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Dynamics of Gas Bubble Growth in Qil-Refrigerant Mixtures under Isothermal Depressurization

Dynamics of Gas Bubble Growth in
Oil-Refrigerant Mixtures under
Isothermal Depressurization

This paper proposes a numerical model to prediet ¢ihowth of gaseous refrigerant
bubbles in oil-refrigerant mixtures with high conte of oil subjected to isothermal
depressurization. The model considers an Elemen@ely (EC) in which a spherical
bubble is surrounded by a concentric and sphelligaid layer containing a finite amount
of dissolved liquid refrigerant. The pressure retitut in the EC generates a concentration
gradient at the bubble interface and the refrigdras transported to the bubble by
molecular diffusion. After a sufficiently long tiirtee concentration gradient in the liquid
layer and the bubble internal pressure reach efrilim and the bubble stops growing,
having attained its stable radius. The equationsm@mentum and chemical species
conservation for the liquid layer, and the materimlance at the bubble interface are
solved via a coupled finite difference proceduréétermine the bubble internal pressure,
the refrigerant radial concentration distributiomnd the bubble growth rate. Numerical
results obtained for a mixture of 1ISO VG10 polyweil and refrigerant HFC-134a
showed that the bubble growth dynamics dependsaatelnparameters such as the initial
bubble and liquid layer radii, the initial refrigant concentration in the liquid layer, the
initial pressure in the liquid phase, the decompres rate and the EC temperature.
Despite its simplicity, the model demonstratedealpotential tool for predicting bubble
growth and foaming that may occur as a result ofitedion in oil-lubricated bearings and
refrigerant degassing from the oil sump during coesgor start-up.

Keywords: refrigeration compressor, oil-refrigerant mixturebubble growth, numerical

modeling

Introduction

The interaction between the lubricant oil and thfeigerant is a
key aspect in the determination of the refrigeratibermetic
compressor performance and reliability. Its impoct stems from
the fact that the oil stored in the compressor sisriept in direct
contact with the gas inside the crankcase. Thegezint usually has
a significant solubility in the oil, which depends pressure and
temperature, and thermodynamic equilibrium betwibenphases is
generally attained by means of refrigerant absonpéind/or release
from the mixture in some regions inside the congoesGas release
(desorption) is caused primarily by pressure readoctduring
compressor start-up, but it is also caused by fliridtion as
refrigerant-saturated lubricant flows through th@mpressor
channels and gaps. As a result, small gas bubtée®aned which,
in turn, change the bulk lubricant properties. ffetpressure
reduction is fast enough, bubble nucleation isrdenise that foam
can be formed (Becerra, 2003). It has been argeddavitation
and degassing phenomena can affect the compressmrmance
parameters such as power consumption and volumeffi@ency,
and also provoke noise and wear (Grando et al6&00

Gas evolution and foam formation in oil-refrigeramtxtures
can affect the compressor tribological charactesgtyanagisawa et
al., 1991). Although the first studies concernihg tubrication of
the compressor sliding parts neglected the presehceefrigerant
dissolved in the oil (Prata et al., 2000; Rigolakt 2003; Cho and
Moon, 2005; Couto, 2006), they undoubtedly have Heat
foundations for the more recent class of lubricatinodels that
considered the effect of a lubricant mixture congubsf refrigerant
and oil. Among these studies, Grando et al. (200@imposed
simplified lubrication models for journal bearingensidering the
interaction between the oil and the refrigerant tredexistence of a
gas/liquid two-phase flow in the lubricant film. &do et al.
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(2006a) solved the piston dynamics for small repting
compressors. Their results indicated an increaskiaifon losses
followed by a reduction in load capacity due to fresence of
gaseous refrigerant dispersed in the lubricant film

The complex fluid flow behavior of oil-refrigeramhixtures
imposes an additional difficulty to the developmenit more
sophisticated lubrication models. Visual experimenf oil-rich
mixtures flowing through long small diameter tulmesried out by
Lacerda et al. (2000) and Castro et al. (2004) tpdirout the
existence of bubbly two-phase flow preceded bygaiicant region
of metastable liquid flow. In these studies, aftecleation, as the
pressure gradient departs from the constant vadgecated with
single-phase flow and increases due to refrigevatgassing, more
bubbles are generated and become very closely dg@adag rise to
a foamy structure. In the light of these findinggquilibrium models
for oil-refrigerant two-phase flow were proposed Byando and
Prata (2003) and Dias and Gasche (2006), who mbdtie
homogeneous equilibrium two-phase bubbly and fdam,fand by
Barbosa et al. (2004) and Castro et al. (2009) wdrelated the
two-phase frictional pressure drop. Without empificbased
corrections, homogeneous equilibrium models showadye
discrepancies with respect to the experimental datacerda et al.
(2000) and Castro et al. (2004), indicating thatom-equilibrium
analysis of oil-refrigerant two-phase flow is neszgy.

