot Qvg'i‘(l—Q) vlo-

1.0 - 1.0 $—p— e
—L s
0.8 1 5 0.81 i
= Pt o Di
064 : 8064
g = Mass fraction (vapor quality) g { = Mass fraction (vapor quality)
= Vol. fraction (void fraction) e Vol. fraction (void fraction)
é 0.4 - sg 0.4
= o=
0.2 1 0.2
0.0 - g : 0.0 -
2 4 6 8 10 2 4 6 8

Pressure [bar] Pressure [bar]

Danger zone Safe zone




Two-phase compression in thermodynamic cycles

Modeling of a heat-pump water heater

Change in compression
conditions

Heat exchanger modeled with a moving-boundaries model

Assumption on the compressor efficiency

? ch
3 ' < . 100-
Condenser
W 80 1
Expansion valve Compressor <k 9
E 60 -
Evaporator %
3 40 -
4 i A 1 =
| Qe 2 0l
Qcd = f(Ncpapev)
Inputs: 01
qu,cp — f(Ncps Pev)

Output: W 1200 1400 1600 1800
" . Entropy [J/(kg-K)]
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Two-phase compression in thermodynamic cycles

m (hex,cp,is - hsu,cp)
Wep

Eis =

= o o
) (@) ~J

<
~

Compressor isentropic efficiency [-]

—— Scenario 1
=== Scenario 2

------- Scenario 3

0=04 0=06 Q=08

Compressor inlet conditions

0=1 SH=5K

Heat pump COP [-]

d
cop =<
Wep
7.0 1 i
—— Scenario 1 - 4.8
. === Scenario 2
DTN L Scenario 3
- 4.7
6.0
LT ™ las
5.5 | e =——" .’.”“ -
<ol - 4.5
4.5 -4
4.0

0=04 0=06 0=08 0=1 SH=5K
Compressor inlet conditions




Two-phase compression in thermodynamic cycles

Exergy destruction rate Ep [W]

Reduction in exergy destruction

in the condenser in both
scenarios

Significant increase in
exergy destruction in the
/ compressor

1000 1000
—— Comp Evap
—— Cond Total
800 1 v 800 1
——— Valve
'
QL
i <
600 i :
400 1 £ 4001
b
ke
=
8a)
0- 0-

0=04 Q=06 Q=08 Q=1 SH=5K

Compressor inlet conditions

Scenario 1

Comp Evap

Total

0=04 0=06 Q=08

0=1 SH=5K
Compressor inlet conditions

Scenario 3
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2. O1l-refrigerant mixture Modeling




Desolubilization of the mixture

Q1= f(p1.T1, 20) p2 = f(12) p2. 12,02 ?
. . //
= -
r,l
L - = = - -
0 \
/ Setup T Setup 2: - |
Oil-refrigerant mixed state split state Fictitious barrier

liquid phase

What could be the state of the refrigerant (temperature, pressure, vapor
quality) and the oil to be mixed together to obtain the state of setup 17
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Desolubilization of the mixture

Q1= f(p1,T1,20) p2 = f(T2) p2,12,02 7

G rg A

/ Setup 1: Setup 2:

mixed state split state Fictitious barrier

Oil-refrigerant
liquid phase
Vin,1(Q1,T1, P15 20) = vm,2(Q2, P2, Z0) P1 < p2
—

um,l(QlaTla pla ZO) — um,2(Q2: p27 ZO) Tl > T2

Two equations for two unknowns
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Simplified resolution process

Initial state : Operations : Final state
: ow,0q ,ow,0q, Ow,dq :
T=f(p) ! ' D;..‘..D;_ ' o | T=f(p)
| |
Slieswate __ [ L .k . N_ || Splitse
Mixed state | ' ' | Mixed state
| ' ' |
> e _1> ® t e X ) TD | @ >
| ' ' |
T=f(p,0,20)1 6w, 0q ~6éw,6q" 6w,6q | T=f(p,0.z0)
|




Compression example

H pi, 1;, O;
Mixed state Split state
G resolution resolution
sm.t(Pe> Tt, Of) = Sm.i sm,£(Pt, Tt, Of) = Sm,i
Vit (P Tt Of) = v - vy Vmt (P, T8, Of) = Vi - Ty
Ty pr=f(Tr,Qp) pr=f(Ty¢)

2 residuals 1 residual
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Compression example

- Deviation inferior to 0.5%

f
o hm,l

i

m,1

fbi
hm71ls

f
hm

0.1 -

EuREEn

Initial vapor quality: Q = 0.20

——— Initial vapor quality: Q = 0.40
—— Initial vapor quality: Q = 0.60
—— Initial vapor quality: Q = 0.80

\

0.0

02 03 04 05 06 07 08 0.9

Volume ratio [-]

Final pressure [bar]

5
— Initial vapor quality: Q = 0.20
—— Initial vapor quality: Q = 0.40
4 - —— Initial vapor quality: Q = 0.60
— Initial vapor quality: Q = 0.80
3 -
2 -
1 -

02 03 04 05 06 07 0.8 09 1.0
Volume ratio [-]
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3. Experirnental investigations




Definition of the performance indicators (Change this slide !!)

: @ Known
Volumetric efficiency: &y = — =

i @ @ Determined from
measurement

ex,1s — hsu

=
wn
=
@)
—t
—
—

Isentropic efficiency: Eis

~— .- ~—~

|44 Wshaft,cp

how 2 equations Sex,is — Ssu
ex,1s

Qis = f(Pexs Tis)

2 unknowns
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Post-processing using GPExp

AADcy., = 3.41%

AADcy., = 4.77%
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Comparison with the lab-scale prototype results
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Better volumetric efficiency /
retrofitted compressor
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Pressure measurement [bar]
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4. Modeling and validation




Geometrical model Green theorem?

Curve equations

Polygon of N
segments Volume
] N-1
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N = 1000

Interpolation | g _ 1 5 3g00
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Maximum error of 0.8%
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Discharge valves
d
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Constant parameters — tau = 2.0 Nm

Simulation shaft power [W]
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Validation — varying parameters

@\ Fixed for a given
GP predictions of
0 and k
heX7 1, Wshaft,cp

compressor
Scroll compressor p(0). 7i(0), T,(6), Q(Z)a---

model

Parameters
0, ki, ¢

—_ = >
DPsus Osus Pex> N, 2o
Inputs

Outputs

Geometrical parameters

For each data point find the perfect
(0, k1)
l Interpolation

0= f(psm Qsus Pex> N, Zo)
kl = f(pSll') QSLI: pe)(a Na ZO? 5)

Experimental | "exps Pexps Wexp

point

Fix Tf

Guess k],&

Inputs

\(
A\ 4

msims ﬁsima Wsim ( .
Compressor | Relative

model L Deviations

Bisection loop §

) n
f

Bisection loop k;

ki, o

[Update ) [RDyi| < toly,

A

ki

n

|RDI5| < tOlﬁ

[Update ki }

Ok

4. Modeling and validation
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5. Results and conclusions




Sensitivity analysis: volumetric efficiencies
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5. Results and Conclusions

69



Impact of the speed and machine size

mth min m

mloss,lk

Speed Mih mlOSS,PT mloss,lk m Evy
[RPM] [9/s] [9/s] [9/s] [9/s] [-]
1000 55 3.6 11.3 40.1 73%

Increasing the machine size also allows to reduce the impact of losses
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