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Mathematical Modeling of the Ester
Oil-Refrigerant R134a Mixture Two-
Phase Flow with Foam Formation
Through a Small Diameter Tube

This work presents a mathematical modeling to sttidy ester oil 1ISO VG-10-

refrigerant R134a mixture two-phase flow with foformation through a 3.22 mm ID

tube. Based on experimental visualization restiits,flow is divided into three regions:

a single phase flow at the inlet of the tube; ateimediary bubbly flow region; and a

foam flow region at the end of the tube. Numerresults for mass flow rate, pressure
and temperature distributions along the flow wemmpared with experimental data
available in literature, showing good agreementeTiajor discrepancy between the
mass flow rate data was about 21%. These resutt& shat the mathematical modeling
worked well for predicting the overall characteics of the flow and can be generically
used to other oil-refrigerant mixtures.
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Introduction

The vapor compression refrigeration system is tlstrwidely
used method of producing cooling effects for bathcanditioning
and food refrigeration industries. This type ofteys is composed
basically of four mechanical components: compresseaporator,
condenser, and expansion device. Two importanti$iidomplete
the system: the refrigerant, which is responsibde the heat
exchanges that occur in the condenser and evaporatd the
lubricant oil, whose main purpose is to reduce fti@ion among
the compressor sliding parts.

These two fluids are in constant physical intemactinside the
components of the system, producing the formatibm onixture
consisting of lubricant oil and refrigerant. Therfmtion of this
mixture brings advantages and disadvantageswiélisknown that a
good miscibility between refrigerant and lubricaiitis required to
allow easy return of circulating oil to the commes which benefits
evaporators, condensers, and expansion devicesddition, high
refrigerant absorption rates in the oil are de$&rdb diminish the
equalizing pressure, which reduces torque and poeguired for
compressor start-up (Prata and Barbosa, 2007)h®mwther hand,
this miscibility can modify the lubrication of slity parts, the
performance of journal bearings, and the leakagesfoigerant gas
through the compressor clearances. For examplactied in load
capacity of compressor journal bearings has beeaerobd when
oil-refrigerant mixture flow model is used rathban pure oil flow
model (Grando, Priest and Prata, 2005).

Two types of mixture can be found in the system.the
evaporator, condenser, and expansion device, vhknge amount
of refrigerant circulates, a refrigerant-rich misguis found. The
concentration of oil in this type of mixture is dmasually less than
10%. However, the oil can affect the heat exchangerformance
taking into account that, at high vapor qualitye #mount of oil in
the liquid phase can achieve values much highen tha%.
Otherwise, inside the compressor, where lubricaiit i® the
predominant fluid, an oil-rich mixture prevails. this case, the oil
concentration ratio is commonly larger than 70%.

A literature review on oil-refrigerant mixture stad shows that
more emphasis has been given to refrigerant-rictxtumgs:
Schlager, Pate and Bergles (1987), Eckels and PH81),
Hambraues (1995), Cho and Tae (2000), Cho and ZG# |, Bassi
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and Bansal (2003), Chen, Won and Wang (2005), aadd&tra
Filho, Cheng and Thome (2009). The purpose of themds has
been mainly to analyze the oil influence in presstirop and heat
transfer coefficient in condensers and evaporators.

Nomenclature

a = constant of Equation 9, dimensionless
b = constant of Equation 9, dimensionless
c = constant of Equation 9, dimensionless
d = constant of Equation 9, dimensionless
f = Darcy friction factor, dimensionless

G  =mass flux, kg st

m = mass flow rate, kg’s

n = foam behavior index, dimensionless

p = pressure, Pa

R =tube internal radius, m

r = radial coordinate, m

T = temperature’C

u = longitudinal flow velocity, m's

us = foam slip velocity at the tube wall, i s
Up = foam velocity in the plug flow region, i s
X = mass quality, dimensionless

z =tube longitudinal coordinate, m

w = refrigerant mass fraction, kgig Kt *
Wsa = solubility of refrigerant in oil, Kgig KChnixt -
Greek Symbols

a  =void fraction, dimensionless

& =liquid layer thickness, m

£ =tube internal roughness, m

@ = metastability factor, dimensionless

x  =foam solidity index, Pa's

M = absolute viscosity, Pa s

p  =density, kg i

o = standard deviation

. =foam yield stress, Pa

1, =shear stress, Pa

Subscripts

Ir  =relative to liquid refrigerant

I = relative to liquid phase

in  =relative to inlet
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inc = inception