Non-equilibrium models are based on the existerfigeessure,
temperature or chemical potential differences betwthe gas and
the liquid phases. For dispersed systems such aphase bubbly
and foam flows, non-equilibrium models generallgocatake into
account nucleation and growth of individual gas Wideb in the
liquid phase. These models have been widely emgltyalescribe
the growth of bubble clusters and foam growth idymers and
viscoelastic fluids (Amon and Denson, 1984; Arefesn and
Advani, 1991; Arefmanesh et al., 1992; Joshi et ¥898) and in
magmatic melts (Proussevitch et al., 1993; Proustevand
Sahagian, 1996).
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In spite of the significant number of papers inatetl fields,
the physical mechanisms that govern bubble growthoil-
refrigerant mixtures have never been studied frdmairt first
principles. This is, therefore, the main contribatiof the present
paper. Based on the works of Amon and Denson (128w)
Proussevitch et al. (1993), a numerical model tajot the growth
of gas bubbles subjected to isothermal decompnessiproposed,
whereby the transient transport of refrigerant bhe tbubble is
driven by molecular diffusion. The model considansElementary
Cell (EC) formed by a spherical gas bubble surredndy a
concentric liquid layer with a finite amount of dadved
refrigerant. As the pressure reduces in the liqlager, a
concentration gradient at the expanding bubblefiate induces a
refrigerant mass flow into the bubble. After a siéintly long
period, the concentration gradient at the bubbierface vanishes,
the bubble internal pressure reaches equilibriumh e bubble
stops growing, having attained its final equilibnuradius. The
equations of conservation of momentum and chensipaties for
the liquid layer are solved together with the bebbiterfacial
material balance via a coupled finite differenceogedure to
determine the bubble internal pressure, the refage
concentration distribution along the liquid layerdathe bubble
growth rate. It will be demonstrated quantitativelyat, for a
mixture of ISO VG10 polyol ester lubricant oil amdfrigerant
HFC-134a, the bubble growth process is charactrize three
distinct periods. The first period is one of sloate of growth
(controlled by the effect of interfacial tensiothe second period
is one in which the bubble reaches its maximumusaddiffusion-
controlled growth), and the third period is chaesigted by a
vanishing concentration gradient in the liquid layehen the
bubble reaches its stable radius. In general tethes,numerical
model results show that the bubble growth dynardiegends on
the initial bubble and liquid layer radii, the it pressure and
refrigerant concentration in the liquid layer, tHecompression
rate and the elementary cell temperature.

Nomenclature

= coefficient in Egs. (31)-(36)

= coefficient in Egs. (31)-(36)

= coefficient in Egs. (31)-(36)

= coefficient in Egs. (31)-(37)

= coefficient in Eq. (33)

= mass diffusivity of the refrigerant in the mise;, m? &
=mass, kg

= pressure, Pa

= refrigerant vapor pressure, Pa

= radial coordinate, m

= bubble radius, m

= liquid layer radius, m

= temperature of the Elementary Cell, °C
=time, s

= liquid velocity in the radial direction, m’s
= refrigerant mass concentration in the mixture
= refrigerant solubility in the mixture

= dimensionless parameter in Eq. (27)

= dimensionless parameter in Eq. (27)

= dimensionless parameter in Eq. (27)

= dimensionless parameter in Eq. (27)

= dimensionless parameter in Eq. (27)
modified radial coordinate, m3

y* = modified radial coordinate, m3

Greek Symbols

B =clustering parameter of the spatial grid
¢ = potential function, i
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4 =dynamic viscosity, Pa's

p  =density, kg m3

o =interfacial tension, N h

7, = component of the spherical stress tensor, Pa
Tge = component of the spherical stress tensor, Pa
I, = component of the spherical stress tensor, Pa
J = auxiliary coordinate for the radial directiomi®
Subscripts

b =relative to the bubble

F  =relative to the final (stable) bubble radius

G =gas phase

j = spatial grid index

L =liquid phase

oil = relative to the oll

r = relative to the refrigerant in the liquid layer

0 = relative to the initial instant

Superscripts

A = relative to the normalized variables

Mathematical M odeling

Figure 1 shows a schematic diagram of the proppbsdical
model. It considers an EC in which a spherical beiidbsurrounded
by a concentric and spherical liquid layer withirité amount of
dissolved liquid refrigerant. At= 0 the bubble and the liquid layer
initial radii areRy and &, and the refrigerant concentration in the
liquid layer is uniform W o). This initial condition is one of
mechanical and chemical equilibrium between the gad the
liquid, which is at a pressune_ o. The bubble growth process is
initiated when the pressure in the liquid layeraduced according
to a prescribed functiop_(t). As the liquid pressure is reduced, the
interfacial refrigerant concentration decreases andefrigerant
concentration gradient in the liquid layer drivas tefrigerant flow
into the bubble, increasing its size. At the saime tthe liquid layer
radiusS(t) is allowed to expand together with the bubblecaino
constraint is imposed at the outer surface of itpeid layer. It is
worth mentioning that local thermodynamic equililoni is assumed
at the liquid-gas interface, and that the intedbsblubility, ws, IS
calculated as a function of the EC temperature @nthe bubble
internal pressur@g(t). After a sufficiently long periodt(— «), a
significant fraction of the total amount of refrigat initially in the
liquid layer is present in the form of gas insitie bubble, which
eventually reaches its final (stable) radiBs, and its final internal
pressureg k.

t>0

Refrigerant
diffusion into
the bubble

W, W,
Wro
Wsat W F
r r

RO SO RS,

owth dynamics in an

Ry S

Figure 1. Schematic representation of the bubble gr
oil-refrigerant mixture.
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Dynamics of Gas Bubble Growth in Qil-Refrigerant Mixtures under Isothermal Depressurization

Simplifying Assumptions pﬂl_R](RﬁJ’ZRZ)_lR{R:H: (5)
The mathematical modeling is based on the following S 2 \s
assumptions:

r —T
p(R-7,(R) - p(3)+r”(5)+2j§Mdr
* The bubble and the liquid layer are perfectly siglatrand the .

origin of the system of coordinates is locatechatdenter of the . . . _—
bubble: The integral in Eq. (5) can be determined upon titutisn of

Egs. (2) and (3), considering a uniform viscositythe liquid layer.

