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ABSTRACT

Transcritical expansion through coiled adiabatic
capillary tubes having CO, as the refrigerant is
numerically simulated and the performance is
compared with R22 flow through such tubes. Mori
and Nakayama friction factor correlation in
combination with Churchill equation, which is fitted
into Blasius type equation, is used to calculate the
friction factor. Results indicate that reduction in mass
flow rate with a coiled capillary tube compared to a
straight one is more pronounced in case of CO, in
comparison to R22. Mass flow rate of refrigerant
increases as the coil diameter increases, but changes
little beyond a coil diameter (D) of 180 mm. A
shorter capillary tube will be required to match the
requisite system mass flow rate when coiled capillary
tubes are employed.

NOMENCLATURE

A [m?] cross-sectional area

d [m] capillary tube diameter

D [m] coil diameter

Eve [-] evaporator
f [-] friction factor

G [kg m™ mass flux

s

GC [-] gas cooler

h [Tkg'] specific enthalpy

isr [mm] internal surface roughness
L [m] capillary tube length

m [kgs] mass flow rate

n [-] exponent constant in Eq. (16)
P (Pa) pressure

Re [-] Reynolds number

Ref [-] refrigerant

T [K] temperature

vV [ms™] velocity

[

]
—_

dryness fraction

Special characters
[-] proportional coefficient in Eq. (16)
m’ kg']  specific volume

kg m™] density
mm] tube wall roughness
Pas] dynamic viscosity

SexR mm e

[
[
[
[
[

-1 two-phase frictional multiplier

® [-] coefficient in Eq. (13)
[

v ] coefficient in Eq. (13)
Subscripts

1-4 state points

con condenser

ev evaporator

tp two-phase
INTRODUCTION

In the hunt for alternative refrigerants, use of
natural refrigerants has been advocated, as they are
ecologically safe. CO,, designated as R744, is one of
the natural refrigerants that has witnessed a strong
renewed interest [1]. As a natural refrigerant, CO, is
the preferred choice today for its environmentally
benign nature and largely beneficial heat transfer and
safety characteristics compared to the currently used
refrigerants [2, 3].

Capillary tubes are universally accepted and well
proven expansion device in small capacity
refrigeration and air-conditioning units due to their
simple configuration and low cost. In the small
capacity systems where charge is limited and load
variation is relatively small, capillary tubes have the
natural capability to balance the system and equalise
the pressure during off-design conditions that keeps
the compressor starting torque low. It is a paradox
that though the capillary tube is simple in
configuration, flow inside the capillary tube is quite
complex in nature. In an adiabatic capillary tube
pressure falls from high side pressure to low side
pressure due to frictional pressure drop and
momentum pressure drop. However, in the two-
phase region after inception of vaporisation,
momentum pressure drop dominates over friction
pressure drop due to the existence of vapour phase.
Consequently, enthalpy reduces in the latter part of
the capillary tube as part of the total energy is
converted to kinetic energy. Further, increase in
specific volume with increase in quality results in
increase in longitudinal pressure gradient as the flow
progresses. Numerous combinations of bore and



length can be provided to obtain the desired flow
restriction, which has a strong influence on the
performance of the overall system. Tube geometry
(diameter and length) at a given operating condition
is the main concern in the design of a capillary tube.