lim = limit

S =slip

sat = saturated

% = relative to vapor phase
Superscripts

- = relative to homogeneous property
* = relative to estimated value

For oil-rich mixtures, however, few works have beeported.
Some researchers have focused on the lubricatiagcteristics of
the mixture: Jonsson (1999), Chul Na, Chun and KiE®997),
Grando, Priest and Prata (2006). Other researttases studied the
transient processes of absorption and separatiatggssing) of
refrigerant in oil, which is useful, for exampley estimate the
concentration of refrigerant in the oil stored desthe compressor in
the start-up condition: Silva (2004) and Fukutalef2005).

There have been very few studies on oil-rich mixtflow with
phase change, which may also be an important isgwen the
compressor is the focus of the study. A generakrstdnding of the
oil-rich mixture flashing flow through small charnsés important in
order to develop a knowledge basis onto which &ahion and gas
leakage models can be built.

One of the primary steps towards constructing adystu
methodology for the lubrication of compressor partd gas leakage
in the presence of refrigerant outgassing is theestigation of
refrigerant-lubricant oil flows in a simple geometas a straight
horizontal tube. The resulting two-phase, two-congrd flow
encompasses very peculiar characteristics and resxjuspecial
attention as far as its modeling is concerned.

Many efforts have been done in this direction aver last 15

years by Prata and coworkers, and Gasche and cexgork

Experimental works directed to flashing flow of -aith mixture
through tubes of around 3 mm internal diameter haeen
performed by Lacerda, Prata and Fagotti (2000)atBodr. and
Gasche (2006), Barbosa Jr., Lacerda and Prata (2804 Castro,
Gasche and Prata (2009). The two-phase charat@fishe flow is
the most important aspect found in all those wotksaddition,
foam flow pattern is always observed as the voidtion reaches
high values, usually larger than 0.7. Together wifie pressure
drop, a significant temperature drop due to theyasging is also
noticed.

Modeling works involving the flashing flow of oilah mixture
also have been reported. The first model has beselaped by
Gasche (1996) to estimate the R22 refrigerant gmkhrough the
radial clearance (convergent-divergent channelyaiting piston
compressors. Based on visualization results, theung flow was
divided in two regions: a conventional two-phasaflat the inlet of
the channel, for void fraction lower than 0.7, anfbam flow region
for void fractions larger than 0.7. In the conventl two-phase
flow region, the classical homogeneous model wagliep to
predict the pressure profile along the flow for ggribed mass
flow rate. The foam flow model proposed by Calv@®90) was
used for modeling the foam flow region. Due to taek of
information for oil-refrigerant mixture foams, aques foam
parameters were used to apply the model. In batome the flow
was considered to be isothermal.

Based on the experimental results obtained by BacdPrata
and Fagotti (2000), who observed large temperatdection along
the flow, and on the two-phase mixture flow modebgmsed by
Gasche (1996), Grando and Prata (2003) have dedtlapmodel
including the energy equation in order to determalso the
temperature distribution along the flow. The aushioave developed
a mathematical model to predict the flow of a migtaomposed by
mineral oil and refrigerant R12 flowing through ar6long, 3 mm
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internal diameter tube. The flow was divided irethregions: a sub-
saturated liquid mixture (a mixture having a refrignt mass
fraction lower than the saturated mixture) flowtla¢ inlet of the
tube, an intermediary conventional two-phase flegion for void
fractions lower than a prescribed value, and a félam region for
void fractions larger than the prescribed valuthatend of the tube.
In the liquid mixture flow, the momentum equatiomsnsimplified
for the case of completely developed flow consitgthe balance
only between the pressure and friction forces.dthtronventional
two-phase flow and foam flow regions, the same rhpdgposed by
Gasche (1996) for the momentum equation was udeel.afjueous
foam parameters were also used by the authorsalgzmthe flow
characteristics. The model has been validated biyngushe
experimental data obtained by Lacerda, Prata agdtf&2000).

The major contribution of the work performed by Gta and
Prata (2003) was the inclusion of the energy eqodtr modeling
the two-phase flow of oil-refrigerant mixtures. Tivaitation of the
model is that the authors have used aqueous foaempters in
order to study the flow. It would be useful to ¥grieven if aqueous
foam parameters were still used, if the model caméneralized to
other oil-refrigerant mixtures, mainly for mixturesf current
engineering application.