*  The gas phase is composed only of refrigerant vépat the A change of variables is also introduced as foltows

vapor pressure of the oil is negligible) and thguid phase
behaves as an ideal mixture (Raoult’s law);

« The fluids are Newtonian, with constant properties; . /JL

¢ Temperature gradients in the EC are negligible; ZJ dr =-12R°R I dr =

¢ The pressures in the bubble and in the liquid layeruniform; (6)

+ The refrigerant mass fraction at the bubble intefas the _aR2 J' o ()47
saturation concentration (solubility) at the bubptessure and Z(R) He

EC temperature;

* The decompression rate imposed on the liquid pisaseform. where(is an auxiliary coordinate defined by

Momentum Conservation in the Liquid Layer 1
_ _ S £=—: & R=1.a9== (7)
The transient momentum transfer in the liquid layiar r R’ s
spherical coordinates, considering radial symmeigygiven by
(Bird et al., 2002): ) ]
Also, the normal stresses at the two ends of tH&lraomain

can be expressed as (Street, 1971):
P (au du, j_ op, 1 a( . )_(T56'+Tw) O
L r T 5, 243, r .
ot or 6r r2or r 20
p(R)_Trr(R)z pG _? (Sa)
wherepg is the liquid phase density, is the liquid velocity in the
radial direction,p is the pressure, and,, 74 and 1, are the
components of the spherical stress tensor given by p(S)-7,.(S)=p, (8b)
=2u oy, (2a) Wherecis the interfacial tension between the liquid mietand the
Lar gaseous refrigerant. Finally, the incorporationEafs. (6)-(8) into
Eq. (5) results in
u
Tpg =Ty =20, L (2b) 20 4C)
9 , PP o -4R*R Z(R)NL(()0|(+
— LA
whereyq_ is the liquid phase dynamic viscosity. dtorence Interfacial Viscous forces 9)
A refrigerant material balance at the bubble imategf gives
(Brennen, 1995): Rl . . 1 =
A1 < |(RR+2R) SR
, S 2 |st
= 3
wr R°R ®) Inertia forces

whereR and R are, respectively, the instantaneous bubble radius The terms in Eq. (9) represent the various foregi®mg on the

and its time derivative that represents the bulgotevth rate. By bubble during the growth process. The term ondfidnd side is the
substituting Egs. (2) and (3) into Eq. (1), andrigkadvantage of driving force for bubble growth represented byphessure difference
the spherical symmetry of the problemy(= 7,,, the following between the gas inside the bubble and the liquagghwhile those on
relationship is obtained: the right are the opposing forces, i.e, the resigtacaused by the
interfacial tension, the liquid viscous forces dige the interface

s motion and the resistance due the inertia of thedilayer.

o

il (& +2(
or or r Chemical Species Conservation in the Liquid Layer

r2 r5

[RzmzRRz_zR“Rz]_ p 01
L

. ) ] The refrigerant concentration profile in the liquldyer is
where R is the bubble growth acceleration, i.e., the sdconcalculated solving the chemical species consemvagiquation in
derivative of the bubble radius with respect toetinThe liquid spherical coordinates (Bird et al., 2002). Using @) for the radial

density is assumed constant and Eq. (4) can bgrateel between velocity of the liquid, the species mass balancelmwritten as:
the limitsR andS (see Fig. 1) to give
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W
L+ = (20)
ot r2 or (2o
wherew,(r,t) is the refrigerant mass fraction profile aBdis the
mass diffusivity of the refrigerant in the liquidixture, defined in

terms of Fick's law (see Appendix). Equation (18yuires initial
and boundary conditions defined as

Wr(r,O):wr’O (11a)
ow, _

o . =0 (11b)
Wr(th)zwsat(pGlT) (11C)

The three boundary conditions specified in Eqgs) (&fer, in
this order, to (a) the uniform refrigerant concatitm in the liquid
layer att = O; (b) the absence of mass flux through the liqaiget
external surface, and (c) that the liquid-vapoeiifsce is at local
thermodynamic equilibrium at the bubble internadégsureps and
EC temperatur@.

The geometry of the problem allows the followingodinate
transformations:

y=r3-R(t) (12a)
% =W —W g (12b)

wherey is a modified radial coordinate that takes intocamt the
movement of bubble interface argly,t) is a potential function
introduced to facilitate the solution of the matlaical model
during the initial instants of bubble growth, due the large
concentration gradients at the vicinity of the ifdee (Amon and
Denson, 1984). Substituting Eq. (12) into Eqgs. @ (11) gives

4/ 32
@:QD(W R?’)AM (13)
ot ayz
#(y,0)=0 (14a)
#(S*-Rih=0 (14b)
0
a—f =Wt ~W g (14c)
y=0
Bubble M aterial Balance
For a spherical bubble, the material balance regult
d 2 ow,
—(R3pG) =3r?| p DI (15)
dt or =R

After expanding the left hand side of Eq. (15) amplying the
transformations of Eq. (12), the bubble growth egfeation becomes

158 / Vol. XXXIV, No. 2, April-June 2012
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(16)

Closur e Relationships

Equations (9), (13), (14) and (16) are the govermiquations of
the problem, which allow the calculation of the gasssure inside
the bubble, the refrigerant concentration profilethie liquid layer
and the bubble growth rate as a function of timewklver, some
additional relationships are needed to providew®$or the model.
These are as follows:

Initial bubble radius:due to the interfacial force acting on the
bubble at the first instant of growth, a minimunitial radius must
be defined. This minimum initial radius can be egsed in terms of
the refrigerant vapor pressungy, at the EC temperature by the
Young-Laplace relationship as follows (Carey, 1992)

20

> — 17
Peat (T)_ p|_'0 an

R

Final bubble radius:Proussevitch et al. (1993) suggested the
use of a total refrigerant material balance betw#eninitial and
final instants of bubble growth to estima&€t - ) in terms of the
liquid and gas phase densitigs,andog:

[7eR), . AR) -

—00

(18)
(Sg - F%)I:(pLWr)t:O - (prmt)tqoo:I

Instantaneous liquid layer radiusis the EC is free to expand,
the liquid layer radius can be calculated solvihg following
integral relationship for the instantaneous masdigfid in the
liquid layer,M_(t):

S(t)
M (1) :4nj p(rt) rdr (19)
R(t)

Numerical Solution Procedure

A convenient way to solve the coupled non-lineastem
formed by Egs. (9), (13), (14) and (16) involves ttormalization of
the variables in order to simplify the numericalusion. Thus, the
normalized governing equations are given by

. T
PP = Y?’?U +Y1Y4R2R_[ LAC’)A“'
R 0 (9+Y1R3)
(20)
X Ry Bo.ov 62)_ 1y & R
p (1—Yoé](Y2RR+ 2Y2R2j—§Y2R2 1—[Yoé]
. % 92
%zgov% J+Y,R Aﬂ (21)
1 1 ~2
$(3.0=0 (222)
#(LE)=0 (22b)
ABCM
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0
a_? =We ~W, (22¢c) %:, 2/2; (30a)
Ylg=0 y {,82—(1— A) Jm[ﬁﬂJ
£-1
- 2 T S dp
R:?::’PY{ Daf] '3fR e (23) a2y’ 48(y-1)
U O 0y )5y e o 3; = (30b)
\2
. . d {ﬂz—(l-y) } |n(’8+1]
where the normalized parameters are defined as p-1
.S . o R .y ., @ in which 1 < < is a clustering parameter. The gridding near the
S==; R=—;§= XE (24) | : : :
S R Sg,_Rg Sg_RSx interface becomes finer as this parameter appreaalmaty.
Therefore, the linear system bf algebraic equations assumes the
following form for each one oN points of the domain inside the
~ D, =~ . S liquid layer,
t=t—2;R= R&;R:RE (25) e
R o
0 Aydi it Adi+Ach;, =B (1)
a_ 2_ D ~._ N M A_ O
p=—":D =5 p=—L- g =—0=— (26)  where for the intermediate points (1 <N),
PLo o P L0 9
* * 2
RO Rg 0, D 2 (y4—y4_l) *
Yo=Y, =— 0y, =100 0 A= T oW (32a)
S S-R Lo\ R C,4 dy
2
au, D f oy * «
v,=—2% v, = 2Hoo 27) _ (yi yj—l) d?y" dy
TRpLo ¢ PR O B (320)
Lo PLoRo 2 dayz  dy
where the subscript “0” denotes the initial comitiFor the solution « o« \2
of Eq. (21), with the boundary conditions preseriteflg. (22), a 1-D _ (yj - yj-l) d%y" dy’
finite difference-based procedure was used acogrirthe gridding Ay = 2 02 _Ty (320)
scheme presented in Fig. 2. y
( s o« \2 g
yj - yj—l) ¢j
interiace B= W (332)
1 *
4
c, :9Y1%[9(y*)+Y1§3:|/3 (33b)
Figure 2. Finite difference-based gridding scheme i  n the liquid layer. and for the boundary nodal points (1 atjd
In order to accelerate convergence, an additionardinate AP,l:_l; AE,l:l; AN,l:O 34)
transformation (Anderson et al., 1984) is used ¢fine the
computational grid in the region near the bubblerface. The !
transformation is defined as follows (Proussevithl., 1993): B,= yI(W _Wr,O)[(Lyy] (35)
1y 1y [
Cloa B+1 B+1
¥ =p+1-(f-1| =—— 1+ =— 28 -1 -n- _
9(v*)=p+1-(8 )(ﬁ_l uV = (28) Pon =L Agy=0i Ay,=0 (36)
0p _0p dy (29a) By =0 @7

oy gy dy
2 The model considered an oil-refrigerant mixture posed of
0’ _0p d’y . %@ | ay’ polyol ester oil (ISO VG10) and refrigerant HFC-234The
ﬁ:T7+7*2 W (29b) relationships used to calculate thermophysical enigs of the
oy oy dy® ody mixture are listed in the Appendix. The thermopbgkproperties of
the pure oil and of the pure refrigerant were oigdifrom Dias and
Gasche (2006) and McLinden et al. (1998), respegtivA
flowchart of the numerical procedure is shown ig. 3.
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Calculate liquid properties, bubble and
liquid layer radius att =0, and
nomalized parameters.

7 !

Fal ~
Estimate values for R and pe
Input of names of output files, : :
REFPROP routines and | calculate the concentration profile

in the liquid layer (Egs. 21-22) and
model parameters. the second derivative of potential
A function at bubble interface.

A4
l Start l
Calculate Pz and its time derivativel

from Pe at the previous time step.

Generate/update liquid layer |4
non-uniform mesh.

A 4

Update the
secondary time step
loop
Calculate the bubble growth
rate using Eq.(23) and the main
bubble radius.
no loop
A 4

Calculate the gas pressure
inside the bubble using Eq.
(20) and the liquid layer
radius using Eq.(19).

|Ps - Pees| < tolerance ?

