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Abstract

A comparative study of flow characteristics of an adiabatic capillary tube in a transcritical CO2 heat pump system have been investigated
employing separated and homogeneous two phase flow models. Separated flow model is employed considering the annular flow pattern. The
models are based on fundamental equations of mass, momentum and energy which are solved simultaneously. Two friction factor empirical
correlations (Churchill, Lin et al.) and McAdams viscosity model are used. Chisholm correlation is used to calculate slip ratio while void fraction
is calculated based on Premoli correlation. Sub-critical and super-critical thermodynamic and transport properties of CO2 are calculated employing
a precision in-house property code.

The results indicate that both two phase flow models predict reasonably well. Discrepancy between the separated flow model and homogeneous
flow model has a maximum about 8 to 11%. Void fraction is influenced by vapour quality and follows the same trend as vapour quality. Liquid
velocity and vapour velocity difference is relatively lower compared to R22.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

A recent release of the assessment report [1] of the Inter-
governmental Panel on Climate Change (IPCC) has led to envi-
ronmental groups calling on governments around the world to
accelerate the phase-out of HCFCs in the wake of findings that
action under the ozone layer treaty could do more to combat
global warming than the Kyoto Protocol. While a renewed in-
terest has already been observed in environmentally benign nat-
ural refrigerants, such findings are likely to accelerate a switch
to these alternates. Carbon dioxide is a preferred choice over
other natural refrigerants with its excellent thermophysical and
heat transfer properties. In addition, its low price, easy avail-
ability, non-toxicity, non-flammability, low pressure ratio and
high volumetric capacity make it a promising alternative [2].
The transcritical nature of carbon dioxide heat pump systems
offer extensive possibilities in simultaneous heating and cool-
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ing applications due to the large temperature glide present in
the gas cooler [3].

Capillary tube is one of the simplest kinds of expansion de-
vice employed in small capacity vapour compression systems.
Nevertheless it is an essential and critical component whose
flow characteristics directly affect system performance. Flow
inside the capillary tube is complex in nature and numerous
combinations of bore and length can be provided to obtain the
desired flow restriction. Tube geometry (diameter and length)
at a given operating condition is primary in the design of a cap-
illary tube. In retrofitting existing systems for new refrigerants,
therefore, it is vital and critical to select a capillary tube which is
compatible with the system components. In a transcritical CO2

refrigeration cycle, employing a capillary tube is quite different
from subcritical systems; here pressure and temperature are two
independent parameters unlike the conventional sub-critical cy-
cle. The flow factor of the expansion valve determines the gas
cooler pressure and hence it becomes interesting to investigate
the flow characteristics in the capillary tube for CO2 systems,
where the flow is transcritical in nature.
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Nomenclature

A cross-sectional area . . . . . . . . . . . . . . . . . . . . . . . . m2

a acceleration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m s−2

D capillary tube diameter . . . . . . . . . . . . . . . . . . . . . . m
f friction factor (–)
F frictional force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
G mass flux . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−2 s−1

h specific enthalpy . . . . . . . . . . . . . . . . . . . . . . . . J kg−1

L capillary tube length . . . . . . . . . . . . . . . . . . . . . . . . . m
ṁ refrigerant mass flow rate . . . . . . . . . . . . . . . . kg s−1

p pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−2

Re Reynolds number (–)
S slip ratio (–)
u velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m s−1

v specific volume . . . . . . . . . . . . . . . . . . . . . . . m3 kg−1

x vapour quality (–)

Greek symbols

α void fraction (–)

ε internal surface roughness . . . . . . . . . . . . . . . . . . mm
μ dynamic viscosity . . . . . . . . . . . . . . . . . . . . . . . . . Pa s
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

τ shear stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N m−2

φ two phase frictional multiplier (–)