The purpose of this work is to verify if the mathatioal model
developed by Grando and Prata (2003) can be apfoliel mixture
composed by an ester oil and refrigerant R134aikture widely
used in vapor refrigeration systems) flowing thrdoug small
diameter tube. The model was experimentally vadiddty using the
data obtained by Castro, Gasche and Prata (2008yirsg good
agreement between numerical and experimental sesult

Mathematical Modeling

The proposed model was based on the flow visu@izaesults
obtained by Lacerda, Prata and Fagotti (2000),t@dia and Gasche
(2006), and Castro and Gasche (2006), for the maxtow through
a straight long tube with constant internal diamelese results
have indicated the existence of three flow pattatoeg the tube: a
liquid single-phase region at the inlet region ok ttube, an
intermediary region of bubbly flow pattern, andoarh flow region
at the exit of the tube. Figure 1 depicts scheraliyichese flow
patterns, based on the work of Castro and Gas¢s)2

Foam flow

Single-phase flow
1

Bubbly flow

Figure 1. Flow patterns for the oil-refrigerant mix
straight long tube.

ture flow through a

The mathematical model was developed adopting dbewfing
assumptions: (i) one-dimensional, fully developed ateady state
flow; (ii) impermeable and adiabatic tube wall$i) the liquid phase
is formed by oil and liquid refrigerant, while thepor phase is
considered to be formed only by refrigerant gas) the liquid
mixture is treated as an ideal solution. Usingdyldrical coordinate
system (,z), the governing equations of the problem, which the
mass conservation, momentum, and energy conservatjoations,
can be written as the following (Dias, 2006):

1)
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az Vet dr(r Irz) @

Ldp_ _on| dp
dT pdz dz[ - h JT dz
= = (3)
dz oh

oT D

Equations (1)-(3) were written in different form&en modeling
each flow region depicted in Fig. 1.

Single-phase flow region

In the single-phase region, the pressure drop igsexh
exclusively by the fluid viscous stresses. Thuse ean simplify
Eq. (2) to:

(4)

1d
_:TE(””)

The viscous term can be represented by using theyD@ction
factor:

dp_1d
@ )=

&

220 ®)

The friction factor, f, was calculated using the correlation;

proposed by Churchill (1977), which is valid forthdaminar and
turbulent regimes:

o 12 ) 1/12
=8 (2] (62)
¢ (A+B)
16
1
A =| 2.4571 59 (6b)
T 1 4027 D)
16
_ ( 37530] (60)
Re
where the Reynolds number is defined as:
Re=—m @)
M D

The density and viscosity of the liquid phageand 44, used in

Egs. (5) and (7), respectively, depend on thegerfaint mass fraction,

w, which is defined as the mass of the liquid refrégt dissolved in
oil, my, divided by the total mass of the liquid mixtumeg,

b
3|3

®)
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The refrigerant mass fraction in the single-phdses fregion
was assumed to be smaller than the saturation wtaten, also
called solubility, wg{(p,T), which depends on the pressure and
temperature of the mixture and was calculated by(8)q Its value
must be known at the inlet of the tulvg,, in order to calculate the
density and viscosity of the liquid.

wsat—aex;{ bpj+ cexé dpJ 9)
a=3.74 10"+ 578 108 exfp i (9a)
__ 3 T - T
b=-9.25 10 exélzoj 9.21 18 e{pmﬁ (9b)
c=8.193 2.65 10 T (9¢)
0174 opr - s efp )
d=-0.174 ex (9d)
14.275 P 3854

wherewg, is given in %, p in bar, and T in °C. These equetiare
applicableto 0 < p <7 barand 0 < T < 40°C.

For the single-phase flow region, it is reasonablassume that
the flow is isothermal, which means that the terapee gradient in
Eq. (3) is zero.

Integrating Eq. (4) from an initial value of theepsure at the
inlet of the tube, one can calculate the pressuddile in the
single-phase flow region. In this case, the procedadopted was
the Euler method.

