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Simulation on the throttling process of refrigerant flowing through adiabatic capillary tubes.

Public summary
m Homogeneous flow models and separated flow models with and without metastable flow are compared in detail.
m The optimal hypothesis models for different R600a mass flow rate ranges are investigated.

m The optimal combinations of friction factor and two-phase viscosity correlations for each model are recommended.
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Abstract: Capillary tubes have been widely used as expansion devices in small-scale refrigeration and heat-pump systems.
However, adiabatic flow through a capillary tube is extremely complicated, despite its simple geometry. This work
presents a comparative study on the homogenous flow model and separated flow model, which were used to simulate the
flow of isobutene (R600a) through adiabatic capillary tubes. The influence of different combinations of friction factor and
two-phase viscosity correlations, and the effect of metastable flow on the flow characteristics were investigated. The pre-
dicted mass flow rate was lower when the separated flow model was used. The separated flow model performed better in
predicting a mass flow rate over 2 kg-h™'. The Colebrook friction factor correlation combined with the Dukler or McAdams
viscosity correlation yielded smaller deviations of 5.43%, 5.49% and 5.44%, 5.43% when ignoring and considering the
metastable flow, respectively. Additionally, the homogenous flow model adopting the Bittle and Pate friction factor and
Dukler viscosity correlations achieved the highest accuracy with a mass flow rate under 2 kg-h™'. The mean error was
4.12% in the case without metastable flow, and 3.37% in the case with metastable flow.

Keywords: capillary tube; adiabatic flow; friction factor; two-phase viscosity; homogeneous flow model; separated flow
model; metastable flow

CLC number: O551.3 Document code: A
Nomenclature Subscripts Greek letters Abbreviations
A cross-sectional area (m”) c critical . . ozone depletion
d differential sign cond condenser @ void fraction ODP potential
dL control volume length (m) egl equilibrium two- p density (kg-m™) GWP global warming
phase potential
D inner diameter (m) eva evaporator T shear stress (N'm) CFCs chlorofluorocarbons
S friction factor g vapor phase o surface tension N-m™) ~ HCFCs hys;g(c;:rlg(r)?::u-
G mass flux (kg'm?s™) Litl... interface number
of the control & tube wall roughness (m) HCs hydrocarbons
volume H dynamic viscosity (Pa-s)
h specific enthalpy (J-kg™) in inlet
k Boltzmann constant 1 liquid phase 1 Introduction
K entrance loss coefficient m average
L length (m) mgl metastable two- To mitigate environmental issues, the refrigeration industry
phase has gradually discarded the usage of CFC and HCFC refriger-
m mass flow rate (kg's™) ml metastable liquid ants owing to their higher ODP and GWP. Nowadays, re-
phase searchers worldwide are focusing on environmentally benign
P pressure (Pa) out outlet . . . .
Re Reynolds number sat saturated refrigerants!’. The thermophysical properties” ™ of these en-
slip ratio s subcooled vironmentally-sound fluids and their uses have been com-
. prehensively investigated. Hydrocarbon refrigerants, such as
temperature ('C) sg saturated vapor . . .
phase isobutene (R600a), have great potential as alternatives to con-
U wetted perimeter (m) sl saturated liquid ventional refrigerants. These refrigerants have beneficial per-
phase formance owing to their lower critical pressure, higher en-
‘I}/ SPGCIﬁCIV‘{]ume (‘f‘l"kg") total total thalpy difference between the two-phase regions, zero ODP,
velocity (m's™) vap vaporization and lower GWP.
mass fraction W wall

Capillary tubes are commonly used to expand and control
the flow of refrigerants in small cooling and heating systems,
including domestic refrigerators'”, miniaturized cooling

mass fraction of
saturated phase
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systems!"'!, cryogenic systems!” ¥, and heat pump systems!".
Typically, the geometry of a capillary tube is somewhat
simple with a diameter ranging from 0.5 mm to 2.0 mm and
length ranging from 2 m to 6 m!?. The capillary tube has
wider applications owing to its simplicity, reliability, and low
cost. However, the flow through the capillary tube is very
complicated owing to the simultaneous pressure drop and
phase change of the refrigerant!”. Because of the drastic
change in the refrigerant properties in a two-phase flow
through a capillary tube, it is impossible to describe the entire
throttling process analytically and explicitly!".

Many previous studies have adopted finite-volume-based
methods!”*", empirical correlations””, and algebraic equa-
tions™ to predict the thermal and fluid-dynamic characterist-
ics, and investigated suitable sizes for designing the capillary
tube. Among the three above-mentioned approaches, the fi-
nite-volume-based method is the only method that can simu-
late the pressure and temperature distributions along a capil-
lary tube, and can also predict the mass flow rate or tube
length, which is the main objective of empirical correlations
and algebraic equations with given boundary conditions.