In the past, capillary tubes have fascinated many
researchers. Extensive research was carried out on
design and flow characteristics aspects of the
adiabatic straight capillary tubes with halocarbon and
hydrocarbon refrigerants by several researchers [4-
16]. However, coiled capillary tubes, which has more
practical implications to save space in small capacity
systems have not been addressed much in the open
literature. For a given condition given by its pressure,
temperature, mass flow rate, tube diameter and tube
length, the frictional pressure drop of single-phase
fluid flow through a curved tube is larger than that of
flow through a straight tube due to the centrifugal
force. However, for the mean coil diameter more
than 300 mm, change in mass flow rate was
negligible [17]. Kuehl and Goldschmidt [20] have
shown in their experimental study that irrespective of
capillary tube length, the mass flow rate of R22 does
not change by more than 5%. Kim et al. [21] have
proposed a correlation for predicting mass flow rate
employing Buckingham-n method based on their
experimental study with R22 and its alternatives
R407C and R410A. It was reported that mass flow
rate with a coil diameter of 40 mm reduces by 9%
approximately relative to a straight tube. Wei et al.
[22] presented a comparative study between straight
and coiled capillary tube in case of R22 and R407C.
It is reported that coiling effect on mass flow rate is
more pronounced at lower coil diameter due to
secondary flow effect caused by the centrifugal force
in coiled tubes. Deodhar et al. [23] have investigated
an experimental and numerical investigation with
R134a through straight and coiled capillary tube.
Park et al. [24] developed a generalised correlation
based on their experimental study for the flow of R22
and its alternatives R407C and R410A to predict
mass flow rate through straight and coiled capillary
tube using Buckingham-m theorem. A equivalent
length L. for the capillary tube is introduced to
accommodate the coiling effect. Valladares [25]
presented a numerical model for coiled capillary tube
working with pure fluid and refrigerant mixture
taking into account the metastable conditions in both
liquid and two-phase. A Newton-Raphson technique
based numerical scheme was implemented to
calculate the mass flow rate. A comparative study
between straight and helical adiabatic capillary tube
was presented based on the homogeneous two-phase
flow model and predicted that the length of helical
capillary tube is 12% shorter than that of the straight
capillary tube [26].

Majority of such studies have concentrated on the
HFCs, hydrocarbon refrigerants and their mixtures.
Relatively, much less information is currently
available in the open literature on flow characteristics
of capillary tube with CO, as a refrigerant.
Employing capillary tubes with CO, as the
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refrigerant must recognise the different scenario
because of the transcritical nature of the process.
Unique  thermodynamic and  thermophysical
properties of CO,, such as low critical temperature,
low density ratio (liquid to vapour) and high pressure
operation make CO, quite different from other
refrigerants [2]. Madsen et al. [27] investigated an
adiabatic capillary tube in a transcritical CO,
refrigeration system. It was reported that COP is
superior with a suitably designed capillary tube than
that in case of constant gas cooler pressure. Silva et
al. [28] experimentally studied the transcritical
expansion of carbon dioxide through adiabatic
capillary tube and developed a dimensionless
correlation to predict the refrigerant mass flow rate
as a function of tube geometry and operating
conditions. Hermes et al. [29] presented an algebraic
model for simulating the transcritical expansion of
carbon dioxide through adiabatic capillary tubes
considering isenthalpic expansion. Agrawal and
Bhattacharyya [30] carried out a series of theoretical
studies on flow characteristics of straight adiabatic
capillary tubes in a transcritical CO, heat pump
cycle. Transcritical expansion of CO, in a straight
adiabatic capillary tube was simulated employing a
homogeneous two-phase flow model. Additionally, a
comparative study of flow characteristics of a
straight adiabatic capillary tube in a transcritical CO,
heat pump system was investigated employing
separated and homogeneous two-phase flow model
[31].

To the best of the authors’ knowledge, no result
has yet been reported in the open literature on
expansion of transcritical carbon dioxide through a
coiled adiabatic capillary tube. The present work is
an attempt to discuss the prediction of mass flow rate
of transcritical carbon dioxide through a coiled
adiabatic capillary tube employing homogeneous
two-phase model in association with the Mori and
Nakayama friction factor correlation.

MATHEMATICAL MODEL

Gorasia et al. [32] has shown that the coiling
effect can be embodied in the calculation of friction
factors. Consequently, a straight capillary tube model
can be employed to simulate the flow through coiled
capillary tube by incorporating an appropriate
friction factor equation. Accordingly, as mentioned
earlier, Mori and Nakayama friction factor
correlation is used in the analysis to capture the
coiling effect.

The capillary tube can be divided into three
distinct flow regions, namely, supercritical flow
region 1-2, transcritical flow region 2-3 and the
subcritical flow region 3-4 as shown in Figure 1.
Point 2’ lies on the critical temperature line (Figure
1). Therefore, in the region 2-3, the fluid is
considered to be subcooled. In the supercritical and
transcritical single-phase region, temperature does
not remain constant unlike in case of subcritical
refrigeration cycles due to the unique shape of
isotherms. As a result, density is not constant leading
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Figure 1. Adiabatic capillary tube showing different flow regions and corresponding cycle plot

to momentum pressure drop in addition to friction
pressure drop even in the single-phase region
(supercritical and subcooled). Total tube length is
expressed as: L = Ly, + Lowiiq + Lyp - The expansion
process from point 1 to 4 is shown in Fig. 1 on the
pressure-enthalpy plane cycle plot.