Update variables, calculate the
real mass fraction profile and
print results to output files.

Figure 3. Flowchart of the numerical procedure for the solution of the bubble growth in oil-refrigeran t mixtures.

Results and Discussion

A total number of 24 numerical simulations werea®ed to where 4M, and 4M,_ are the bubble mass variation and the
analyze the model response under different bublblewty) refrigerant mass variation in the liquid layer pestively, given by
conditions. Table 1 shows all cases simulated enpesent work,
and lists the main input and output parametershefmodel. All 4
numerical results were obtained for a spatial caatpnal grid Aszng(pG,oRS-pG,F RS) (39)
with 51 nodes in the liquid layer region and a tistep of 10us.

These were observed to be the minimum values thaduped 4

numerical results independent from the number sérdte points of :,,{ ( 3_ )_ ( 3 _ 3)} 40

time and spatial grids. Tolerances for the secgnaiad main loops ML =37 "% 00D R erLe | R 40

were 10° and 99.9% of the calculated bubble final radius,

respectively. where Egs. (39) and (40) require knowledge of taeameters

In order to verify the validity of the results, Tall presents the associated with the size of the bubble and ofithed layer regions
material balance error represented in terms ofelaive difference and refrigerant content at both the initial andafimstants. As can
between the bubble mass gain and the refrigergpietien in the be seen in Table 1, the majority of the simulatipresented relative
liquid layer during the whole growth period. Mathagimally, this errors smaller than 1%. Also, the error tends twease for cases
error can be calculated as where smaller quantities of refrigerant are tramstéto the bubble,

i.e., when both the initial thickness and the alitiefrigerant mass
concentration of the liquid layer are too small.

(38) Figure 4 shows the behavior of the bubble and didayer radii
for Simulation 1. The model computes the liquidelagrowth due
to bubble expansion (depressurization). The resiitsv that the
bubble growth process is characterized by threéndisperiods

M -IM,

Err[%] =10
AM,

160 / Vol. XXXIV, No. 2, April-June 2012 ABCM
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Table 1. Main parameters and results obtained with t

he mathematical model.

Parameter s (Input) Results (Output)
Simulation S Ry PLo dpL/dt T W o te Re Se Material balance
[mm] | [mm] | kPa] | [kPais] | [°Cl | [%] [s] [mm] | [mm] error [%]

1 1.00 10 100.0 -100.0 60.0 5.0 1.65 4.99 5.1F 0.41
2 1.00 10 90.0 -100.0 80.0 1.0 3.96 3.7 3.79 0.15
3 1.00 9.5x10° 90.0 -100.0 80.0 1.0 3.84 3.7(¢ 3.79 0.15
4 1.00 0.5 90.0 -100.0 80.0 1.4 3.65 3.61 3.72 0.23
5 1.0C 0.8 90.C -100.( 80.C 1.0 1.3¢ 3.0¢ 3.24 0.9€
6 0.10 5.0<10° | 100.0 -100.0 80.0 5.0 0.90 0.52 0.85 6.19
7 0.50 5.0<10° | 100.0 -100.0 80.0 5.0 1.06 2.56 2.88 0.96
8 1.50 5.0x10° | 100.0 -100.0 80.0 5.0 1.95 7.54 7.79 0.17
9 3.00 5.0x10° | 100.0 -100.0 80.0 5.0 5.40 15.00 1540 0.07
10 1.00 107 90.0 -100.0 80.0 0.95 3.84 3.63 3.72 1.98
11 1.00 10 90.0 -100.0 80.0 3.0 1.49 5.44 5.55 0.17
12 1.00 10 90.0 -100.0 80.0 5.0 1.17 6.54 6.6Y 0.21
13 1.00 107 90.0 -100.0 80.0 10.0 0.97 8.37 8.56 0.28
14 1.0C 102 10.C -100.( 80.C 5.C 0.4€ 6.5t 6.65 0.1€
15 1.00 10 100.0 -100.0 80.0 5.0 1.27 6.54 6.6 0.21
16 1.0C 102 250.( -100.( 80.C 5.C 2.7¢ 6.5t 6.6¢ 0.24
17 1.00 10 400.0 -100.0 80.0 5.0 4.25 6.5% 6.7 0.24
18 1.0C 107 100.( -10.C 80.C 5.C 127 5.07 5.4¢ 0.6€
19 1.00 107 100.0 -50.0 80.0 5.0 2.55 5.04 5.34 0.39
20 1.00 10 100.0 -100.0 80.0 5.0 1.66 5.10 5.3 0.31
21 1.0C 102 100.( -100.( 25.C 5.C 7.5C 4.7¢ 4.91 0.9¢
22 1.00 10 100.0 -100.0 35.0 5.0 531 4.88 4.99 0.67
23 1.00 10 100.0 -100.0 50.0 5.0 3.48 4.93 5.1p 0.48
24 1.00 10 100.0 -100.0 100.0 5.0 1.55 5.21 5.48 0.27