Subscripts

1–4 state points on capillary tube
c capillary tube
g saturated vapour
i segment
k phase (liquid/vapour)
l saturated liquid
lg liquid–vapour phase
lw liquid–wall interface
sp single phase
tp two phase
Capillary tubes have been studied extensively by several re-
searchers over the years. In majority of the studies, flow char-
acterisation of adiabatic capillary tube is based on the homoge-
neous two phase flow model where both liquid and gas phase
are assumed to flow with equal velocities. Most of these stud-
ies are with halocarbon and hydrocarbon refrigerants. Bansal
and Rupasinghe [4] developed a homogeneous two phase flow
model to study the performance of adiabatic capillary tubes for
R134a. Jung et al. [5] modelled the pressure drop through a
capillary tube to predict its size in residential air conditioners
for R22 and its alternatives, R134a, R407C and R410A. Effects
of sudden contraction at capillary tube inlet, degree of sub-
cooling, friction factors and various viscosity models were also
reviewed. Sami et al. [6] proposed a numerical model to pre-
dict the capillary behaviour for R22 alternatives such as R410A,
R410B and R407C under different flow regimes. Trisaksri and
Wongwises [7] developed a new correlation based on simu-
lation studies for refrigerants R12, R22, R134a, R407C and
R410A considering homogeneous flow to predict the tube size.
Choi et al. [8] presented a generalised correlation for calcu-
lating refrigerant mass flow rate in an adiabatic capillary tube
based on experimental data for R22, R290, and R407C. Krit-
sadathikarn et al. [9] presented a numerical study on the local
pressure distribution for refrigerants R12, R134a, R409A and
R409B. Wongwises et al. [10] compared the flow characteristics
of many pairs of refrigerants flowing through adiabatic capillary
tubes employing a homogeneous two phase flow model. Theo-
retical studies on flow characteristics of an adiabatic capillary
tube employing hydrocarbons and their blends as refrigerants
have been reported as well [11,12].

Metastable flow is a phenomenon where thermodynamic
equilibrium does not prevail in a system. In a capillary tube
flow, there is existence of metastable region since the flashpoint
does not occur at the location where the pressure is equal to
the saturation pressure but is delayed. Several authors [13–18]
investigated the flow behaviour of an adiabatic capillary tube in-
cluding the metastable region. Recently Garcia-Valladares [19]
carried out transient one dimensional analysis of a capillary
tube suction line heat exchanger considering the metastable re-
gion. Lately, artificial neural network technique was employed
to predict the mass flow rate of refrigerant through an adiabatic
capillary tube based on the homogeneous flow model [20,21].

Lin et al. [22] investigated, experimentally and theoretically,
local friction pressure drop of two-phase flow during vapori-
sation of R12. Gu et al. [23] analysed and modelled an adia-
batic capillary tube for the azeotropic R407C. Wongwises and
Pirompak [24] also proposed an adiabatic capillary tube model
to predict the flow characteristics of refrigerant mixtures. Melo
et al. [25] investigated experimentally the effects of condens-
ing pressure, size of adiabatic capillary tube, subcooling and
choice of refrigerant, namely, R12, R134a and R600A on mass
flow rate.

Accuracy of the homogeneous model depends on the physi-
cal properties (density and viscosity) of the refrigerants and the
tube diameter. During the two phase flow in a capillary tube,
slip may exist between the phases due to velocity differences
of liquid and vapour phases where vapour phase tends to flow
at higher velocity than the liquid phase; separated two phase
flow model is more appropriate in these situations. Liang and
Wong [26] presented a two phase drift flux model to simulate
the flow of R134a refrigerant in the capillary tube. Flow char-
acteristics such as pressure distribution, void fraction, dryness
fraction, phase velocity were presented. Wong and Ooi [27]
presented a comparative study of the capillary tube flow char-
acterisation employing homogeneous and separated two phase
flow model for R12. Wongwises and Chan [28] reported ef-
fects of various friction pressure gradient and slip ratio corre-
lations on the prediction of a separated flow model for simu-
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lating adiabatic capillary tubes employing R12 and R22 refrig-
erants. Wongwises and Suchatawut [29] presented the refriger-
ant flow characteristics in an adiabatic capillary tube including
metastable region employing separated flow model with simpli-
fied annular flow pattern for refrigerants R12 and R22.