It is assumed that the capillary tube is straight
with constant inner diameter and roughness; further,
the flow is one-dimensional, steady, with no heat and
work interactions. Homogeneous two-phase flow is
assumed since Agrawal and Bhattacharyya [31] has
shown that homogeneous flow model predicts such
phenomena reasonably well. As mentioned earlier, as
the flow progresses in the subcooled region,
temperature decreases due to the unique shape of the
isotherms, unlike the subcritical system where
temperature remains constant in the subcooled
region. Consequently, probability of occurrence of
metastable  condition is small and hence
thermodynamic equilibrium is assumed to occur.
Entrance losses are negligible since there is a large
reduction of pressure from inlet to exit of the
capillary tube during transcritical CO, expansion,
and thus entrance losses are negligible as a fraction
of the total and this was verified by using the
available correlations.

The model is set around fundamental equations of
conservation of mass, energy and momentum and it
incorporates variation in property values. This latter
feature is essential for simulation of transcritical CO,
systems as property variation is extremely large in
the neighbourhood of the critical point. The capillary
tube is discretised into a number of longitudinal
elements to enable the sharp changes in CO, property
to be captured adequately in the analysis.

Single-phase flow region
The conservation of mass and energy for steady
flow in an element of fluid is given by:

d(ﬂjzo (1)
19
dh +%2duz =0 )

where /1 and U are the enthalpy and specific volume
at any point, respectively.

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

dLV
~dp—f,~ 5 G=GdV 3)

e2{{gh(3) o
Sy G 14
Two-phase flow region

Principles of mass, energy, and momentum
conservation are employed to a discretised element
(inlet L; and exit L,) of the capillary tube. The
conservation of mass for steady flow in an element of
fluid follows the single-phase regime model given by
equation (1). Neglecting the elevation difference and

the heat transfer in and out of the tube, energy
conservation yields:

Hence,

2
dh +G7d1)2 =0 )

Two-phase enthalpy and
expressed as:

hl‘l = hlLI + xLlhlng ’UL|

specific volume are

=0, +X,0,, (6)

Substituting equation (6) into equation (5):

GZ
2 2 2
2 g, xl’z + (h1g1.2 + G Ull.z Ulgl_, )xl.z

+{h,b —h, +G72(uljz —v} )} =0

This quadratic equation is solved to calculate X, -

(7

Conservation of momentum may be written in the
same manner following the single-phase region
model, as expressed in equation (4), and the
differential length expression for the capillary tube is
obtained similarly:

dL :E{d—p—%dp} (8)
fplp G

This needs to be integrated first between 1 and 2 for

the supercritical zone and then between 3 and 4 for

the two-phase region to obtain the required length of

the tube.

McAdams [33] model is employed to obtain two-

phase viscosity to facilitate an estimation of the two-

phase friction factor at various quality conditions.

1 (1-x) X )

Iurp lul lug



Calculation of friction factor
For a straight capillary tube, single-phase friction

factor, fsp , can be calculated from Churchill

correlation [34]:
1

8 12 3 12
f =38 (Ej +(4°+B")? (10)
where
A=2.457n 091 , 3:37530,
7Y\ e Re
(Re) +°-27%1
Re:@

U
Lin [35] and Churchill friction factors are used to

calculate the two-phase friction factor. Lin
correlation for friction factor is given by:

U.vp
Jo= S| — (11)

v,

where

8 12 3
16 16\ 5

4,= 8’ : [Hx[’;g—lﬂ (12)
[ 3 :

12
o] sy

For coiled capillary tubes, the Mori and Nakayama
friction factor equation, as shown below, is used:

12

_ o(%p) v
Jon = vk v (13)
(73) /0 () |/l
wftp | [l
with
=3In(2n+1) + (161 7)In(2n 1)
nw= ﬁ i ~(8n=3)Inn+In(4n—1)]+(6n—1) )+ nlna

+9In2
(14)
3nln(2n+1)— (157 +4)lnn
Ing = +(1 9n— 4)ln(2n - 1) - (711 - 4)ln(4n - 1) +nlnea
—nln(6n - 1) —9nln2

(15)

where the value of # is taken as 5 (for Re >10°) [19]
and o is calculated using the general friction factor
formula expressed as:

f =aRe"™ (16)
where f; is the friction factor for a straight capillary
tube.