(Proussevitch et al., 1993). The first period isrked by a slow

growth of the bubble and liquid layer radii, which generally 6 X

attributed to the high interfacial tension. In thieriod, growth is effective growth ending

controlled by the interfacial tension and normacdus stresses 5 gowth - --=-------~-

that offer a resistance to growth associated wipldcing the period 2

body of liquid around the bubble. At 1.2 secondiofuing this

initial period, the growth rate increases up tompof maximum. T 49

This marks the second period of bubble growth, Whi called £ slow

here the effective growth period. This period istrolled by mass @ 34 growth

diffusion, as the excess dissolved refrigerant #hasted in the 3 period

first period is transported into the bubble. Thelble and liquid &

layer reach stable radii in the third period, whiea concentration 2

gradient in the liquid layer vanishes. At the eridhe process, the _4

bubble and the liquid layer reach, respectivelpuad 500 and 5 14 ---"

times their initial radii. T oot

An analysis of the forces that affect the bubblewgh for quidiayer
Simulation 1 is presented in Fig. 5, which shovesftirce caused by 0 — 1 T T T T
the pressure difference between the gas and lighases (the 0.0 05 1.0 Tini;as[s] 20 25 30

growth driving force) and the forces resulting framterfacial
tension, viscous stresses and liquid inertia. &dtés are depicted in
normalized form, as presented in Eq. (20), to itatd the analysis.
As can be verified for this case, the main opposimge for bubble
growth is generated by the interfacial tension;agtmo difference
is observed between the pressure difference aedfantal tension
curves at any given instant. Thus, the small rastltforce
associated with the pressure difference, interfatdasion and
viscous forces is the net force that drives theblrilgrowth. This
small difference is due to the small initial radicisosen for the
bubble, which, in turn, determines the slow growdte period
pointed out previously.
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Figure 4. Bubble and liquid layer growth behavior f or Simulation 1.

Figure 6 analyzes the refrigerant transport byudiffin in the
liquid layer by comparing the refrigerant concetidra profiles in
liquid layer at different instants for Simulation Each instant is
indicated in the figure as a fraction of the timecessary for the
bubble to reach 99% of its final radigs and the liquid layer
thickness is normalized to facilitate the comparisamong the
different instants considered. Starting from a amif refrigerant
concentration at= 0, the first few instants after diffusion sta(tstil

around 30% ofr) indicate that almost no change takes place in the
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concentration profile far from the bubble interfa€his period of time

is also characterized by high concentration grdsliemear the
interface. Then, as the bubble growth speed inesea®frigerant
solubility at the interface decreases due to theredse in gas
pressure, and the gradient at the interface beceamesther as the
refrigerant in the liquid layer is transported todsthe interface, thus
reducing the total amount of refrigerant availablehe liquid layer.

Finally, after 1.65 s, when the bubble reaches¥®®bits final radius,

the interfacial concentration reaches equilibriuithvthe remaining

liquid layer and the bubble stops growing.
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o) - . .
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Figure 5. Forces acting on the bubble during the gr  owth period for
Simulation 1.
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Figure 6. Refrigerant mass fraction distribution al
different instants for Simulation 1.

ong the liquid layer at

The terms on the right side of Eq. (16) represkatttvo main
mechanisms that govern bubble growth. The firsinteepresents
the growth induced by refrigerant molecular difarsifrom the
liquid layer towards the bubble, while the secoemitis the portion
of the growth due to expansion of the gas insigelthbble as the
pressure in the liquid layer decreases. The efféttoth terms on
total bubble growth rate along the time for Simiglatl is shown in
Fig. 7. Right after the beginning of the bubblevgto process, the
growth rate is governed exclusively by bubble esgam which
decreases as the interfacial force acting on tihdleuemains large.
This behavior is consistent with the period of sigrnewth described
earlier in Fig. 4. When the bubble reaches a geffity large size to
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overcome the opposing interfacial force, both gasaesion and
refrigerant molecular diffusion effects increasepiddy and

contribute equally to the growth rate that reachiesmaximum

value. Then, a sudden decrease of the moleculfursidifi growth

rate takes place indicating that the amount of xaefrigerant
present in the liquid layer has extinguished, drelgrowth process
is again governed by gas expansion effect, whiclishas slowly as
the bubble reaches its final size.

16
144 Total growth rate (T)

_ | Molecular diffusion growth rate (M)
0 )
E 124 Expansion growth rate (E)
£ ]
o 104 T
g ] /( )
£ g
ER
o
o 64
Q ]
o)
S 44 ()]
g2 ] «

27 ™

0 -

T T T T T T T
0,0 0,5 1,0 1,5 2,0 25 3,0
Time [s]
Figure 7. Bubble growth rates along the time for Si  mulation 1.

Figure 8 shows the effect of variation of the mlithubble radius
on the bubble growth behavior. It can be obserted the smaller
the initial radius, the longer the slow growth pdriwill be due to
the large interfacial force at the initial instamtf bubble growth.
Additionally, there is almost no difference betwettre bubble
growth curves when the initial bubble radii wereadler than
9.5x10% mm (Simulations 2 and 3). It is believed that thés to do
with the fact that for these initial bubble diamstethe interfacial
tension force is still quite large and, becausesthes of the bubbles
are small, the amount of volatile material (refregg) in the liquid
layer is very similar in both cases. Neverthelegisen the initial
radius was set to 0.5 and 0.9 mm in Simulationsnd &,
respectively, the final bubble radius and the tieguired to reach
the stable size decreased because of the reducttbe liquid layer
thickness that contained smaller amounts of ligardl volatile
material.

The result presented in Fig. 9 evaluates the infleeof the
liquid layer initial radius on the bubble growth Hawior for
Simulations 6-9. It can be noticed that, althoudte ftinitial
concentration of refrigerant was the same for aes simulated
(5% wt.), the liquid layer radius limits the fineddius reached by
the bubble. This is a consequence of the smalleouain of
refrigerant initially in the liquid layer for themsllest liquid layer
radii. Moreover, the influence of interfacial temsi was more
important as the liquid layer radius was decrea3&ib is clearly
noticed in the result for Simulation 6, where bubgtowth is slow
for most of the time, until the stable radius iaaleed more abruptly.