It is observed that majority of such studies have concen-
trated on the HFCs, hydrocarbon refrigerants and their mix-
tures. Relatively, much less information is currently available
in the open literature on two-phase flow characteristics of CO2

in a transcritical capillary tube. It must be noted that medium to
large CO2 systems would require expansion valves so the op-
timum gas cooler pressure can be set by controlling the valve.
However, smaller systems could still employ a capillary tube
for simplicity and inexpensiveness sacrificing pressure control
to attain optimum discharge pressure. Recently Agrawal and
Bhattacharyya [30,31] investigated the flow characteristics of
an adiabatic and non-adiabatic capillary tube in a CO2 tran-
scritical heat pump cycle employing homogeneous two phase
model, including tube geometry effects on system performance.
Garcia-Valladares [32] numerically simulated the short tube
orifice flow of transcritical carbon dioxide based on a one di-
mensional finite volume formulation under transient condition.
Choking phenomenon of the flow through short tube orifice was
also investigated. Chen and Gu [33] developed a non-adiabatic
homogeneous capillary tube model for the transcritical CO2 cy-
cle. They proposed a new transcritical refrigeration cycle com-
bining the characteristics of heat transfer and expansion into
one capillary tube by assembling the capillary tube in an accu-
mulator or suction line. Parametric study for cooling pressure,
evaporating temperature, ambient heat transfer coefficient and
capillary size was presented. Lately Madsen et al. [34] investi-
gated an adiabatic capillary tube in a transcritical CO2 refrig-
eration system employing homogeneous flow model consider-
ing isenthalpic expansion. Flow characterisation of an adiabatic
capillary tube in a transcritical CO2 cycle employing a sepa-
rated flow two phase model has not been reported yet.

The objective of this paper is to present a comparative study
of an adiabatic capillary tube flow in a transcritical heat pump
cycle using both homogeneous and separated two phase flow
models. Longitudinal variation of void fraction is presented to
obtain a better insight into the flow phenomenon.

2. Mathematical model

The capillary tube can be divided into three distinct flow re-
gions, namely, supercritical flow region 1–2, transcritical flow
region 2–3 and the subcritical flow region 3–4 as shown in
Fig. 1. State ‘2’ lies on the critical temperature line (Fig. 2).
Therefore, in region 2–3, the fluid is considered as a subcooled
liquid. In the supercritical and transcritical single phase region,
temperature does not remain constant, unlike subcritical refrig-
eration cycles, due to the unique shape of isotherms in the CO2

cycle. In the subcooled region as the flow progresses, the pres-
sure continues to decrease due to presence of friction; tempera-
ture also decreases due to the unique shape of the isotherms, un-
like the subcritical systems where temperature remains constant
Fig. 1. Adiabatic capillary tube showing different flow regions.

Fig. 2. Representation of corresponding capillary tube flow regions on P-h dia-
gram of carbon dioxide transcritical cycle.

with pressure in the subcooled region. Consequently, probabil-
ity of occurrence of metastable liquid region is less.

Total tube length is expressed as:

L = Lsup + Lsubliq + Ltp

The expansion process from point 1 to 4 is shown in Fig. 2
on the pressure-enthalpy cycle plot.

The capillary tube flow model is developed employing the
following assumptions:

• Straight horizontal tube with constant inner diameter and
roughness.

• One-dimensional steady flow through the tube.
• Thermodynamic equilibrium prevails in the system (i.e. no

metastable phenomenon is present).
• Refrigerant is free of oil.
• Flow through the tube is fully developed turbulent flow.
• Entrance losses are negligible. Since there is a large re-

duction of pressure from inlet to exit of the capillary in
transcritical systems, entrance loss is negligible as a frac-
tion of the total and this was verified by using the available
correlations.