SOLUTION METHODOLOGY

The governing equations presented here are
coupled equations and are solved simultaneously by
an iterative technique to calculate the capillary tube
length using an implicit step-by-step numerical
scheme. A special procedure is implemented to
accommodate the inter-region transitions for
supercritical region, subcooled region and finally
two-phase region. Using the new equation of state for
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CO; and its transport property correlations available
in the literature, a property code CO2PROP was
developed to calculate sub-critical and super-critical
thermodynamic and transport properties of carbon
dioxide [36] with pressure as the marching
parameter. The entire length is divided into three
flow regions as stated before and length is calculated
separately for each section. In mass flow rate
simulation studies, mass flow rate is guessed
initially. The solution process continues until the
calculated capillary tube length matches the input
length within a given tolerance limit.

RESULTS AND DISCUSSION

Figure 2 shows a schematic diagram of a helically
coiled capillary tube under consideration. Simulation
results are reported here for capillary tubes of 40
mm, 60 mm, 100 mm and 200 mm coil diameters.
Simulation is carried out for two capillary tubes; tube
1:d=1.42mm,L=1m,&=5.76 pm and tube 2: d =
1.71 mm, L = 2.95 m, ¢ = 3.92 um. Capillary tubes
are selected based on test conditions. Gas cooler
pressure and temperature are taken as 100 bar and
313 K, respectively. The evaporator temperature is
taken as 273 K to get unchoked flow condition for
the chosen capillary tube specifications. Mass flow
rate is evaluated at various coil diameters and
subsequently results are compared with R22 results.
Table 1 shows the capillary tube specifications used
in simulation.

The model is validated with test results [21] since
the experimental data for adiabatic coiled capillary
tube in a transcritical CO, system is not available.
Adiabatic coiled capillary tube model with
transcritical CO, is developed on the same principles
as with R22, so validation of R22 model establishes a
reasonable accuracy for the R744 model. Validation
results (Figure 3) show that the agreement is
excellent and the prediction accuracy of the present
model is greater than the previously published one
[19].
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Figure 2. Schematic diagram of a helically coiled
capillary tube



Table 1: Capillary tube specifications

Refrigerant d (mm) € (um) D (mm) L(m) Pg/Pen(bar) Teo/Teon (K)  ATgp(K)  Tev (K)
R744 1.42 5.76 40, 60,100, 200 1.0 100 313 - 273
1.71 3.92 40, 60,100, 200 2.95 100 313 - 273
R22 1.42 5.76 40, 60,100, 200 1.0 16.53 313 3.1 283
65 7 @ 0.06 -
= g —
g ?j,: :Rs?lzs K g 005 — - - —d=142mm R22) isr = 0.000576 m
% Peon : 17.29 bar > d=1mm (R744) L=1m
g 50 4 15 mm g 004{ e d = 1.42 mm (R744) R744: Ty, = 313K,
k) isr: 0.9E-7 m @ d =1.8 mm (R744) Py, = 100 bar
= Coil Dia = 120 mm R22: Ty, = 313 K,
% L:lr: R A Peon = 16.53 bar,
IS ——A— Simulation with present model % Tsubcooling = 3.1 K
‘g 35 1 ‘qg) 0.02
@ * Coiled experimental data (Kim ¢ =
£ al) €00 e === =
Q .
---X--- C-M&N (Guobing & Yufeng [18]
& simulation model) 30 60 90 120 150 180 210
20 ‘ ‘ Coil diameter (mm)
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Figure 3. Validation of coiled capillary tube model