In recent decades, several numerical models based on finite-
volume methods have been established and modified by re-
searchers to rapidly simulate the flow process. Khan et al.!'",
Dubba and Kumar™! extensively reviewed previous numeric-
al investigations. Homogeneous and separated flow models
have been widely used in the two-phase region in the simula-
tion of flow through a capillary tube. Jadhav and Agrawal®"
numerically investigated the flow characteristics of straight
and spiral adiabatic capillary tubes using a homogeneous-
flow model. Compared with straight tubes, a reduction of
22% and 15% in the mass flow rate was observed in spiral
tubes with CO, and R22 refrigerants, respectively. Alok and
Sahu™! employed a homogeneous model for computation us-
ing ANSYS CFX with user-defined properties. The mean de-
viations in the mass flow rates of R12, R22, R134a, R410A,
and R32 in the straight capillary tube were compared to ex-
perimental data reported in the literature. Recently, Jadhav
and Agrawal” conducted a numerical investigation using a
homogeneous model, and compared the flow behavior of
adiabatic spiral and helical capillary tubes in a CO, transcrit-
ical system. The reduction in the mass flow rate of the spiral
capillary tubes was higher by 18% compared with that of hel-
ical capillary tubes. Zareh et al.’” used a separated model to
simulate the flow of R12, R22, and R134a refrigerants
through straight and helically adiabatic capillary tubes, and
found that the mass flux, coiled diameter, and tube diameter
increased linearly with the degree of subcooling. However,
the above-mentioned models did not consider the metastable
flow phenomenon. Wang et al.” developed a separated flow
model considering metastable flow to investigate the flow in
the coiled adiabatic capillary tubes of a CO, transcritical sys-
tem. Their results revealed that the metastable flow region has
negligible influence on the calculated capillary length, owing
to the large under-pressure caused by high inlet pressure.

The homogeneous flow model assumes that the liquid and
vapor phases have the same velocity, and that the fluid prop-
erties of the mixture can be considered as the mean proper-
ties of the liquid and vapor phases. In contrast, the separated

flow model considers the velocity slip and property differ-
ences between the liquid and vapor phases. Despite the uni-
versal utilization of the two models, few comparative studies
have been conducted. Agrawal and Bhattacharyya® used the
homogeneous flow and separated flow models and compared
the flow characteristics of adiabatic capillary tubes in a tran-
scritical CO, heat pump system. Their results revealed that
the maximum discrepancy between the two models was ap-
proximately 8%—11%. However, the models were validated
by considering experimental data for R22 only, because CO,
data were not available. Another comparative study using
three different refrigerants was conducted by Furlong and
Schmidt™”. In their study, the separated flow model outper-
formed the homogeneous flow model in all cases. The mean
error of the separated flow model was 5.77%, 4.57%, and
8.03% for R134a, R600a, and R744, respectively. However,
the study mentioned above considered neither the effects of
metastable flow nor different combinations of friction factor
and two-phase viscosity correlations.

Lorbek et al."" experimentally investigated the flow visual-
ization of R600a flowing through a straight capillary tube
made of fluorinated ethylene propylene polymer. An increase
in the average velocity of the vapor phase was observed as the
mass flow rate increased, and the difference between the velo-
city of the vapor and liquid phase had the same tendency. Ad-
ditionally, different surface textures had different effects on
the flow pattern and flow homogeneity. Therefore, it is im-
portant that an appropriate flow pattern assumption and nu-
merical model are used in the simulation of flow through ca-
pillary tubes. However, simulation studies considering the ef-
fect of the mass flow rate on the accuracy of different models
have not been conducted to date.

To investigate the optimal mass flow rate ranges for both
the homogenous flow model and separated flow model, this
study used two models to conduct a comparative investiga-
tion on R600a flowing through adiabatic capillary tubes with
and without a metastable flow region. Compared with previ-
ous simulation studies, this study used more comprehensive
models and easier calculation methods. The predicted mass
flow rates were compared to the experimental data obtained
by Melo et al.“” and Schenk and Oellrich!"" to assess the mod-
el accuracy. Finally, this study assessed the effects of various
friction factor correlations and two-phase viscosity correla-
tions.

2 Model descriptions

Fig. 1 shows the schematic diagram of an adiabatic capillary
tube in the cases with and without metastable flow. In the
case of metastable flow, all four regions are considered; in the
case without metastable flow, the metastable liquid region
and metastable two-phase region are ignored.

In both cases, the capillary tube is divided into small con-
trol volumes in terms of length, as shown in Fig. 2. The dif-
ferential governing equations are solved discretely for every
small control volume. To simplify the establishment of the
numerical models, the following assumptions are made.

(A1) The capillary tube is straight and horizontally placed;
therefore, the gravitational potential energy can be ignored.
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(A2) The inner diameter and roughness are constant along Momentum conservation equation:
the entire capillary tube. . . . . AP d(pAV?)

(A3) The flow through the capillary tube is one-dimension- Ad—L + —dL +7,U=0, 3)
al, adiabatic, steady, and has no input or output.