The model is based on fundamental equations of conserva-
tion of mass, momentum and energy and it incorporates vari-
ation in property values. This latter feature is essential for
simulation of transcritical CO2 system as property variation
is extremely large in the neighbourhood of the critical point.
The entire flow domain involves single phase as well as two
phase fluid and hence is discretised into a number of longitudi-
nal elements to enable the sharp changes in CO2 property to be
captured in the analysis (Fig. 3).
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Fig. 3. Longitudinal discretisation for the capillary tube.

2.1. Single-phase flow region

The single-phase flow region includes supercritical and tran-
scritical zone where refrigerant is in gas and liquid state, respec-
tively. The conservation of mass for steady flow in an element
of fluid yields:

d

(
Acu

v

)
= 0 (1)

For steady adiabatic flow with no external work and neglect-
ing the elevation difference, the energy conservation equation
reduces to:

dh + G2

2
dv2 = 0 (2)

From the conservation of momentum equation, the difference in
forces applied to the element of fluid due to drag and pressure
difference on opposite ends of the element should be equal to
that needed to accelerate the fluid yielding:

dp

dL
= −G2

(
fsp

v

2D
+ dv

dL

)
(3)

Single-phase friction factor, fsp, is calculated from Churchill
correlation [35]:

fsp = 8

[(
8

Resp

)12

+ (
A16 + B16)−3/2

]1/12

(4)

where

A = 2.457 ln
1

(7/Resp)0.9 + 0.27ε/D
,

B = 37530

Resp
, Resp = GD

μ

2.2. Two phase flow region

In the two phase flow region, the liquid flashes into vapour
due to reduction in pressure as the flow progresses in the adia-
batic capillary tube which further intensifies due to acceleration
of the vapour. The two phase pressure drop is a combined re-
sult of the tube wall friction and the fluid acceleration, as shown
below:
dp

dL
=

(
dp

dL
F

)
+

(
dp

dL
a

)
(5)

It may be noted that in a transcritical CO2 cycle, the pressure
drop in single phase is also sum of the friction and fluid accel-
eration as the temperature does not remain constant in single
phase. However, velocity of the fluid is not as high as in case
of two phase flow. This unique feature of transcritical CO2 flow
adds to the complexity in simulating capillary tube flow.
2.3. Homogeneous flow model

Principles of mass, energy, and momentum conservation are
employed to a discretized element of the capillary tube. The
conservation of mass and energy for steady flow in an element
of fluid follows the single-phase regime model given by Eqs. (1)
and (2).

Two phase enthalpy and specific volume are expressed as:

hi = hl,i + xihlg,i
, vi = vl,i + xivlg,i

(6)

Further, the energy equation can be written as:(
G2

2
v2

lg,i

)
x2
i+1 + (

hlg,i+1 + G2vl,i+1vlg,i+1
)
xi+1

+
{
hl,i+1 − hi + G2

2

(
v2
l,i+1 − v2

i

)} = 0 (7)

This quadratic equation can be solved to calculatexi+1.
Conservation of momentum can be written in the same man-

ner following the single-phase region model, as expressed in
Eq. (3), and the differential length expression for the capillary
tube is obtained similarly:

dL = 2D

ftp

{
dρ

ρ
− ρ

G2
dp

}
(8)

Lin correlation [22] is used to calculate the two phase friction
factor, given as:

ftp = φtpfsp

(
vsp

vtp

)
(9)

where

φtp =
[

(8/Retp)
12 + (A16

tp + B16
tp )−3/2

(8/Resp)12 + (A16
sp + B16

sp )−3/2

]1/12

×
[

1 + x

(
vg

vl

− 1

)]
(10)

having

A = 2.457 ln
1

(7/Retp)0.9 + 0.27ε/D

B = 37530

Retp
, Retp = GD

μtp

McAdams [36] correlation, shown below, is employed to esti-
mate two phase viscosity:

1

μtp
= (1 − x)

μl

+ x

μg

(11)

2.4. Separated flow model

The separated flow model considers the phases to be arti-
ficially segregated into two streams; one of liquid and one of
vapour. Slip occurs between the two phases since vapour phase
tends to flow with higher velocity. From a consideration of the
various flow patterns it is observed that this model is most valid
for annular flow pattern in which only liquid film with uniform
film thickness wets the tube wall [37]. Fig. 4 depicts the annu-
lar flow pattern in which the thin liquid film is in contact with
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Fig. 4. Schematic diagram of annular flow pattern with control volume.

the tube wall while the vapour moves in the core zone of the
tube. The slip occurs at the interface of the two phases while
the frictional force exists between the liquid film and tube wall.