Bubbly flow region

Figure 2 schematically shows the behavior of bbehgolubility
of the refrigerant in oilwso(p,T), and the refrigerant mass fraction,
w, along the flow in the single-phase flow regiomeTrefrigerant
solubility depends on the pressure and temperatlim@nishing as
the pressure decreases and temperature incredsegrdph shows
that at the inlet of the tube, fa= 0, the mass fraction of the
refrigerant in oil,w, is smaller than its solubility for the local
pressure and temperature,(p,T). It can be seen that the
refrigerant solubility (solid line) diminishes algrthe flow as the
pressure decreases due the friction forces, wiiedfrigerant mass
fraction remains constant along the flow (dashew)liuntil it
reaches the point TR wherew = wg,(p,T). After this position, any
further reduction in the refrigerant solubility, ish is the maximum
amount of refrigerant that the mixture can keepalised, produces
the formation of bubbles, giving rise to two-phélsev.

W A

W0, T)

in

Figure 2. Refrigerant mass fraction and refrigerant
single-phase flow region.

solubility profiles in the
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The homogeneous model was used to predict the ateastics _ Xﬂv/pv’f(l‘ X)lll /o
of the two-phase flow region. In this model, theotphase flow is H= o+ (1=%)/ (15)
substituted by a single-phase flow that containeraye physical X Ry ( X) P

properties, 0 and f, which are determined by using the physical
properties of the gas phasp, and 4, and the liquid phasep
and g . Therefore, Eq. (2) for momentum balance can Iséilused.

However, there will be the influence of two terms the total
pressure gradient: the frictional force and theebarational force,
which is caused by the density change along the fle the amount From the point TR, the void fraction of the bubbly flow starts
of gas formed increases. Equation (2) for momenatance was to continuously increase in the direction. As the void fraction

written differently by using both the mass cons#@oraequation and reaches a limiting valye,, the flow pattern changes from bubbly

Equations (3) and (10) were solved simultaneouslyrovide the
temperature and pressure distributions along thélipdlow region.

Foam flow region

the Darcy friction factor, resulting in the follomg equation: to foam flow. The viscous stresg,, is the only difference between
the bubbly flow modeling and the foam flow modelifue to the
d G 2 % f @ lack of information about the viscous stress folreirigerant
ap :(:] - (10) mixture foam flow, the correlation proposed by @at\(1990) for
dz \p) dz 2pD aqueous foam was used in this work.
The friction factorf, was calculated by Eqg. (6) and the Reynolds n
number was determined by: Trz =Te+t K(—J (16)
_ 4m 11
Re= D (1) wherer, is the foam yield stresg;is the consistency parameter, and

n is the behavior index of the foam.
Isolating the viscous term of Eq. (2) and integrgtit along

The average densityp, was calculated from the properties Ofthe radial coordinate one can obtain the followéogiation for the

vapor and liquid phases as follows: shear stress:
p=ap,+(1-a)p (12) ' el f
Trzgﬂﬁwzﬂjmr:_ljg(dp/ d3 rdr (17)
whereq is the void fraction of the flow, which is defined the ratio rJidz dz '

of the gas flow cross-sectional area to the ta@ds-sectional area. 0 0

Considering the liquid and vapor phases flowingtla same
velocity, which is the basic assumption of the hgemeous model,
the local void fraction results in:

As can be observed in Eq. (17), the functipis the frictional
pressure drop, written as a function of the totakpure dropdp/dz
In the center line of the flow, far= 0, the shear stress is zero by
definition, and Eq. (17) reduces to:

1 (13)

{“(X -1%} tr, =-0(dpl 0 (18)

Assuming that the liquid mixture remains considtesaturated In the above equationg(dp/dz) always exhibits positive
with refrigerant, the local quality of the flow, can be calculated by values. Therefore, using the absolute value in EIf) and (18),
using the mass conservation of oil and refrigefagtween two one can write:
consecutive points: TR, where the mass fraction is still equal to the
mass fraction at the inlet of the tube,, and any downstream 1

position, where the mass fraction is equal to tell solubility, dul_ " T n
WsoP,T). This mass balance results in the following equator the drl ™ K g(dp/ dj 2 Te (19)
local quality:
According to the foam flow profile described by @Gt (1990)
« = Min ~ Weat( P T) (14) and depicted in Fig. 3, foam flow presents two segi a
1-Wgat(p, T) deformation region near the tube wall, where tioevfshear stress,

T.,, is larger than the foam yield stregg,and a plug flow region, in

There are many correlations to estimate the ave‘iagesity, ,L_I, which the flow shear stress is smaller than themf(weld stress.

in Eq. (11): Davidson et al. (1948pudChang and Ro (1996), Akers ntégrating Eq. (19) in both these regions sepbyatiee foam radial
et al. (1959kpud Yan and Lin (1998), Isbin et al. (1958), Cichiti  Velocity profile results in:

al. (1960), Dukler et al. (1964), Beattie and Wgal(1981)apud For the foam deformation region:

Walley (1987), and Lin et al. (1994pudWongwises and Pirompack

(2001). Considering the experimental-numerical Rtf8erence for 1 n+l n+1

mass flow rate and pressure and temperature diitriis as criterion, - 2nk N R Yn [ .r _\n 20
the correlation proposed by Dukler et al. (1964)eg by Eq. (15), u(r) =us g[n+1] 93 Te 9_2 Te (20)

produced the best results for the present model.
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For the plug flow region:

L n+
2nk N R n
U =Us+———=| g—-T 21
0 'S gl:n+l:|( g 2 e) (21)
u=0 u®0
772 I - u#0
Foam Deformation T,<T,
R %
e M
N o~ "Plug" Flow T, >Te el e
18, 1 Foam Deformation T <Te 5}
zz 7 T, 7 o
Figure 3. Representation of the Calvert (1990) foam  modeling.

In the same model proposed by Calvert (1990), tleeeesmall

layer of liquid near the wall. The author has prgabto substitute
this liquid layer by a slip velocityys, to establish the foam velocity

profile. Furthermore, the author has considered tha velocity

profile in this layer is linear, which results inetfollowing relation
for the slip velocity:

RO,
24

Ug = (22)

In order to obtain the total pressure gradient;éta mass flow
rate can be calculated using the foam velocityilenfEqgs. (20) and
(21). Thus, the mass flow rate results in:

Ry R
= J.,BLDZITI’dI’+ I[)u( r) 27zrdr

(23)
0 Ro
which can be organized as:
m=m+ mp+ m+ m (24)

where the subscripts 1, 2, 3, and 4 are usedqusfptresent the four
terms appearing after the integration of Eq. (23)Eq. (24), each

term on the right side is an implicit function bktpressure gradient
through the functiom:

= Fy( dp dg:/_”;";;@ ¢ (25)
1 n+l
s P
1 2n+1
fhg = Fa( dpf dé=—%[ A
1 3n+1
A da=—%{ gg—re} " e
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A direct solution for the total pressure drop fogi@en mass
flow rate is not possible by using Eq. (24). Theref an iterative
numerical method needs to be applied to obtairdéséred solution.
Based on an estimate value for the total pressadient,(dp/dz¥,
an updated value can be calculated by using thetdweRaphson
method through Eg. (29).

a_dp F(dp/dz)

dz  dz F'(dp/ o7

where F'(dp/ dz*) is the derivate of Egs. (25)-(28). In this work,

the pressure gradient of Eq. (29) was solved wuntilonvergence
value of 10’ was found. The simultaneous solution of Eqs. %)

(3) provides the pressure and temperature distoibsitalong the
foam flow region.

(29)

Numerical Solution Methodology

Figure 4 shows the numerical solution algorithm duder

solving the problem. The numerical procedure stavith the
definition of the tube’s geometrical parametergnfioparameters,
and inlet flow data as pressure gradient, pressmefemperature.

DATA ENTRY:
Tube geometry,
Inlet conditions,

Foam parameters,

Computational
parameters

Calculate
Weol(P: T)

Calculate NO YES | Calculate
X, O,y My Py Ky
P 1, D, 1 |

Calculate
dp/dz, (Eq. 5)
dT/dz=0

YES Estimate

0>y dp/dz*

NO

Calculate
F(dp/dz*)
F’(dp/dz*)

i =i+
Calculate "
dp/dz(Eq. 29) =T.,

dp/dz*=dp/dz,

Calculate
dp/dz, (Eq. 10)

|dp/dz*|-|dp/dz|<tol
dT/dz(Eq. 3)

Calculate
dT/dz(Eq. 3)

|
p.=pi+dp/dzAz

T, =T+dT/dzAz
z=z+Az

<

YES

<END>

Figure 4. Flowchart with the numerical solution alg

NO

orithm.
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The flow properties as refrigerant mass fractiorgndity,
viscosity and enthalpy were calculated by the ¢atians for the
liquid mixture proposed by Castro, Gasche and P{2089). All
refrigerant properties were calculated using thekage REFPROP
(MacLinden et al., 1998).