(A4) The refrigerant is free of impurities. where the wall shear stress is modeled as follows:
These assumptions may result in certain deviations between foV°
the simulation and the actual situation; therefore, the model T, = 'DT 4)
accuracy is a fundamental point to be investigated.
2.1 Entrance sudden contraction Energy conservation equation:
As shown in Fig. 1, owing to the sudden contraction between d [m (h + Kz)] =0. (5)
the condenser and the inlet of the capillary tube, a local pres- 2

sure loss must exist. The pressure loss at the entrance, which
is caused by sudden contraction, can be calculated as
follows":

2

pV
2 9

Pes— P, = (1+K) (1)
where K is the entrance loss coefficient, which is equal to 0.5
for a sharp edge entrance.

2.2 Subcooled liquid region

After the subcooled liquid refrigerant enters the capillary
tube, the pressure along the tube decreases under the action of
friction. The subcooled-liquid region is defined as the region
from the entrance to the point where the saturated pressure
corresponds to the inlet temperature (Pg;,). The mass, mo-
mentum, and energy conservation equations for the subcooled-
liquid region are expressed as follows:

Mass conservation equation:

dm = d(GA) = d(pVA) = 0. ©)

(2)

II: Metastable liquid region III: Metastable two-phase region

Condenser Evaporator

Capillary tube

I: Subcooled liquid region
(®)

IV: Equilibrium two-phase region

I: Subcooled liquid region

Condenser Evaporator

Capillary tube

II: Equilibrium two-phase region

Fig. 1. Schematic diagram of adiabatic capillary tube. (a) Case with meta-
stable flow. (b) Case without metastable flow.

i i+1

dz;

Fig. 2. Control volume of adiabatic capillary tube.

5-3

Many previous studies” ™! have assumed that the sub-
cooled liquid refrigerant is incompressible with constant spe-
cific volume and specific enthalpy over the entire region.
Hence, the length of the subcooled-liquid region can be dir-
ectly calculated using the momentum conservation equation.
To improve the calculation accuracy, this assumption was not
adopted in this study.

For every small control volume shown in Fig. 2, the differ-
ential governing equations can be dispersed and solved. When
the control-volume pressure drop is known, the length of
every control volume in the subcooled liquid region can be
determined as follows:

2D
Gzﬁc.m Viem

Therefore, the length of the entire region (L) can be ob-
tained by accumulating all control volume lengths. The cor-
relations used to calculate the friction factors are discussed in
the next section.

2.3

When the pressure drop along the capillary tube decreases to
Py, in, the refrigerant begins to evaporate. Actually, the initial
point of evaporation (P,,,) is somewhere after Py, i, which
means that the evaporation is delayed owing to the surface
tension of the refrigerant. The region from Py, i, to Py, is
defined as the metastable liquid region wherein the liquid re-
frigerant is superheated. The difference in the value
(Psat, inPyap) between the two above-mentioned pressures is
called the under-pressure.

To the best of the authors’ knowledge, a precise method for
calculating the under-pressure has not been proposed. The
most commonly used formula for calculating the under-pres-
sure has been proposed by Chen et al."", and is based on nuc-
leation theory; the formula is:

M = ().679( Ve )Reo.w(&)o.zos(

o2 T.

AL, = [4P -G (v, —v)]. (6)

Metastable liquid region

-3.18

D

5)
(7

where AT, is the degree of subcooling, and [ is the refer-

ence length defined as:

kT,

i

D = x 10*. ®)
The refrigerant properties in this region correspond to the
outlet liquid temperature of the subcooled-liquid region. The

governing equations of the metastable liquid region are the
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same as those of the subcooled-liquid region. Therefore, the
total length of the metastable liquid region can be obtained
using Eq. (3), as follows:

_ 2D (PsaLin _Pvap)

L, =
G [V

)

2.4 Metastable two-phase region

The metastable two-phase region begins at the point where
the first bubble appears; that is, at the point where the refri-
gerant reaches thermodynamic equilibrium. Feburie et al.”
considered this region as a three-phase region, including su-
perheated liquid, saturated liquid, and saturated vapor. The
mass fraction of the vapor phase (x,) and mass fraction of the
saturated phase () is introduced to describe the components
of this region:

PO B— (10)

- ’
My + My + M,

my +m,

y= (11)

My + My + 1,

The bubbles are surrounded by a saturated liquid, whereas
some superheated liquid is dispersed between the bubbles.
Heat transfer and mass transfer occur simultaneously between
the superheated and saturated phases owing to temperature
differences. The mass fraction of the saturated phase can be
determined using the following mass-transfer equation®™:

L
dL

=0.02(%)(1 —y)(%)m. (12)

2.4.1 Homogenous flow model

For the homogenous flow model, the governing equations of
the two-phase region are the same as those of the liquid re-
gion, owing to the uniformity of the velocities of the liquid
and vapor phases. Therefore, variable L can be eliminated by
combining Eqgs. (3) and (12) to simplify the solution of the
equation. The equation dispersed in the control volume is:

fmgl.mG2vmgl,m [ln(l _yi+]) - ln(l _y,)]
0.16

(13)

P.—P. 025
[Pm _P["‘Gz (Vies _V/)]( - ) .