Figure 4 exhibits the mass flow rate variation with
coil diameter for R744 and R22 for a set of capillary
tube diameter. It is noted that as the coil diameter
increases, mass flow rate of refrigerant increases.
This may be attributed to the reduction in centrifugal
force effect which ultimately reduces the secondary
flow in case of larger coil diameter. However, the
rising trend diminishes with coil diameter and
beyond D = 180 mm the mass flow rate changes
little. The secondary flow which is also known as
Dean effect, affects the transfer of heat, momentum
and mass in coiled tubes. Dean [37] had proposed a
dimensionless number as the ratio of viscous force
acting on a fluid flowing in a curved pipe to
centrifugal force, which is equal to the Reynolds
number times the square root of the ratio of the
radius of the pipe to its radius of curvature. Coiling
effect is more pronounced at higher capillary tube
diameter due to higher mass flow rate. Reduction in
mass flow rate due to coiling is more in case of R744
than for R22 for the chosen capillary tube diameter
(d=1.42 mm).
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Figure 4. Mass flow rate versus coil diameter

A comparison of percentage reduction in mass
flow rate as compared to that of a corresponding
straight capillary tube is depicted in Figure 5. It may
be inferred that at all coil diameter, percentage
reduction is more significant for R744 compared to
R22 for a given capillary tube specification.
However, as the coil diameter increases, percentage
reduction decreases for both refrigerants due to the
diminishing coiling effect. Mass flow rate in the
specified capillary tube (d =1.42 mm, L=1mand ¢
= 576 pum) with coil diameter 40 mm is
approximately 8.5% less than that of straight
capillary tube for R744 in comparison to R22 for
which it is approximately 7% less.

——R744,d = 1.42 mm
R744,d =1.71 mm
R22,d =1.42 mm

10

% reduction of mass flow rate

90 120 150
Coil diameter (mm)

180 210

Figure 5. Variation of percentage reduction of mass
flow rate in comparison to respective straight tube of
R744 and R22

Mass flow rate of the adiabatic coiled capillary
tube is non-dimensionalised with respect to the mass
flow rate of a straight capillary tube. Figure 6 shows
the variation of mass flow rate ratio with coil
diameter of R744 and R22 for the chosen capillary
tube. As the coil diameter increases, mass flow rate
increases for both R744 and R22. However, mass



flow rate ratio is substantially lower for R744 in
comparison to R22. It implies that coiling effect on
mass flow rate is more distinct in case of R744. The
trend in variation of mass flow rate ratio with coil
diameter is similar for both the refrigerants. A
comparison of mass flow rate ratio of the three
capillary tube diameters in case of R744 (Figure 7)
shows that reduction in mass flow rate in comparison
to the corresponding straight capillary tube is greater
for a larger diameter capillary tube. This may be
attributed to the fact that at a larger capillary tube
diameter mass flow rate is higher correspondingly
coiling effect is more pronounced.

0.97
—R744
0.96 -
0.95
£ 0.94 |
3 d = 1.42 mm, isr = 0.000576
1S m
0.93 L=1m
R744: Tg, = 313K
Pgc =100 bar
0.92 1 R22: Teon = 313K
Peon = 16.53 bar
0.91 T T T T T 1
30 60 90 120 150 180 210

Coil diameter (mm)

Figure 6. Variation of mass flow rate ratio with coil

diameter
0.97 +
0.96 -
0.95 -
€094
ES 0.93 -
0.92 Ref: R744, Ty : 313K
- Pgc - 100 bar
0914 - isr: 0.000576 m,L=1m
0.9 ‘ ‘ ‘ ‘ ‘

90 120 150
Coil diameter (mm)

180

Figure 7. Comparison of mass flow rate ratio for
three tube diameters with R744

210
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Figure 8. Variation of pressure along the length of
the coiled capillary tube with (a) R744 and (b) R22
refrigerant

Pressure variation along the coiled capillary tube
considering McAdams correlation as the viscosity
model for R744 and R22 is shown in Figures 8(a)
and 8(b), respectively. As the capillary length
increases, the pressure decreases almost linearly up
to saturation point (i.e. for the single-phase region).
On inception of vaporization, pressure drop increases
rapidly an in a non-linear trend. Length of the
specified capillary tube with coil diameter 40 mm is
approximately 20% shorter than that of the straight
capillary tube for R744 while for R22 length is
shorter by 16% approximately.

