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Characteristics of Refrigerant Flow through Capillary
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Abstract

The capillary tube and short tube orifice have been widely used as an expansion device
in the refrigeration and air-conditioning system. To improve the system performance,
expansion devices need to be optimized with the components of a refrigeration system. In
the present study, a numerical model for a capillary, which could predict the flow rate and
properties along a tube, was developed by assuming homogeneous two-phase flow. A
semi~empirical flow model for evaluation of the flow rate through a short tube orifice was
also developed by using the experimental data. Finally, the results of the numerical model
for a capillary was compared with those of the semi-empirical model for a short tube
orifice to identify the dominant flow factors for the expansion devices.

Nomenclature f . friction factor
_ ) G mass flux [kg/(h - m)]
A, - capillary/short tube cross-sectional P . enthalpy [k]/kg]
area [m] k : Boltzmann constant
Cy  * correction factor for two-phase flow L  capillary/orifice length [mm]
D capillary/short tube diameter {mm] m mass flow rate [kg/h]
DR : D/ Dy P . pressure [kPa]
D, ' reference short tube diameter Pg.. - downstream pressure [kPa]
(1.524mm] Py : adjusted downstream pressure [kPa]
EVAP: normalized downstream pressure PRA : P, | P
* Department of Mechanical Engineering. P, - upstream pressure [kPa]
Korea Univ, Seoul, Korea p, : evaporating pressure [kPa]

** Graduate School, Korea Univ.,, Seoul, Korea
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SUB ' ( Ty — Ty | T.
T : temperature [C, K]
AT - subcooling (T]
Greek symbols
X * quality
v : specific volume [m'/kg]
z : axial length [mm]
3 : roughness [mm]
0 : density [kg/m’]
Tw ¢ wall shear stress [kPal
o . surface tension [N/m]
: viscosity [Pa - s]
Subscripts
I : critical state
down @ downstream
f . saturated liquid
g . saturated vapor
sat . saturation
tp . two—phase
up . upstream

1. Introduction

An expansion device which is an important
component of the refrigeration system controls
the mass flow rate and balances the system
pressure. A capillary tube has been widely used
in a refrigerator and small system, due to its
high reliability and low cost. Short tube and
TXV(thermostatic expansion valve) are mostly
applied to heat pump and residential air condi-
tioner. Usage of short tube orifice has been

increased, because of its low cost, high reliabi- »

lity, ease of installation and inspection, and
elimination of the additional check valves used

for flow direction change in heat pump applic~
ations.

Most of previous work through the capillary
tube and short tube orifice concentrated on
CFC-12 and HCFC-22. A great deal of resear—
ch and development is currently underway to
identify the substitutes for HCFCs. Bolstads
and Jordan" verified the critical flow in the c-
apillary tube. Metastable flow in the capillary
tube were found- by Dudley®. Kuehl and Gold-
schmidt® developed a model for HCFC-22 flow
through the capillary tubes-based on homoge-
neous flow assumption for two-phase flow
region. Kim et al? established a numerical
model considering the roughness to predict the
capillary tube performance. Chang et al® dev-
eloped an empirical model to estimate the met~
astable flow in the capillary tube using HFC re-
friéerants.

Aaron and Domanski® developed a seml~
mpirical flow model - which could predict the
mass flow rate in a short tube orifice, for sub-
cooled condition at the inlet of short tube or-
ifice. Using' HFC refrigerants, Kim and O'Ne-
al™ made an empirical flow model to predict
the performance of the short tube orifice for s-
ubcooled and two-phase conditions at the inlet
of the short tube orifice.

In the present study, the mass flow rate and
performance of capillary tube were analyzed us-
ing the numerical model for the capillary tube.
The modeling results for the capillary tube were
compared with those of the experiments for the
short tube orifices. It is difficult to compare the
characteristics of capillary tube with that of
short tube orifice, because the operating ranges
of those are not the same. Therefore, the qual-
itative analysis for the capillary tube and short
tube orifice was performed with operating par—
ameters. '
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2. Experimental apparatus and proce-
dure

A schematic diagram of the experimental
setup is shown in Figl. The test loop was
designed to allow easy control of each operati-
ng parameters such as upstream subcooling, u-
pstream pressure, and downsiream pressure.
The test rig consisted of a refrigerant flow lo-
op containing a detachable test section, a hot
water flow loop, and water/glycol flow loop.
The liquid pump with a variable speed motor
was used to control the wide refrigerant mass
flow rate and upstream pressure. The refriger—
ant subcooling entering the test section was
set by a water heated heat exchanger {evapor-
ation heat exchanger) and a heat tape. The pr-
essure and temperature at the exit of the fest
section was controlled by adjusting the temp-
erature and flow rate of chilled water/glycol
entering the heat exchanger.
the schematic of the orifice test section for
routine performance tests. The schematic of a
short tube orifice used for pressure profile

Fig.2(a) shows

measurements is shown in Fig.2(b). Five pres-
sure taps were located inside the short tube.