Pc_Psal

The average specific volume and specific enthalpy of the
metastable two-phase refrigerant can be calculated using the
weighted average value of the three phases, as follows:

hmgl = (1 _y)hml + (y_xg)hsl +xghsg’ (14)

Vg = (1 =)V + (V= X,) Vg + X,V (15)

In this region, the properties of the superheated liquid are
the same as those in the metastable liquid region, and the

properties of the saturated liquid and vapor correspond to the
local pressure. The two above-mentioned equations can be
substituted into the dispersed energy conservation equation:

24,2

G*v;
h;+ 2 = =N+ Vi (h<1,i+] - hm]) + Xgivi (hsg.i+l _hsl,i+1) +

G’ [le t Vi (VSI.HI - le) + Xgin1 (ng.iﬂ — Valis1 )]
2

(16)

Egs. (13) and (16) have the common unknown variables
Xg;+1 and y;; in every control volume of the metastable two-
phase region. Therefore, all parameters can be obtained by it-
eratively solving the two equations. The average temperature
of this region can be calculated using the weighted average
temperature of the superheated and saturated phases:

Tog == T +yT,,. (17)

The total length of the metastable two-phase region (L)
can be calculated using the method used for the subcooled-
liquid region.

2.4.2 Separated flow model

In the separated flow model, the flow is segregated into two
streams: liquid and vapor. The separated flow model is the
most valid model for annular flow patterns, owing to its con-
sideration of various flow patterns®!. The mass, momentum,
and energy conservation equations in the two-phase region
are:

Mass conservation equation:

dm=d(VA)+d(p,V,A,) =0. (18)
Momentum conservation equation:

(A+A )d_lD + d(plA]W +pgAng2)
L dL

+7,U=0.  (19)

For the annular flow pattern, the wall shear stress is defined
as follows:

2
r, =120 (20)
8
Energy conservation equation:
Vi 5
d[m.(hl+71)+mg(hg+7g)]=0. (1)

The mass flow rate and velocity of the two phases are func-
tions of the vapor-phase mass fraction and void fraction, re-
spectively:

m =GA(l-x,), (22)
my, = GAX,, 23)
Vl:G(l—xg)vg, (24)
l-a
Gx,v,
= %. (25)
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The void fraction calculation adopts the Premoli For the separated flow model, the equation becomes:
29, ,,(,]: , .
sg,i ski
XV, xg.ihsg,i +(1=x)hy, + Xgi =4 (1 — Xgi - =
=— ¢%¢8 26 2 2
¢ (I-x)wS +x,v, (26) 2 , (33

where the slip ratio between the two phases is given by the
Chisholm correlation™ >

osf

In the metastable two-phase region, the superheated liquid
is assumed to have no slip against the saturated liquid. There-
fore, the specific volume and specific enthalpy values of the
liquid phase in this region are the average values of the super-
heated and saturated liquids. The following discrete equation
can be obtained after rearranging and dispersing Egs. (12) and

@7

(19):
fmgl.mG2(1 _xg,m)zvl,m [ln(l _yH])_ln(l _yt)] _ Psa[_Pm OIZSX
0.16 P.—-P,
P, —PA+G (1 —Xg il )Zvl.m + xg.i+12ng.i+1 _ (1 _xg.i)zyl.i _ xg,izvsg,i .
1-a,, (o] I-a; @;

(28)

The discrete form of the energy conservation equation in
the metastable two-phase region is expressed as follows:

2 2
Xy + (= ) hag+ (L= s 5 + (1= 0,) =

Vszg i+l 12' 1
Xg i hsg,iﬂ Vi1 —Xi1) hsl,m H1=yis) B + X il T + ( 1 —Xgil ) -

(29)

For the convenience of programming, variables x,,,; and
V41 can be obtained iteratively by combining Egs. (28) and
(29) instead of using the matrix solution. The average temper-
ature and total length of this region are calculated using the
same method as that used for the homogenous flow model.

2.5 Equilibrium two-phase region

When the entire superheated liquid enters the saturated state,
which means that the mass fraction of the saturated phase (y)
equals unity, the refrigerant flow reaches equilibrium. To de-
scribe the refrigerant state in this region, only the mass frac-
tion of the vapor phase (x,) is required. The temperature of
this region equals the saturated temperature corresponding to
the local pressure.

For the homogenous flow model, the average specific
volume and specific enthalpy are expressed without meta-
stable liquid items, as follows:

heg = (1 = x,) by + x,hy, (30)

(€2))

Ve = (1 = x,) Vi + 1,V
Hence, the discrete energy conservation equation is:

G*?

W+ ; G’ [v].[+l + Xg i1 (Vg,m - VI.HI)]

2

i ) = Dy + Xgir1 (hg.i+l _hl.m)’
(32)

5-5

sg.i+1 sLi+1

+(1

xg.i+1hsg.i+l +(1=x) by + Xgit1 - xg,i+l)

2 2

Variable x, ., can be obtained based on Eq. (33), and all oth-
er parameters can be obtained accordingly. Similarly, the total
length of the equilibrium two-phase region (L) can be calcu-
lated using the momentum-conservation equation.