The problem was solved step-by-step along the ffmmain,
which was divided into 286 elements. The pressncetamperature
at positionz+4z, p.; and T,;; were calculated by knowing the
pressure and temperature in certain positiop; and T;, and the
appropriate equations for the pressure and temperaradients,

(dp/dz) and(dT/dz), using the Euler method, Egs. (30) and (31), are

dp‘
P+1= R+ | 42 (30)
dz|;

dT
T =T +——| 4z 31
i+1 =0 dZL (31)

Therefore, using the proposed algorithm, the pressand
temperature profile along the flow can be obtained.

Results and Discussion

Firstly, the validation of the mathematical modehsacarried
out. In this work, the validation process was acglished by
comparing the numerical results with the experirakdata given by
Castro, Gasche and Prata (2009) for a mixture ceptpof ester oil
ISO VG10 and refrigerant R134a flowing through 223mm (+0.03
mm) internal diameter tube. Table 1 presents theratjpnal
conditions of the tests performed by the authotsiclvwere used
here to validate the mathematical model. The erpantal
uncertainties for pressure and temperature measuateane +2 kPa
and 0.5°C, respectively (Castro, Gasche and Pefi@9). The
experimental uncertainties for mass flow rates mags flux are 5%
of the measured values, and the experimental waiobrt for
pressure gradients at the tube inlet is +2 kPa.

Table 1. Experimental tests used for validating the mathematical model.

Test Pin Tin r'hexp G (dp/d2)exp
(kPa) (°C) (kg/h) (kg/m’s) (kPa/m)
1 43754 296 692 2358 -37.67
8 48954 293 624 2124 -30.63
22 53927 304 726 2468 -36.92
25 59249 303 74.6 2542 -34.35
35 640.00 30.8 86.2 2947 -41.93

Figures 5 to 14 present comparisons of numerical an

experimental results for pressure and temperatisteilgitions of
these tests. The error bars in those figures adsofor the
variation of pressure and temperature during tisésfebased on
the Z criteria, and also for the uncertainty of the exgtpve
measurements, that is, the uncertainty of the pressansducer
(Im = £2 kPa) and temperature transducer (Im = %0)5 The

final result was grouped as +f{+(Im)?*2 In order to obtain the the

um, anda;, = 0.6. The foam parameters suggested by Grando and

Prata (2003) were the best values encountered byaththors
considering the comparison between the simulatisults and the
experimental data obtained by Lacerda, Prata amwtEg2000)

for the mineral 0il/R12 mixture flow.

450
= Experimental
400+ Dukler
3504
‘T 300
% ] p,=437.54 kPa
o -
250 4 T,=29.6 C
1 w =0.6154w
in sat
2004 G=1956 kg/m’s
150 T T T T T T T T
0 1 2 3 4 5 6
z(m)
Figure 5. Pressure distribution comparison for test 1.
30
294
28+ = Experimental
7] Dukler
© 6]
=% p,=437.54 kPa
254 T,=296T
24 w, =0.6154w_
1 G=1956 kg/m’s
234
T T T T T T T T T
0 1 2 3 4 5 6
z(m)
Figure 6. Temperature distribution comparison for t est 1.
500 .
= Experimental
450+ Dukler
4004
E 350
X p. =489.54 kPa
S 3004 in
T,=293T
25094 w =0.716w
n sat
_ 2
2004 G=2141 kg/m“s
150 T T T T T T T T
0 1 2 3 4 5 6
z(m)

Figure 7. Pressure distribution comparison for test 8.

The values of foam parameters were chosen takiogaiccount
range of values suggested by Gasche (1996)chwiviere

numerical results, the foam parameters suggeste@rapdo and prescribed based on aqueous foam parameters. Gresréfe foam

Prata (2003) were used;= 1 Pa,x=1.168 Pa'sn=0.4,4=5.0
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parameters suggested by Grando and Prata (2003)dependent
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of the experimental data used in this work to \atkdthe model for flows through a 3.22 internal diameter, 6 m lonetuln order to
the ISO VG10/R134a mixture flow. As the aqueous nfoa avoid outgassing (bubble formation) before the itiqumixture

parameters were used as basic values for both mbdehuse of the reached the tube, a mass flow meter was not us€hbtyo, Gasche
lack of information for oil/refrigerant mixture fozs, this is a and Prata (2009) to measure the mass flow rateeddsthe mass

research area of great interest for future works.

30
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Figure 8. Temperature distribution comparison for t est8.
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Figure 9. Pressure distribution comparison for test 22.
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Figure 10. Temperature distribution comparison for test 22.