CONCLUSIONS

Performance of straight and coiled adiabatic
capillary tubes for CO, transcritical expansion is
numerically investigated. Owing to transcritical
expansion flow, simulation of a capillary tube using
CO, as a refrigerant is different from other



refrigerants. A  special procedure has been
implemented to accommodate the transition between
supercritical region, subcooled region and then two-
phase region. Mass flow rate of transcritical carbon
dioxide flow through coiled adiabatic capillary tube
is predicted employing homogeneous two-phase
model with the Mori and Nakayama friction factor
correlation along with Churchill equation that is
fitted into the Blasius type equation.

Two capillary tubes with different inner diameter,
length and coil diameter are simulated under various
operating conditions. Results are compared with R22
as the refrigerant using a specified coiled capillary
tube. Mass flow rate with a coil diameter of 40 mm is
approximately 8.5% less than that of straight
capillary tube for R744 compared to R22 for which it
is approximately 7% less. Higher penalty on mass
flow rate of transcritical CO, flow is because of its
low liquid to vapour density ratio. Reduction in mass
flow rate due to coiling is more pronounced at a
relatively higher inner diameter due to higher mass
flow rate for the given operating conditions. A
shorter capillary tube will be required to match the
requisite system mass flow rate with a coiled
capillary tube.

REFERENCES

[1] G. Lorentzen, Revival of carbon dioxide as a
refrigerant, Int J Refrigeration, 17 (5) (1994) 292-
300.

[2] M.H. Kim, J. Pettersen, C.W Bullard, Fundamental
process and system design issues in CO, vapor
compression systems, Prog Energy Comb Sc, 30
(2) (2004) 119-174.

[3] J.M. Calm, The next generation of refrigeration —
Historical review, considerations and outlook, Int.
J. Refrigeration, 31(7) (2008) 1123-1133.

[4] R.R. Bittle, M.B. Pate, Theoretical model for
predicting adiabatic capillary tube performance
with alternative refrigerants, ASHRAE
Transactions 102(2) (1996) 52-64.

[5] T.N Wong, K.T. Ooi, Evaluation of capillary tube
performance for CFC12 and HCFCl134a, Int.
Communication Heat Mass Transfer 23 (1996) 993-
1001.

[6] T.N. Wong, K.T. Ooi, Adiabatic capillary tube
expansion devices: A comparison of the
homogeneous flow and the separated flow model,
Appl. Thermal Engg. 16(7) (1996) 625-634.

[7] P.K. Bansal, A.S. Rupasinghe, A homogeneous
model for adiabatic capillary tubes, Appl. Thermal
Engg. 18(3-4) (1998) 207-219.

[8] D. Jung, C. Park, B. Park, Capillary tube selection
for HCFC22 alternatives. Int. J Refrigeration 22
(1999) 604-614.

[9] C. Melo, R.T.S. Ferreira, C.B. Neto, J.M.
Goncalves, M.M. Mezavila, An experimental
analysis of adiabatic capillary tube, Appl. Thermal
Engg. 19 (1999) 669-684.

S. Wongwises, P. Chan, Two-phase separated flow
model of refrigerants flowing through capillary
tubes, Int. Communication Heat Transfer 27(3)
(2000) 343- 356.

[10]

50

(1]

[12]

[14]

[13]

[16]

[17]

(18]

[19]

[20]

[21]

[25]

S.M. Sami, H. Maltais, Numerical modeling of
alternative refrigerants to HCFC-22 through
capillary tubes, Int. J. Energy Research 24 (2000)
1359-1371.

S. Wongwises, W. Pirompak, Flow characteristics
of pure refrigerants and refrigerant mixtures in
adiabatic capillary tubes, Appl. Thermal Engg. 21
(2001) 845- 861.

B. Gu, Y. Li, Z. Wang, B. Jing, Analysis on the
adiabatic flow of R407C in capillary tube, Appl.
Thermal Engg. 23 (2003) 1871-1880.

P.K. Bansal, G. Wang, Numerical analysis of
choked refrigerant flow in adiabatic capillary tubes,
Appl. Thermal Engg. 24 (2004) 851- 863.

Y. Chen, J. Gu, Non-adiabatic capillary tube flow
of carbon dioxide in a novel refrigeration cycle,
Appl. Thermal Engg 25(11-12) (2005) 1670-1683.

Z. Yufeng, Z. Guobing, X. Hui, C. Jing, An
assessment of friction and viscosity correlations for
model prediction of refrigerant flow in capillary
tubes, Int. J. Energy Research 29 (2005) 233-248.