2.6 Choked flow conditions

Choked flow generally exists at the exit of capillary tubes.
The choking phenomenon of the refrigerant in the capillary
tubes is similar to the isentropic flow of gas passing through a
converging nozzle. When the refrigerant reaches the choked
flow condition, the Mach number equals unity and the en-
tropy of the refrigerant reaches its maximum value. Most im-
portantly, once the flow reaches the choking condition, the
downstream pressure does not influence the mass flow rate.
Therefore, the maximum mass flow rate occurs in every capil-
lary tube with a fixed tube length.

Several criteria for detecting choked flow conditions, such
as entropy, Mach number, and length criteria, have been pro-
posed. Among them, the length criterion derived by Chung®”
from the entropy criterion is the easiest to apply in the pro-
posed numerical models because the only required physical
parameter is the control volume length. The flow reaches the
choked condition when the calculation result of the control
volume length in the equilibrium two-phase region reaches
zero or a negative value. In the present study, this criterion
was selected because of its simplicity and high accuracy.

3 Friction factor and two-phase viscos-
ity correlations

3.1 Friction factor correlations

For homogenous or separated flow models, the friction factor
is a key factor for accurately predicting the characteristics of
refrigerants flowing through capillary tubes. Three different
friction factor correlations were assessed and compared using
the proposed model. The three friction factor correlations™”
are:

Colebrook correlation:

1 .
LV A (34)
i D" ke F
Churchill correlation:
g \” | +
Al
Re]  (A+B):
where
16
A=1{2457In ! (36)
' ( 7 )” 027¢ |[
—| +
Re D
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37530\" Y oo S
_ : Hungt = ; (44
BT @7 = ) :
Bittle and Pate correlation: where
-y y—xX
f=023Re . (38) Inp, = ( 7 )lnuml +( : )lnusl. (45)
- X, 1-x,

Both the Reynolds number and tube wall roughness are im-
portant parameters for calculating the friction factor.
However, the Bittle and Pate correlations only consider the
influence of the Reynolds number.

3.2 Two-phase viscosity correlations

Dynamic viscosity is a crucial property owing to its effect on
fluid motion and friction. In both models, the viscosity of
the liquid phase is used to calculate the Reynolds numbers in
the subcooled liquid and metastable liquid regions, whereas
the average viscosity of the liquid and vapor phases is used in
the metastable two-phase region and equilibrium two-phase
region. Therefore, an appropriate viscosity correlation is im-
portant for accurately simulating capillary tube flow.

There are four classical two-phase viscosity correlations'”.
The Cicchitti correlation deviates from reality, therefore, the
three following correlations were adopted:

McAdams correlation:

L _(-x) x

; (39)
l‘leg] #l #g

Dukler correlation:

e = (1 - xg) i + XgVelly : (40)
(1 =x)v +x,v,
Lin correlation:
MM,

Meg] = ] (4 1 )

M+ XE;A (/Jl _:ug) )

For the equilibrium two-phase region, the three above-
mentioned correlations can be used directly to calculate the
average two-phase viscosity. Nevertheless, the average vis-
cosity of the metastable two-phase region must include the
viscosity of the superheated liquid. Contrary to previously es-
tablished models'****, this study introduced three-phase mixed
methods for the first two correlations. For the Lin correlation,
the mixed viscosity of the superheated liquid and saturated li-
quid was determined before the results were input into Eq.
(44) to calculate the metastable two-phase viscosity. The av-
erage viscosity correlations for the metastable two-phase re-

gion are:
McAdams correlation:
1 1- — X, .
L=y box) % 42)
l’lmg] l’lml Msl ﬂsg
Dukler correlation:
1= V)Vt + (Y — X,) Vafly + X, Viofds
#mg]:( V) Vel + (v g) Mg+ Xy g/lg; (43)
(1= v+ (= x) vy + X,V
Lin correlation:

4 Solution procedure

The accuracy of the capillary tube model can be assessed and
compared using the mass flow rate as the comparison para-
meter instead of other parameters, owing to the drastic pres-
sure change near the capillary tube exit™'. Therefore, in this
study, mass flow algorithms were implemented in both the
homogenous flow model and separated flow model. The ex-
perimental data obtained by Melo et al."” include the con-
denser pressure (P,,,q), evaporator pressure (P,,), degree of
subcooling (47,.), and mass flow rate (m). Schenk and Oell-
rich"™ measured the inlet pressure (P;,), inlet temperature
(T,,), outlet temperature (7,,), degree of subcooling (47T,.),
mass flow rate (m), and saturated pressure corresponding to
the outlet temperature (Py,,,). Therefore, various differences
exist between the algorithms used to obtain these two sets of
data. Additionally, the data obtained by Melo et al.’” are
based on high condensation pressures, and the mass flow
rates are over 2 kg-h™. In contrast, the data obtained by
Schenk and Oellrich!'® are based on lower mass flow rates,
and there is no tube wall roughness parameter in their data.
Additionally, we used the median of the data obtained by
Melo’s team and the properties of R600a were calculated us-
ing REFPROP 9.1,

4.1 Mass flow rate algorithm in case without metastable
flow

The friction factor depends on the mass flow rate; therefore,
the algorithm requires an initial estimate of the mass flow
rate. The length of the capillary tube was calculated using the
prescribed pressure drop (4P). In the case without metastable
flow, the total length of the capillary tube (L) is the sum of
the length of the subcooled liquid region (L) and length of
the equilibrium two-phase region (L.y). The calculated total
length was compared to the real capillary tube length, and the
initial mass flow rate was continuously adjusted until the two
lengths were equal. Fig. 3 shows the flowchart diagrams of
the mass flow rate algorithm in the case without metastable
flow.