The conservation of mass for steady state two phase gas/liq-
uid flow in a constant area channel is expressed by:

d

dL
(Agρgug) + d

dL
(Alρlul) = 0 (12)

Sum of the forces (pressure forces and shear forces at wall and
interface) is equal to rate of change in momentum for each
phase. Hence, for a steady state two-phase gas/liquid flow in
a constant area channel, the momentum equation yields:

Al dp − τlw(πD dL) + τlg(πD dL) + ul

dṁl

dL
δL = ṁl dul (13)

−Ag dp + τgl(πD dL) + ug

dṁg

dL
δL = ṁg dug (14)

At the interface of the liquid and gas, the momentum conserva-
tion yields:

τlg(πD dL) + ul

dṁl

dL
δL = τgl(πD dL) + ug

dṁg

dL
δL (15)

Combining Eqs. (13)–(15), the momentum equation can be
written as:

−(Al + Ag)
dp

dL
− τlw(πD) = d

dL
(ṁlul + ṁgug) (16)

In two phase flow, the void fraction α and mass flux G are de-
fined as: α = Ag/Ac and G = ṁ/Ac. Hence the phase velocity
and mass flow rate are given by:

ug = Gx

ρgα
, ul = G(1 − x)

ρl(1 − α)
,

ṁg = GAcx, ṁl = GAc(1 − x)

After rearranging and substituting, Eq. (16) yields:

−
(

dp

dL

)
= τlw(πD)

Ac

+ G2 d

dL

[
x2vg

α
+ (1 − x)2vl

(1 − α)

]
(17)

where τlw is the wall shear stress, defined as: τlw = flwρlu
2
l /8.

Accordingly, Eq. (17) can be written as:

−
(

dp

dL

)
= flwρlu

2
l

2D
+ G2 d

dL

[
x2vg

α
+ (1 − x)2vl

(1 − α)

]
(18)

where the first term on RHS is the frictional pressure drop and
the second term is the acceleration pressure drop.

Chisholm correlation [38] is employed to calculate slip ratio
between the two phases:

S =
[

1 − x

(
1 − ρl

)]1/2
ρg
The void fraction is calculated based on the Premoli [39] corre-
lation:

α = xvg

(1 − x)vlS + xvg

The void fraction is a function of x and p expressed as:

α = f
[
x(L),p(L)

]
(19)

Hence, acceleration pressure drop in Eq. (18) can be expressed
as:

d

dL

[
x2vg

α
+ (1 − x)2vl

(1 − α)

]

= dx

dL

[{
2xvg

α
− 2(1 − x)vl

(1 − α)

}

+
(

∂α

∂x

)
p

{
(1 − x)2vl

(1 − α)2
− x2vg

α2

}]

+ dp

dL

[
x2

α

dvg

dp
+

(
∂α

∂p

)
x

{
(1 − x)2vl

(1 − α)2
− x2vg

α2

}]
(20)

where(
∂α

∂x

)
p

= C

D
(21)

C =
[
(1 − x)vl

{
1 − x

(
1 − ρl

ρg

)}1/2

+ xvg

]
vg

+ xvg

[
vl

{
1 − x

(
1 − ρl

ρg

)}1/2

+
{

(1 − x)vl(1 − ρl/ρg)

2
√

1 − x(1 − ρl/ρg)

}
− vg

]

D =
[
(1 − x)vl

{
1 − x

(
1 − ρl

ρg

)}1/2

+ xvg

]2

and

(
∂α

∂p

)
x

= αi+1,x − αi,x


p
(22)

Energy equation in separated two phase flow can be obtained
by equating the rate of increase of total energy for a phase k,
interfacial energy transfer which includes the energy transfer by
virtue of the mass transfer together with work done on phase k.