The effect of the initial refrigerant concentrati@ shown in
Fig. 10. A preliminary analysis of this result lsad the conclusion
that the higher the amount of refrigerant dissolwedhe liquid
layer, initially, the higher the bubble final raditHowever, the time
required for a bubble to reach its final radiusnsaller as the initial
refrigerant concentration increases. This seemateointuitive
considering the idea that a larger amount of digsblrefrigerant
should take longer to flow into the bubble, thusoataking more
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time for the final radius to be reached than in ¢ase with less
dissolved refrigerant. However, the cases with dighinitial
refrigerant concentrations presented the steeplestes of the
bubble radius variation in the first 0.8 s. Thigwes due to the high
concentration gradients generated in the liquigdayhen the total
amount of refrigerant dissolved in the liquid ireses. Under these
conditions, the solubility at the interface is tlsame for all
simulations, and the net result is a higher massv ftate of
refrigerant into the bubble for the simulationshwé higher initial
refrigerant concentration in the liquid layer.
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Figure 8. Influence of the initial bubble radius on the bubble growth behavior.
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Figure 9. Influence of the initial liquid layer rad ius on the bubble

growth behavior.

Figure 11 presents an evaluation of the initialilig phase
pressure on the bubble growth behavior for Simometil4-17. The
main characteristic of these results is the faat the duration of the
first period increases with the initial pressurhisTis so because the
solubility is directly proportional to the pressukence, an increase
in the initial liquid pressure reduces the refragersupersaturation
degree in the liquid layer. So, the observed beltavs a
consequence of the reduction of the concentratiadignt near the
interface, which decreases the refrigerant mass flate into the
bubble. It is also worth mentioning that the bubliri@l radius was
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the same for all simulations since the initial igdrant
concentration and the final pressure in the ligiaiger were also
kept the same for all simulations.

9
8. w_, = 10% (Simulation 13)
74

A w, = 5% (Simulation 12)
6

w = 3% (Simulation 11)

w = 0.95% (Simulation 10)

Bubble radius [mm]

1.0 15

—
2.0 25 3.0 3.5 4.0
Time [s]

Figure 10. Influence of the initial refrigerant con
layer on the bubble growth behavior.

centration in the liquid

Bubble radius [mm]

0 1 ' 1~ 1 1t~ 11 1T 1 1T ° 1
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Time [s]

Figure 11. Influence of the initial pressure in the
bubble growth behavior.

liquid phase on the

Differently from previous works that studied isotmal
bubble growth in polymer solutions and volcanic mag(Amon
and Denson, 1984; Proussevitch et al., 1993),émptiesent paper,
a finite decompression rate was assumed in thédlipbase from
both prescribed initial and final pressures in ligaid layer. This
is a convenient approach to deal with oil-refriggranixtures,
since this model can be coupled to existing maapiscmodels
aiming at a more complete characterization of nguH#érium
flows of oil-refrigerant mixtures. Figure 12 dep¢he behavior of
bubble growth for Simulations 18-20 consideringfetiént liquid
phase decompression rates. The graphs indicate #satthe
pressure in the liquid layer is reduced more slowhpre time is
needed for the bubble to reach its final radiusisThehavior
occurs because bubble growth driven by gas exparstcomes
slower than that due to interfacial refrigerant smflew rate as the
decompression rate decreases.
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Figure 12. Influence of the decompression rate ont  he bubble growth behavior.

o
1 n
N

£
1

EC Temperature:

—— 25 °C (Simulation 21)
o - - =35 °C (Simulation 22)

V2 R 50 °C (Simulation 23)

—-—- 100 °C (Simulation 24)

0 — T - T - T - T T T T T T 1

0 1 2 3 4 5 6 7 8

Time [s]

Figure 13. Influence of the elementary cell tempera
growth behavior.

Bubble radius [mm]
N w
1 1

[y
1
~

ture on the bubble

Figure 13 presents an evaluation of the effect id EC
temperature on the bubble radius behavior as aifumof time for
Simulations 21-24. An increase of the EC tempeeateduces the
dynamic viscosity and increases the mass diffysivitthe mixture
so that the combination of both effects leads stefabubble growth
rates since, as the EC temperature increases,ugisimoces that
resist to bubble growth are smaller and, at theeséime, larger
mass diffusivities contribute to improving refriget mobility inside
the liquid layer. Another observation regarding #féect of EC
temperature on bubble dynamics is the differerdlfiadius reached
in each simulation. This occurs because the equilib
concentration at the interface is inversely prapodl to the EC
temperature, which gives rise to a higher superattum degree in
the liquid layer. So, a larger amount of refrigérean flow into the
bubble making its final radius larger.

Conclusions

This paper presented a transient model for a sigate bubble
growing in an oil-refrigerant solution subjected tmiform and
isothermal decompression. The model consideredeaneatary cell
(EC) formed by a bubble surrounded by a liquid layentaining a
finite amount of dissolved refrigerant. The pressteduction in the
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liquid phase provokes an imbalance between thalinigfrigerant
concentration in the liquid layer and the equililbni concentration at
the interface. This, in turn, triggers the refraggrmass diffusion from
the liquid layer into the bubble, resulting, togathvith the expansion
of the gas, in the bubble growth. After a certagmiqed of time, the
bubble tends to reach a stable radius as the deessign stops and
the amount of refrigerant in the liquid layer deses toward a new
equilibrium condition. The system of coupled narelr governing
equations was solved numerically by the finiteatiéhce method to
calculate the bubble internal pressure, the bubpttiesth rate and the
refrigerant concentration profile in the liquid &xy