4.2 Mass flow rate algorithm in case with metastable
flow

In the case with metastable flow, the total length of the capil-
lary tube (L) consists of the lengths of all four regions.
Thus, the calculation of the middle two lengths was added to
the mass flow rate algorithm, as shown in Fig. 4.

5 Results and discussion

5.1 Comparison of empirical correlations

Fig. 5 shows the comparison of the viscosity distributions
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Fig. 3. Flowcharts of mass flow rate algorithm in case without metastable flow. (a) Algorithm for data of Melo et al.'”. (b) Algorithm for data of Schenk

and Oellrich!",
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Fig. 4. Flowcharts of mass flow rate algorithm in case with metastable flow. (a) Algorithm for data of Melo et al."”. (b) Algorithm for data of Schenk and
Oellrich!.

viscosity value in the two-phase region, while the viscosity Hence, the smallest mass flow rate was calculated using the

value calculated by the Dukler correlation was the smallest. Lin correlation, and the largest mass flow rate was calculated

The maximum discrepancy between the viscosity values cal- using the Dukler correlation.

culated by the two correlations was approximately 54% at the Additionally, the viscosity calculated by the McAdams and

point where the tube length was approximately 2.25 m. Dukler correlations in the metastable two-phase region
5-9 DOI: 10.52396/JUSTC-2021-0130
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Fig. 5. Comparison of different viscosity correlations.

changes more rapidly compared with that calculated by the
Lin correlations. Therefore, metastable flow is more influen-
tial when using the McAdams and Dukler correlations to cal-
culate the two-phase viscosity.

Fig. 6 shows the friction factor distributions along the ca-
pillary tube calculated using the Dukler viscosity correlation
and different friction factor correlations with metastable flow
in both the homogenous flow model and separated flow
model.

In the subcooled liquid region and metastable liquid region,
there is no considerable difference between the friction
factors calculated by the three correlations. Moreover, the val-
ues remained approximately constant throughout the entire li-
quid region. When the flow reached the two-phase region, the
friction factors calculated by the three correlations suddenly
decreased until the outlet of the capillary tube, owing to va-
por phase generation.

Although the friction factors calculated by all three correla-
tions sharply decreased, the difference between them was not
obvious in the metastable two-phase region. The equilibrium
two-phase region is the only region wherein the values of the
friction factor calculated by the three correlations differed sig-
nificantly. The largest value of the friction factor was calcu-
lated using the Colebrook correlation, whereas the Churchill

R600a
0.035 D=0.77 mm
&e=0.75 pm
Peona=721 kPa
_ 0.030 - Peva=97 kPa
g AT«=4.2 °C
& m=2.00 kg-h™!
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— — -Separated, Colebrook
Homogenous, Churchill
0.0204 — — - Separated, Churchill
Homogenous, Bittle and Pate
— — -Separated, Bittle and Pate !
0.015 T T T
0.0 1.0 2.0 3.0

Distance from inlet (m)

Fig. 6. Comparison of different friction factor correlations.
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correlation provided the smallest value in the equilibrium two-
phase region. The friction factor discrepancy between the val-
ues obtained by the two correlations reached a maximum of
approximately 18% at the tube exit. This resulted in the smal-
lest mass flow rate being calculated by the Colebrook correla-
tion and the largest mass flow rate being calculated by the
Churchill correlation when predicting the mass flow rate of
the capillary tube.

By model comparison, it was found that the separated flow
model provided a larger viscosity gradient in the two-phase
region compared with the homogenous flow model, which
resulted in a tendency for larger friction factor variation, as
shown in Figs. 5 and 6. The tube length designed by the sep-
arated flow model was shorter by approximately 10%; there-
fore, the predicted mass flow rate was lower when the tube
length was fixed.

5.2 Comparison of accuracy of homogenous flow model
and separated flow model

Fig. 7 compares the predicted mass flow rates of the homo-
genous flow model and separated flow model using the
Colebrook friction factor and Dukler viscosity correlations to

(a)
5.0
Deviation(H, Melo et al.?2h=5.87%
4.5 7 - . +10%
Deviation(H, Schenk and Oellrich!!*)=4.83%
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35 Deviation(S, Schenk and Oellrich!'*)=8.84% -10%
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Fig. 7. Comparison of mass flow rates predicted by homogenous flow
model and separated flow model to experimental data. (a) Case without
metastable flow. (b) Case with metastable flow.
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the experimental data. The cases with and without metastable
flow are considered. Obviously, the mass flow rates calcu-
lated by the separated flow model are slightly lower than
those predicted by the homogenous flow model. Most of the
data points lie within the £10% error band, which indicates
that both models have good mass flow rate prediction accur-
acy. By comparing Fig. 7a and 7b, it can be found that the
mass flow rates calculated with metastable flow are larger
than those calculated without metastable flow, owing to the
lower value of the friction factor in the equilibrium two-phase
region, which resulted from the sharp decrease in the friction
factor in the metastable region.