Neglecting elevation difference and no external work and
heat transfer, energy equation can be written for steady state
adiabatic separated flow in a constant area channel, given as:

d

[
ṁg

(
hg + u2

g

2

)]

= qglπD dL + ugτglπD dL + dṁg

dL

(
hg + u2

g

2

)
δL (23)

d

[
ṁl

(
hl + u2

l

2

)]

= qlgπD dL + qlwπD dL + ulτlgπD dL

+ dṁl

dL

(
hl + u2

l

2

)
δL (24)

Energy balance at the interface of liquid/gas yields
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qglπD dL + ugτglπD dL + dṁg

dL

(
hg + u2

g

2

)
δL

= qlgπD dL + ulτlgπD dL + dṁl

dL

(
hl + u2

l

2

)
δL (25)

Neglecting heat transfer between the capillary tube wall and the
liquid film qlw, the energy equation can be written as:

d

dL
(ṁghg + ṁlhl) + d

dL

(
ṁg

u2
g

2
+ ṁl

u2
l

2

)
= 0 (26)

which can be further simplified as:

xihg,i + (1 − xi)hl,i + xiu
2
g,i

2
+ (1 − xi)

u2
l,i

2

= xi+1hg,i+1 + (1 − xi+1)hl,i+1 + xi+1u
2
g,i+1

2

+ (1 − xi+1)
u2

l,i+1

2
(27)

Eq. (27) is solved to calculate xi+1.

3. Results and discussion

A comparative study of flow characteristics of an adiabatic
capillary tube, based on both homogeneous and separated two
phase model is reported here for a gas cooler pressure and
temperature of 100 bar and 313 K, respectively. The evapo-
rator temperature is taken as 288 K while the capillary tube
diameter and internal surface roughness are taken as 1.0 and
0.0015 mm, respectively. Refrigerant mass flow rate is fixed
at 0.01 kg/s. A simulation code is employed to solve the dis-
cretized governing equations numerically using finite difference
approximation. Employing the new equation of state for CO2
and transport property correlations available in the literature,
a separate property code CO2PROP, employing a technique
based on derivatives of Helmholtz free energy function us-
ing efficient iterative procedures, has been developed to calcu-
late sub-critical and super-critical thermodynamic and transport
properties of CO2 [3]. Thermophysical properties of R22 are
calculated through REFPROP (ver. 6.01).

To the best of the authors’ knowledge, no results from the-
oretical studies based on the separated flow model of adiabatic
capillary tube flow with CO2 refrigerant in the transcritical cy-
cle is available in the open literature; results from the present
simulation model (separated two phase flow and for R22) are
compared with the published results from Mikol [40] for the
specified capillary tube and specified conditions for refrigerant
R22 as shown in Fig. 5. In the validation exercise, metastable
liquid region is included based on Chen et al. [15] correlation.
It is observed that the agreement is excellent except near exit
of the capillary tube which could be attributed to the fact that
choked flow conditions are not considered in the model. The
present model exhibits a discrepancy of about 5%. Since the
included metastable liquid region correlation is originally for
R12, employing this correlation with R22 may also lead to some
degree of error.
Fig. 5. Validation of the present model with the experimental results of
Mikol [40].

(a)

(b)

Fig. 6. Comparison of pressure variation along the capillary tube.

Figs. 6(a) and 6(b) show the pressure variation along the cap-
illary tube considering homogeneous and separated flow model,
respectively. The results reveal that both the two phase flow
models yield reasonably good results. Discrepancy between the
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Fig. 7. Void fraction and vapour quality variation along the capillary tube.

separated flow model and homogeneous flow model is about 8
to 11%. This may be due to the relatively higher flow friction
at higher vapour quality with separated flow (Fig. 7). As the
capillary length increases, the pressure decreases fairly linearly
up to the saturation point (i.e. for the single phase region). On
inception of vaporisation, pressure drop increases rapidly and
non-linearly.