Performance tests were executed by varyin-
g the upstream pressure, downsiream pressu-
re, and inlet subcooling and quality. Upstream
pressure was maintained at saturated pressure
corresponding to condensing temperature of 38
T, 45%C, and 52 C, while downstream pres-
sure was set at saturated pressure of 7 C. For
the short tube orifice, the quality was varied
from 0% to 10 %.

Temperatures, pressures, flow rate, and pow-
er input were monitored in the test loop using a
computer data acquisition system. Each sensor
was calibrated to reduce experimental uncertain-
ties and connected to a data logger. All temper-
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Fig.l Schematic diagram of the experimental
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Fig.2 Test section of a short tube orifice.

ature measurements were made using the copper
constant thermocouples, and the accuracy of the
temperature measurement was estimated at 0.3
C. Pressure transducers for high and low pre-
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ssure were used in measuring the refrigerani
pressures. The estimated accuracy was 0.4 %
of full scale (3447kPa) for high pressure trans-
ducers, and 02% of full scale(1724kPa) for
low pressure transducers. The refrigerant flow
rate was measured with a mass flow meter,
and it was calibrated with water. The accur-
acy of the mass flow meter was 0.6 % of full
scale (1.45GPM). Data were taken at steady
state, The controlling parameters had to be
within the following limits. : upstream pressure,
7 kPa; downstream pressure, 14 kPa; and subc-
ooling, 0.3 C.

3. Numerical model for a capillary tube

The capillary tube has a simple structure,
while it generates a complex flow field which
includes sudden contraction, flashing, metas-
table flow, choking flow. In the present study,
a numerical model of HCFC-22 flow through
capillary tubes was developed at a steady state,
adiabatic, and choked flow condition when do-
wnstream pressure was lower than saturated
pressure according to inlet temperature. The
model considered the metastable liquid flow
using an empirical correlation. The effects of
relative roughness inside tube was also includ-
ed in this model.

3.1 Governing equation

Subcooled liquid region

The subcooled liquid region assumed to be
incompressible flow. Pressure distribution of the
liquid region was obtained from the equation of
continuity and momentum.

- —dP
%= 20D M

Roughness() inside of the capillary tube was
considered using the Colebrook equation which
predicted the single-phase friction factor, f.

[log(e/(3.7D) + 2.5t/ (ReVF )P

Two-phase region

The pressure drop for- the liquid region is
linear, while for the two-phase region it is
nonlinear. In the present study, two—phase flow
as a function of the capillary tube length was
calculated from the equations of energy and
momentum for homogeneous two-phase flow
{equation (3)).

a& A dP
The pressure drop of the two-phase region
was evaluated by adding the frictional and ac-
celerational pressure drop(10).
4P dz

% @

-(2),=

A= xih—l+(1 x)——£+G?‘u,,.[xﬂ‘-+(l —x)—= d”’]

B=h,,+g2v,,,u,,
C=Gzl‘,‘
E=1+Gr 28+ (-2 LE) =L,

Since equations (3) and (4) were coupled
together, those were solved using the. fourth
otder Runge-Kutta method. The two-phase
friction factor was determined from Reynolds
number and equation (2),

VD
HypVm

®)

Re”':

The McAdams equation was applied for the
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calculation of two-phase viscosity.

l=x ®

Metastable flow region

It was noted that when subcooled liquid
entered the capillary tube, the refrigerant was
in a liquid state at the inlet section of the tube
even though its pressure was lower than the
saturation pressure. That was called the met-
astable flow. Actual evaporating pressure in a
metasthle state was calculated utilizing the Chen
et. al’s correlation(3).

(Psai* Pv) VkTsnt
0372

— _ Ve pohou
={0.679 yg_VfRe

(7
«( ATTsc y~0.28 (_%)~3.18

where, D=V kT 0 <10,

3.2 Calculation procedure.

The model starts with the initialization of
the mass flow rate and reading of the input
data. The input required for this model are
upstream pressure, subcooling or quality, down-
stream pressure and capillary tube geometry.
The output from this model includes the mass
flow rate, and variation of pressure, tempera-
ture inside of the tube.