The model results calculated with different combinations of
empirical correlations were compared to two sets of previ-
ously reported experimental data. Thus, the accuracy of the
two proposed models with and without metastable flow was
verified, and the effects of the friction factor and viscosity
correlations were evaluated. The average relative deviations
between the two experimental datasets and the homogenous
flow model and separated flow model with different combina-
tions of friction factor and viscosity correlations, and the im-
pact of metastable flow are presented in Table 1.

The results reveal that, when predicting mass flow rates
over 2 kg-h™, the separated flow model generally performed
better than the homogenous flow model, whereas the homo-
genous flow model had much higher accuracy with lower
mass flow rates. These results can be explained by the flow
visualization work of Lorbek et al.“". The average velocity of
the vapor phase, and the difference between the velocity of
the vapor and liquid phases, increased with the mass flow
rate. Therefore, the homogenous flow assumption may widely
deviate from reality as the mass flow rate increases. In con-
trast, the flow pattern has a greater possibility of homogen-
eity when the mass flow rate is lower, because the flow is
more susceptible to the influence of imperfections on the in-
ner tube surface.

The separated flow model with the Colebrook friction
factor correlation achieved the best prediction result relative
to the data of Melo et al."™” when metastable flow was con-
sidered. The deviations were 5.43% and 5.49%, respectively,
when the Dukler and McAdams viscosity correlations were
combined and metastable flow was ignored. In the case of

metastable flow, the deviations were 5.44% and 5.43%. The
homogenous flow model with the Bittle and Pate friction
factor and Dukler viscosity correlations achieved the most ac-
curate prediction of the mass flow rate measured by Schenk
and Oellrich"¥. The mean error was 4.12% and 3.37% when
ignoring and considering the metastable flow, respectively.

5.3 Comparison of flow characteristics of homogenous
flow model and separated flow model

Fig. 8 shows the pressure distributions along the capillary
tube calculated by the homogenous flow model and separated
flow model with and without metastable flow. The working
condition and employed combination of the friction factor
and two-phase viscosity correlations are the same as those in
Fig. 5. The pressure dropped linearly in the liquid region un-
til the inlet of the two-phase region, and then dropped rapidly
and nonlinearly. The separated flow model exhibited faster
pressure drop from the beginning of vaporization, owing to
the higher vapor mass fraction, which resulted in a shorter
calculated tube length and lower pressure at the tube exit. The
refrigerant reached the choked flow condition at approxim-
ately 149 kPa for the homogenous flow model and 98 kPa for
the separated flow model. In both models, the vaporization
was delayed when metastable flow was considered. The total
length of the metastable liquid region and metastable two-
phase region occupied approximately 23% and 27% of the
total tube length for the separated flow model and homogen-
ous flow model, respectively. For the separated flow model,
the predicted tube length increased by approximately 5.0%
with metastable flow. For the homogenous flow model, the
predicted tube length increased by 2.5% with metastable flow.

Fig. 9 shows the temperature distributions along the tube
for the two models, with and without metastable flow. The
temperature remained constant in the subcooled-liquid region
and began to decrease at the beginning of vaporization. The
separated flow model exhibited faster temperature drop in the
two-phase region and lower temperature at the tube exit, ow-
ing to the sharper pressure drop and lower outlet pressure.
The outlet temperature provided by the homogenous and sep-
arated flow models was approximately —1.5 ‘C and —12.6 C,
respectively. The metastable flow extended the constant tem-
perature zone, and the temperature decreased in extremely

Table 1. Comparison of accuracy of homogenous flow model and separated flow model with different friction factor and viscosity correlations.

Average relative deviation against data of Melo et al.t™”]

Average relative deviation against data of Schenk and

o Two-phase (%) Oellrich"" (%)
F:z;irlla:?g;or viscosity Without the metastable flow  With the metastable flow  Without the metastable flow =~ With the metastable flow
correlation Homogenous Separated  Homogenous Separated  Homogenous Separated = Homogenous Separated
flow model flow model  flow model flow model  flow model flow model flow model flow model
Dukler 5.87 5.43 6.51 5.44 4.83 8.84 3.74 6.08
Colebrook McAdams 5.50 5.49 5.97 5.43 6.48 10.55 4.65 7.50
Lin 5.48 5.87 5.56 5.45 7.79 11.59 5.76 8.51
Dukler 7.80 5.98 8.82 6.61 451 8.35 3.52 5.75
Churchill McAdams 6.74 597 7.55 6.30 6.55 10.35 4.80 7.39
Lin 5.96 6.02 6.69 6.00 7.96 11.43 5.95 8.53
Dukler 6.47 5.55 7.20 5.77 4.12 7.77 3.37 5.22
Bittle and Pate McAdams 5.72 5.59 6.38 5.55 5.58 9.44 3.89 6.38
Lin 5.55 5.78 5.74 5.53 6.66 10.40 4.75 7.25
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rapid manner in the metastable two-phase region, owing to
the existence of metastable liquid. However, the outlet tem-
perature was hardly affected by metastable flow.