Two points are highlighted in these comparison fiitst point
is related to the experimental data obtained byrGa&asche and
Prata (2009). In this experimental work, a satufatg@xture — a
mixture withw = Wg,{pin, Tin) — IS Stored in a high pressure tank and
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flow rate was calculated by using the linear pressgradient
measured at the inlet region of the flow, whererttigture was still
in the liquid state and the flow was completely eleped. The
average velocity used to determine the mass flote raas
calculated using Eq. (32):

1/2

V= Z_D(_@j (32)
A L dz)eyg

where D is the tube diameterg is the liquid mixture density
calculated at the inlet temperature, pressure, aeftigerant
solubility, f is the friction factor calculated by the equatmoposed
by Churchill (1977), andip/dzis the pressure gradient along the
flow direction measured at the linear portion of tpressure
distribution. The Reynolds number used to calcuthe friction
factor was defined as:

Re:p'TVD (33)

where 4 is theabsolute viscosity of the liquid mixture at theeinl
temperature, pressure, and refrigerant solubility.
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Figure 11. Pressure distribution comparison for tes t 25.
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Figure 12. Temperature distribution comparison for test 25.
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Figure 13. Pressure distribution comparison for tes t 35.

32
30 b4 '
= Experimental
281 Dukler
26+
o -
= 2] p,,=640.00 kPa
T,=30.8T
224 w,=0.63w_,
G=2710 kg/m’s
201 E
T T T T T T T T T T T
0 1 2 3 4 5 6

z(m)

Figure 14. Temperature distribution comparison for test 35.

As can be seen in Egs. (32) and (33), the expetahenass
flow rate was calculated by using the physical props of a

phase flow does exist in the experimental testsiist be predicted
by the mathematical model.

One way to model the metastability phenomenon dbatirs in
the single-phase flow region is to assume thatdfidggerant mass
fraction at the inlet of the tube is smaller th& dolubility, w, =
@WsaPin, Tin), With @ lower than 1, as shown in Fig. 2. After the
bubble inception point, TR, both the liquid mixture and refrigerant
gas were considered to be in thermodynamic eqiuititr

Therefore, the procedure for obtaining the numéresults has
to take into account both of these effects. Thio¥ahg algorithm
was chosen to solve the problem:

1. The experimental inlet
(dp/dz)ys
An initial value for the parametggrwas estimated,;

The inlet refrigerant mass fraction was calculaved,

The mass flow rate was determined;

The total pressure and temperature drops (presande

temperature drops along the entire tube) were coedpa

with the experimental data;

6. If these results were within a previous specifietbrance
then the solution was found;

7. Contrarily, one must return to item 2 and iteratgiluthe
desired convergence is reached.

pressure gradient was fixed,

akrwd

For test 1,p = 0.6154 was the factor value that produced the
best agreement between the experimental and nuaheesults for
the given inlet pressure gradient. In this case, rttass flow rate
calculated was 57.3 kg/h. In Table 1, one can motltat the
experimental mass flow rate calculated by CastasdBe and Prata
(2009) was 21% larger (69.2 kg/h). Despite thidedénce, it is
important to point out that the inlet pressure gratlis equal in both
cases.

Considering all the results shown in Figs. 5-14¢ otan
conclude that the mathematical model was able itatdy predict
the overall flow characteristics. However, for lack specific
information for the ester oil ISO VG10-refrigeraRi34a mixture,
the foam parameters suggested by Grando and F2@@3)(were

saturated mixtureg and 4, which are dependent on the inletemployed in all tests. It would be important tolgmea the numerical

solubility, Wsa{Pin,Tin). However, the numerical
obtained for the same inlet experimental presstedignt, but for a
lower inlet refrigerant mass fractiow, < Wga(pin, Tin)- AS the mass
flow rate is dependent on the refrigerant masstitrac the

numerical mass flow rate is different from the expental one.

Nevertheless, the inlet pressure gradient is thmesdor both

experimental and numerical results. The reasoru$img a lower
refrigerant mass fraction at the inlet of the fldw obtain the

numerical results is the second point to be pointed

For a saturated mixture in the tank, it would bpested that the
bubble formation started exactly at the inlet of tube, after the
very first pressure drop occurred. However, thealization results
have shown the existence of a 3 m long single-pfiage in the
inlet region of the tube. This type of result cltaeaizes the
metastability phenomenon.