The numerical results showed that, in general tethesbubble
growth process can be divided into three distinatiqus: a first
period, of slow growth rate at the initial instandsie to the
opposing effect of the interfacial tension forceseond period, of
rapid bubble expansion followed by a third peritémacterized by
stabilization of the bubble radius. During the engjrowth period,
the bubble interfacial tension was the predomirfiartte against the
driving force that resulted from the pressure défece between the
liquid and the gas phases. Also, the effect of @gmnsion inside
the bubble showed to be more predominant than éfrégerant
molecular diffusion effect on bubble growth rateidg most part
of the total growth period. The refrigerant masacfion profiles
along the liquid layer presented sharper gradiabtthe interface
region during the initial instants. On the othendhafor the final
instants, the gradient becomes smoother in thedlitayer as the
amount of dissolved refrigerant is extinguished. pArametric
analysis of the model showed that the bubble behasan be
affected by several parameters. An increase ofbtitgble initial
radius implies a decrease of the bubble stableisaghd of its total
growth time. A large amount of dissolved refrigaranthe liquid
layer decreases the time required for a complesertty of the gas
phase into a stable bubble with a larger radiusreddeer, a
decrease of the initial liquid layer radius limitee final radius that
can be reached by the bubble, as well as the ak®ntto reach the
final size. On the other hand, for a fixed finalbble size,
increasing the liquid layer initial pressure cdmtities to an increase
of the first period only (slow growth). An evaluati of the
influence of the decompression rate (the main dmuiion of the
present analysis, in comparison to previous wosk&ws that, for
slower decompression rates, the total growth petiedds to
increase because of the delay in the bubble expardiie to the
gas compressibility effect. Finally, increasing t8€ temperature
leads to a faster bubble growth and in a largdslsteadius. This
can be explained by the influence of the tempeeaturthe mixture
viscosity and on the (molecular) mass diffusivity.
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Appendix: Propertiesof the Oil-Refrigerant Mixture

Solubility

The solubility of refrigerant HFC-134a in polyoltes oil ISO
VG10 was adjusted from data provided by the oil afiacturer as a
function of the pressure, and the temperatufie

_ athp+cT+dp’+eT?+fTp
a2+b2p+c2T+d2p2+e2T2+ f,Tp

Weat

(A1)

where the coefficients are; = 0.68247268p, = 0.0700619¢, =
0.06991081¢; = -0.00012087¢;, = -0.00171566f; = 0.00241240;
a, = 1;b, = -0.00313147¢, = 0.05031545¢, = 1.05413714 10%;
e, = 0.00136449f, = -6.40745705< 10°. This correlation is valid
for the ranges 0 g < 100 kPa and 0 €< 10C°C.

Density

The density of the mixture HFC134a- ISO VG10 estitris
calculated using the ideal mixture hypothesis ,(i.additive
volumes). Thus, the density can be calculated by

ol

p.= (A2)

14w, | Lol 1
Py

wherew, is the refrigerant mass fraction in the mixtuned a,; and
o are the oil and liquid refrigerant densities, extjvely.

Dynamic viscosity

The correlation for the dynamic viscosity of thquid mixture
composed of refrigerant HFC-134a and ISO VG10 estevas also
obtained from data fitting provided by the oil mé&amaiurer as follows:

m+nT +ow, +pT2 +gw? +1Tw,

H =1.0x107°p, (A3)

2 2
M, +N,T +0,W, + T %+ W +1,Tw,

wherew, is the refrigerant mass fractiohjs the temperature and the
coefficients are:m 38.31853120;n; = 0.03581164;0, =
-0.55465145p, = —6.0244915% 10°% ¢, = 7.6771727% 10%r, =
-2.82836964« 10% m, = 1; n, = 0.05188487; 0= 0.02747679; p=
9.61400978% 10% o, = 4.40945724 10% r, = 1.10699073 10°.
The intervals in which the correlation is valid &re&T < 100°C and
0<w <1.

Interfacial tension

For the interfacial tension, Conde (1996) suggtstsuse of a
simplified version of a correlation proposed by @&prand Prausnitz
(1966) for binary mixtures of non-polar fluids givby

i(Uoil _Ulr)z‘//r,i (1_4”r,i) (A4)

U:(l‘ ‘//r,i)aon % TRt
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where gy and g, are the oil and the liquid refrigerant interfacialand Minhas (1982) for non-aqueous binary solutiomssuming
tensions, respectively; is the refrigerant mole fraction at the bubbleinfinite dilution of the refrigerant. Thus,
interface,T is the absolute temperatuRejs the universal gas constant

(8314.1 J/mol.K) and\ is the molar partial area calculated by v0:27 71.29 ;0.125
D =1.55x10 8ol ail (A.6)
<0.42 ,0.92 _0.105
M2 (w23 Vie  Hoil i
A=Y e 4 o N3 (A.5)
21 o il whereD is the mass diffusivity at infinite dilution [cifs], Vg and

v, are the oil and liquid refrigerant molar volumesni/mol] at
whereM, andM,; are the refrigerant and oil molecular weight anghe oil and liquid refrigerant normal boiling temawires,

No is the Avogadro number (6.023L0°° kmol™). respectively,T is the mixture absolute temperatuys; is the oil
dynamic viscosity [cP], andj,; and g, are the oil and liquid
Mass diffusivity of therefrigerant in theliquid mixture refrigerant interfacial tensions [dyn/cm].

The mass diffusivity of the refrigerant in the ligumixture is
calculated using a semi-empirical correlation psgsbby Hayduk
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