M. K. Khan, R. Kumar, P.K. Sahoo, Flow
characteristics of refrigerants flowing through
capillary tubes — A review, Appl. Thermal Engg. 29
(2009) 1426-1439.

Z. Guobing, Z. Yufeng, Numerical and
experimental investigations on the performance of
coiled adiabatic capillary tubes, Appl. Thermal
Engg. 26 (2006) 1106-1114.

Y. Mori, W. Nakayama, Study on forced
convection heat transfer in curved pipes (2", report
turbulent region), Int. J Heat Mass Transfer 10
(1967) 37-59.

S.J. Kuehl, V.W. Goldschmidt, steady flows of R22
through capillary tubes: test data, ASHRAE
Transactions 96 (1) (1990) 719-728.

S.G. Kim, S.T. Ro, M.S. Kim, Experimental
investigation of the performance of R22, R407C
and R410A in several capillary tubes for air-
conditioners, Int. J. Refrigeration 25 (5) (2002).
C.Z. Wei, Y.T. Lin, C.C. Wang, J.S. Leu, An
experimental study of the performance of capillary

tubes for R-407C  refrigerant, ASHRAE
Transactions 105 (2) (1999) 634-638.
D.S. Deodhar, V.S. Prabhu, KN. Iyer,

Experimental and numerical investigations on two-
phase flow through (adiabatic and heated) and
helically coiled (adiabatic) capillary tubes, in: 18"
National & 7% ISHMT-ASME Heat and Mass
Transfer conference, 2006, IIT Guwahati, India.

C. Park, S. Lee, H. Kang, Y. Kim, Experimentation
and modelling of refrigerant flow through coied
capillary tube, Int. J. Refrigeration 30 (2007) 1168-
1175.

G. Valladares, Numerical simulation and
experimental validation of coiled adiabatic
capillary tubes, Appl. Thermal Engg. 27 (2007)
1062-1071.

M.A. Khan, R. Kumar, P.K. Sahoo, Flow
characteristics of HFC-134a in an adiabatic helical
capillary tube, in: Proceedings of Int. Conference
HEFAT 2007 at Suncity, South Africa, 2007.

K.B. Madsen, C.S. Poulsen, M. Wiesenfarth, Study
of capillary tubes in a transcritical CO,

refrigeration system. Int. J Refrigeration 28 (2005)
1212-1218.



[29]

[30]

[32]

[33]

[37]

C.J.H. Hermes, D.L. Silva, C. Melo, JM.
Goncalves, G.C. Weber Algebraic solution of
transcritical carbon dioxide flow through adiabatic
capillary tube. Int. J. Refrigeration, 32(5) (2009)
973-977.

N. Agrawal, S. Bhattacharyya, Adiabatic capillary
tube flow of carbon dioxide in a transcritical heat
pump cycle, Int. J. Energy Research, 31(11) (2007)
1016-1030.

N. Agrawal, S. Bhattacharyya, Homogeneous
versus separated two-phase flow models: Adiabatic
capillary tube flow in a transcritical CO, heat
pump, Int. J. Thermal Sciences, 47 (2008) 1555-
1562.

J.N. Gorasia, N. Dubey, K.K. Jain, Computer aided
design of capillaries of different configurations,
ASHRAE Transactions (Part 1) (1991) 132-138.

W.H. McAdams, W.K. Woods, R.L. Bryans,
Vaporization inside horizontal tubes-II-benzene-oil
mixtures, Trans. ASME 64 (1942) 193.

S.W. Churchill, Friction equation spans all fluid
flow regimes, Chem. Engineering 84 (1977) 91-92.

S. Lin, C.CK. Kwok, RY. Li, Z.H. Chen,
Z.Y.Chen, Local friction pressure drop during
vaporization of R-12 through capillary tubes, Int. J.
Multiphase Flow 17(1) (1991) 95-102.

J. Sarkar, S. Bhattacharyya, M. Ramgopal,
Optimization of transcritical CO, heat pump cycle
for simultaneous cooling and heating applications.
Int. J. Refrigeration 27(8) (2004) 830-838.

W.R. Dean, Note on the motion of fluid in a curved
pipe, Phil. Mag. 4 (1927) 208-223.

51



	SOLUTION METHODOLOGY


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