For a pure substance, metastable states can existon-
equilibrium condition when vapor is sub-cooled beloits
equilibrium saturation temperature or liquid is etpeated above its
equilibrium saturation temperature for a given pues.

In the case of the mixture, it is assumed that shwurated
mixture is in thermodynamic equilibrium at the inkf the tube.
Therefore, if the mixture remained in thermodynamguilibrium
continuously, any pressure drop would cause buinigieption due
to the solubility reduction of the refrigerant i, and the bubbly
flow would start as soon as the flow entered tHeetuAs single-

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright
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results wereresults for the different values of these paransaterder to verify

their influence on the predictions.

The foam vyield stress, was varied from 1 to 4 Pa, and the
liquid layer thicknessg, was modified from 1 to 1Qm, resulting
in insignificant changes in the pressure and teatpes
distributions.

The limit value of the void fraction for foam flownception
varied from 0.5 to 0.8. The results showed thatirffuence is
minimal for the lower inlet pressure and increafeshigher inlet
pressures, as shown in Figs. 15 and 16. The bége ¥ar this
parameter is 0.7, when the pressure and temperptofges are
taken into account.

Parametem varied from 0.4 to 0.433 and presented major
influence for test 35, as shown in Figs. 17 andtl@&n be observed
that the best agreement was obtaineas10.433.

Parameterx plays the most important role in all of them.
Figures 19 and 20 depict pressure and temperatstgbdtions
for k= 1.168 Pa'sandx = 2.5 Pa'% It can be noticed that the best
agreement was obtained for the larger values.

It is important to mention that the correct valwdsthe foam
parameters must be determined experimentally f& tpe of
mixture. This issue will be investigated in theufg.
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Figure 15. Influence of the  aim in the pressure distribution for test 35.
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Figure 16. Influence of the a;m in the temperature distribution for test 35.
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Figure 17. Influence of the parameter  n in the pressure distribution for test 35.

Conclusions

In this work, the mathematical model proposed bgr@o and
Prata (2003) was used to simulate the ester oil\'&Q0-refrigerant
R134a mixture two-phase flow through a straigh322m internal
diameter, 6 m long tube. Based on experimental fiismalization
results, three flow patterns were considered tdligrehe flow: an
inlet liquid single-phase region, an intermediagbbly flow region,

and a foam flow region at the end of the tube.rtfeoto simulate the

322 / Vol. XXXIII, No. 3, July-September 2011

Dias et al.

single-phase flow region at the inlet of the flolve metastability

phenomenon was considered. The homogeneous flowelmod

together with the viscosity correlation given byKar et al. (1964)
was used to simulate the bubbly flow region. Thenidlow model
proposed by Calvert (1990), with aqueous foam petars, was
used to calculate the foam flow region.

Results for mass flow rate, pressure and tempergiusfiles
along the flow were numerically obtained through thathematical
model and compared to experimental data from Ca6tasche and
Prata (2009), showing good agreement. The majocrepancy
between the mass flow rate data was about 21%.

For lack of specific information about the foam graeters for
the ester oil ISO VG10-refrigerant R134a mixturgueous foam
parameters were employed in all tests. The par&natralysis
performed in this work indicates that the paransateandx play the
major roles in the simulations. Therefore, thesmpaters should
be better known through experimental data in otdeznhance the
numerical results obtained by the proposed matheatanhodeling
for both oil-refrigerant mixtures studied in thi®mk.

These results show that the mathematical modeliordged well
for predicting the overall characteristics of thatee oil-refrigerant
R134a mixture. As the same model has also beemated by
Grando and Prata (2003) for another type of mixttiris is a good
indication that it can be generalized for predigtithe two-phase
flow with foam formation for other oil-refrigeramixtures, mainly
if the actual values of the foam parameters ard@yag.

32
304
p,=640.00 kPa
28+ T,=30.8C
264 = Experimental
n=0.4 w, =0.63w_
5 24+ G=2710 kg/m’s
N ----n=0.411 w_=0.6095w
= 224 in sat
G=2753 kg/m’s
20 o n=0.422 w, =0.5949w_, '
184 G=2785 kg/m’s
—==n=0.433 w, _=0.58274w_
161 G=2811 kg/m°sh
T T T T T
0 1 2 3 4 5 6
z(m)
Figure 18. Influence of the parameter n in the temperature distribution for
test 35.
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Figure 19. Influence of the parameter  k in the pressure distribution for test 35.
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