Choking condition should be satisfied in the
system with a constant area expansion device.
This model assumed the choking condition at
the exit of capillary tube, and the critical pres-
swe was calculated using the Fanno curve.
Pressure drops of single-phase and metastable
region were calculated by equation (1), and that
of two-phase region was modeled by equation
(4). The convergence of the model was chec-
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Fig.3 Comparison of experimental results with

numerical results for capillary tubes.

ked by comparing the assumed mass flow rate
with the calculated.

Figure 3 shows the comparison of the exp-
erimental results with the numerical results for
capillary tubes. The results of the model are
consistent with the experimental data within 5%.

4. Mass flow model for a short tube
orifice ‘

4.1 Semi-empirical flow model

A mass flow model was developed to cover
both single and two-phase flow at the inlet of
the short tube orifice. Equation (8) represents
the final semi-empirical model to predict the
mass flow rate through a short tube orifice.

m= cp As V chp(Pul)—Pf) (8

where, P, is the adjusted downstream pres-
sure before the flashing occurred, and Cip is
the two-phase correction factor for two-phase
flow at the inlet of the short tube.

Correction factors, P; and C,, in eqguation
(8) were correlated with respect to each opera—
ting parameters and short tube orifice geome-
try. After deciding basic normalized parameters
included in each correction factor, a correlation
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between the correction factor and the normali-
zed parameters was determined using the non-
linear regression technique along with the
experimental data. All coefficients included in
this flow model are given in Table 1.

b+ by - PRAY « LD" .+ SUB"

Py=Py |+bg - PRA"+ 6sEXP(by+ DR+ LD")

+ bll M EVAP
9)
Cp= L a3 <, 2 Ln(LD) (10)
(1+ay, ) (1+a(LD)*Y*™7)
0.5
= Fw [ Pr
= (pg) (11)
where, DR = D/D,;
D = LD
EVAP = (P:— Puypen P,
PRA = P, /P,
SUB = (Tsat_ Tup) /Tc

In equation (9), normalized parameters, PRA,
SUB, DR, and EVAP were correlated with respect
to upstream pressure, subcooling, diameter, and
downstream pressure. For single-phase flow en-
tering the short tube, C, was set to one.

4.2 Mass flow charts

To provide easier usage of a flow model, the
flow charts were developed using the derived
semi-empirical flow model for HCFC-22 (Equ-
ation (9)). The mass flow rate can be estimated
using the equation (12) along with Figs. 4 ~ 6.

n‘z= m,(Dl@g (12)

where, m, is an actual mass flow rate. The

reference short tube mass flow rate, m,, was

Tablel Coefficients of correction factors in

the flow model
Eq. Coefficient R-22
b 1.005
bs 5737
bs -0.485
by -0.179
bs 0.99%
El. (9) b5 0.268
by 2.716
bs -0.226
by -0.021
| bu 2.000
bu -0.092
ai ~-5.870
az 3.317
az 0.231
47} 0511
Constant Unit R-22
P SI 49974 kPa
T St 369.17 K
m N
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Fig4 Reference mass flow rate for the standard
short tube with L=12.70 mm, D=1.35 mm.
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determined from Fig4 with the given condi-
tions for subcooling and upstream pressure.
The effects of the geometry on the flow rate
can be corrected using the correction factor,

@,, from Fig5. Then, the subcooling correction
factor, @,, was obtained from Fig.6 to correct
the effect of subcooling and L/D ratio. The re-
ference short tube orifice was 12,7 mm length
and 1.35 mm diameter.

5. Comparison of the flow character-
istics of capillary tube with that of
short tube orifice

The flow characteristics of capillary tube is
similar to that of the short tube orifice, because
they are constant area expansion devices. How-
ever, the pressure variation inside tube and the
parameter affecting mass flow rate are different
each other, because the length of a capillary tu-
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Fig.5 Correction factor for short tube geometry.

be is much longer than that of a short tube or-
ifice. When subcooled liquid entered a capillary
tube, flashing occurred inside of the tube. There
was a large pressure drop just before the exit
of the tube. While, for a short tube orifice, a
large pressure drop was observed at the inlet
region due to sudden contraction. The fluid is
in the subcooled or metastable liquid state for
the whole length of a short tube orifice.

When downstream pressure was lower than
the saturation pressure corresponding to inlet
temperature, the variation of mass flow rate
was within 5% for capillary tubes or short tube
orifices. From the present study it was obser-
ved that the non-ideal choking was occurred
for the capillary tubes and short tube orifices.
Choked flow has been defined as the phenom-
enon which occurred when the mass flow rate
remained constant even when there was further
reduction in downstream pressure.