Variation of vapour quality and void fraction along the tube
length is exhibited in Fig. 7. Vapour quality and void fraction
trends are almost similar i.e. at the onset of vaporisation, quality
and void fraction both increase rapidly since the increments of
length needed to drop the saturation pressure become progres-
sively smaller. Up to nearly 20% of the two phase length, qual-
ity and void fraction are almost similar. This may be attributed
to the fact that initially liquid percentage is less, compared to
latter part and moreover CO2 vapour density is relatively higher.
It implies that void fraction is more influenced by vapour qual-
ity due to higher vapour density and also the correspondingly
lower density ratio of liquid and vapour phases of CO2 which is
not there in case of conventional refrigerants [30]. Moreover, in
a transcritical CO2 cycle, initially vapour quality is high due to
inception of vaporisation near the critical point where constant
dryness fraction lines are in close proximity unlike in subcrit-
ical cycles where the inception of vaporisation is away from
the critical point. Absolute value of vapour quality is relatively
higher in case of the separated flow model, particularly towards
the exit of the capillary tube (Fig. 7). Further, vapour quality
increases at a faster rate during the initial part.

Figs. 8 and 9 exhibit variation in refrigerant velocity along
the tube length for CO2 and R22 refrigerant, respectively. The
variation is quite modest up to the saturation point (i.e. in sin-
gle phase zone) for CO2 while velocity is constant in single
phase (i.e. subcooled region) for R22. This can be attributed
to the fact that for CO2, due to the unique shape of isotherms
in single phase region, temperature is not constant unlike the
conventional refrigerant. Refrigerant velocity varies sharply in
the two phase region due to presence of vapour phase, for both
the refrigerants CO2 as well as R22. However, owing to high
vapour density of CO2, acceleration of the fluid in two phase
Fig. 8. Refrigerant flow velocity in a capillary tube for transcritical CO2 cycle.

Fig. 9. Refrigerant flow velocity of R22 in a capillary tube for subcritical cycle.

region is moderate compared to that for conventional refriger-
ants. It can be observed that in two phase region, R22 vapour
velocity increases rapidly and hence liquid and vapour veloc-
ity difference is significantly large for R22; in case of CO2, the
liquid vapour density difference is relatively smaller along with
a higher vapour quality. Homogeneous two phase velocity of
refrigerant is much smaller then that of the vapour velocity for
R22 while it is almost at mean value of vapour and liquid veloc-
ities in case of CO2 (Figs. 8–9). Further, viscosity of CO2 liquid
is lower than traditional refrigerants; however, the vapour vis-
cosity is comparable.

4. Conclusions

A comparative study of flow characteristics of an adiabatic
capillary tube with CO2 in a transcritical cycle employing ho-
mogeneous and separated two-phase flow model is presented
here. Simulation is based on the annular flow pattern with sepa-
rated two-phase flow model. In a CO2 transcritical cycle, simu-
lation of the capillary tube flow is different from other refriger-
ants. Vapour fraction is higher as the inception of vaporisation
is near the critical point.

Variation of pressure along the capillary tube length is pre-
dicted to be almost similar by both the two phase flow models.
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Although there is a small disagreement near the exit of the cap-
illary, both the two phase flow models produce reasonably good
prediction. Discrepancy between the separated flow model and
homogeneous flow model is about 8% for the chosen condi-
tions. Due to relatively more homogeneous two-phase flow of
CO2, void fraction follows the same trend as vapour quality.
Vapour quality is relatively higher due to inception of vaporisa-
tion near the critical point. Liquid velocity and vapour velocity
difference is relatively lower due to higher vapour density and
low density ratio (liquid to vapour). Results with both the flow
models are almost similar for an adiabatic capillary tube flow
in the CO2 transcritical heat pump cycle. However, homoge-
neous model is always preferred for its simplicity to simulate
the adiabatic capillary tube flow with CO2. Nevertheless these
predictions must all be verified with extensive test data work on
which is currently underway.
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