Fig. 10 shows the variation in the vapor-phase mass frac-
tion along the two-phase region obtained by the two models.
The vapor phase mass fraction gradually increased from the
starting point of vaporization when metastable flow was ig-
nored in both models. The vapor-phase mass fraction in-
creased faster when the separated flow model was used, ow-
ing to the larger pressure gradient. At the tube outlet, the va-
por-phase mass fraction obviously increased owing to the
sharp pressure drop before the flow reached the choked con-
dition. The mass fraction values of the vapor phase at the out-
let were 36.6% and 32.5%, as calculated using the separated
flow model and homogenous flow model, respectively. This
discrepancy was caused by the lower outlet pressure provided
by the separated flow model. When metastable flow was con-
sidered, the vapor phase mass fraction sharply increased in
the metastable two-phase region, owing to the existence of a
superheated liquid. This indicates that vapor was rapidly gen-
erated in this region, which resulted in a 2.7% and 3.6% va-
por phase mass fraction at the inlet of the equilibrium two-
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Fig. 10. Comparison of vapor phase mass fraction distributions along two-
phase region.

phase region for the separated flow model and homogenous
flow model, respectively.

The flow velocity discrepancy is the fundamental differ-
ence between the homogenous flow model and separated flow
model. Fig. 11 illustrates the velocity distribution along the
two-phase region with different models. The average refriger-
ant velocity for the homogenous flow model and the liquid
velocity and vapor velocity for the separated flow model are
shown for comparison. Regardless of which model was adop-
ted, all calculated velocity values first increased gradually and
then increased sharply near the exit as vapor was constantly
generated. The velocity difference between the liquid and va-
por phases increased from the inlet to the outlet when the sep-
arated flow model was used. For the homogenous model, the
average velocity of the refrigerant is between the liquid and
vapor phase values of the separated flow model. At the capil-
lary tube exit, the average velocity calculated by the homo-
genous flow model, and the liquid velocity and vapor velo-
city calculated by the separated flow model, are approxim-
ately 97 m's™, 19 m-s™, and 171 m-s™, respectively. For both
the homogenous flow model and separated flow model, the

180

T

] Homogenous, with metastable flow

1604— — Homogenous, without metastable flow

Separated, liquid velocity, with metastable flow

— = Separated, liquid velocity, without metastable flow
Separated, vapor velocity, with metastable flow
Separated, vapor velocity, without metastable flow

120 4 B

1 Friction factor correlation: Colebrook

100 - Viscosity correlation: Dukler .

140 A

1 R600a

804 p=0.77 mm

1075 um

60 =721 kPa

40 P97 KPa
ATe=42°C

20 1 m=2.00 kg

Velocity (m-s™)

Distance from inlet (m)
Fig. 11. Comparison of velocity distributions along two-phase region.
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metastable flow had negligible impact on the flow velocity.

6 Conclusions

This study presents a comprehensive comparative investiga-
tion of the homogenous flow model and separated flow mod-
el, which were used to simulate R600a flowing through adia-
batic capillary tubes. The models were established with and
without metastable flow to investigate the influence of the
metastable phenomenon. Various friction factors and two-
phase viscosity correlations were tested to determine the op-
timal combination of empirical correlations. Two sets of pre-
viously reported experimental data with different mass flow
rate ranges were used as references to validate the models.
Through the analysis and comparison of the numerical results,
the following conclusions were drawn:

(1) The separated flow model performs better when pre-
dicting mass flow rates over 2 kg-h™', whereas the homogen-
ous flow model has higher accuracy at a lower mass flow rate
range, possibly owing to flow pattern discrepancy with differ-
ent mass flow rate ranges.

(II') Compared with the mass flow rate data over 2 kg-h™,
the separated flow model with the Colebrook friction factor
correlation combined with the Dukler or McAdams viscosity
correlation achieved better prediction. The deviations were
5.43%, 5.49% and 5.44%, 5.43% when ignoring and consid-
ering metastable flow, respectively.

(IIT) The homogenous flow model with the Bittle and Pate
friction factor and Dukler viscosity correlations achieved the
most accurate prediction of mass flow rate data under 2
kg-h'. The mean errors were 4.12% and 3.37% when ignor-
ing and considering metastable flow, respectively.

(IV) The separated flow model provided more drastic pres-
sure drop and temperature drop, owing to the larger vapor-
phase mass fraction and higher vapor velocity compared with
the homogenous flow model, which resulted in the prediction
of a lower mass flow rate by the separated flow model.
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