Figures 7 and 8 show the pressure variation
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Fig.6 Correction factor for inlet subcooling or
quality of short tube orifice.
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Fig.7 Pressure variation along the capillary tube.

for the capillary tube and the short tube orifice.
Fig.7 was obtained from the numerical cal-
culation, but Fig.8 was drawn using the exp-
erimental data. For a short tube orifice, a large
pressure drop existed at the inlet of the tube.
All of the pressure inside the tube increased as
the subcooling decreased or as the quality inc-
reased. As the subcooling increased, the all-
owable subcooled pressure drop at the inlet of
the short tube increased, thus the mass flow
rate increased. For two-phase flow entering
the orifice, the pressure at the inlet remained
constant even though the quality increased. As
the inlet quality increased, the mass flow rate
decreased because of the increase in the void
fraction at the entrance of the short tube.

For a capillary tube, pressure drop at the
inlet of the tube was negligible. The mass flow
rate depended on the pressure drop through the
overall capillary tube length. When inlet sub-
cooling was 1397, flashing occurred at the
point of 1.2 m from the inlet. As the subcooling
decreased, mass flow rate and the slope of two
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Fig.8 Pressure variation for the short tube
with L=12.83mm and D=1.33mm.
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Fig.9 Flow dependency on roughness of a
capillary tube.

-ﬁhase pressure drop decreased, and flashing
point moved to the inlet. Theoretically, flashing
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occurred at the saturation pressure. However,
flashing was observed when the pressure was
lower than the saturation pressure. It is called
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Fig.10 Flow dependency on upstream pressure
for the capillary tube.
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Fig.11 Flow dependency on upstream pressure

for the standard short tube, L=12.70
mm and D=1.35 mm.

as delay of flashing. The mass flow rate incr-
eased with delay of flashing, due to a rise at
the liquid region. Mass flow rate through a ca-
pillary tube was strongly dependent on the pre-
ssure drop inside the tube. The effect of rou-
ghness on a mass flow rate for a capillary tube
was larger than that for a short tube orifice

Figure 9 shows the flow dependency on ro-
ughness of a capillary tube. As the roughness
increased, the mass flow rate decreased. Fig.10
and 11 show the flow dependency on the upst-
ream pressure for a capillary tube and short
tube orifice respectively. Mass flow rate was
directly proportional to the upstream pressure
for both the capillary tube and the short tube
orifice.

Figures 12 and 13 represent the mass flow
rate dependency upon upstream subcooling or
quality for a capillary tube and short tube orif-
ice respectively. The flow trends of a capillary
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Fig.12 Flow dependency on upstream subcooling

and quality for the capillary tube.
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Fig.13 Flow dependency on upstream subcooling

and quality for short tubes,

tube was similar to that of a short tube orifice.
As the subcooling increased or the quality dec-
reased, the mass flow rate increased. For a ca-
pillary tube, when subcooling increased, the fla-
shing point moved to the exit and the density
of the refrigerant increased. As a results, the
mass flow rate increased. For a short tube ori-
fice, as the quality rose, mass flow rate reduced
because of the void fraction increase. When the
quality increased, the reduction of mass flow
rate for a short tube orifice was larger than
that for a capillary tube.

6. Conclusions

In the present study, a numerical model for
a capillary tube and a semi-empirical model for
a short tube orifice were developed through the
numerical analysis and the experimental study.
The developed models allow to predict the flow
characteristics and select the size of the cons-
tant area expansion devices. The following co-

nclusions were derived from the present study.

(1) The flow at the exit of a capillary tube
was in a equilibrium twd—phase flow, while the
flow of short tube orifice was in a metastable
equilibrium all over the length because the tube
length was too short.

(2) For a short tube orifice, when the sub-
cooled liquid entered the expansion device, mass
flow rate was governed by a pressure drop at
the inlet region. When two-phase flow entered
the short tube, it was determined by the void
fraction and the pressure drop over the tube.

{3) For a capillary tube the inlet pressure
drop was negﬁgible, and the mass flow rate
was dependent on internal pressure drop.

(4) Mass flow rate of the capillary tube and
short tube orifice rely on the upstream press-
ure, suﬁcooling or quality, and the geometry of
the expansion device. While it was insensitive
to a downstream pressure. As the upstream
pressure and subcooling increased, mass flow
fate was raised.
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