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Also, in order to calculate the gas-wall shear stress, Agrawal [14] suggeéted the Blasius equation
for smooth pipe flow by substituting C, = 0.07% and n = 0.25 into eq.(4).

Preston [2] proposed a simple method of determining local turbulent skin friction on a smooth

surface by means of a round Pitot tube or impact tube resting on the surface. Assuming that the inner law

u/uy = f(uy/v) €l
is valid in a region close to the surface in borh fully developed pipe flow and boundary layer flow, and the
functional relationship is the same for both types of flow, the following equation relating the wall shear
stress () and the pressure difference between the total pressure recorded by the preston tube and static
pressure at wall (AP,) is developed:

1,42 (AP,)d’

lngw——: = A+Blogm———z—* (10}

4pv 4pv
where constants (A =-1.396, B = 0.875) were cbtained by calibration. Head and Rechenberg [5] tested and
compared the experimental data obtained from Preston and Stanton tubes, both for pipe and boundary layer
flows, They confirmed the validity of Preston’s method.

Patel {6] suggested that Preston’s original calibration was in error. He made a more extensive study
of the Preston tube and compared the various proposed correlations. Over a wide range of experimental

conditions, Patel’s calibration equation is obtained as follows:

y* = 0.8287 - 0.1381x* + 0.1437x*" — 0.0060x *° (1)
(AP,)d’ T &

where x* = log —— and y* = log,,—— (12)
4pv? 4pv?

The simplicity, low cost and sufficient accuracy of the Preston tube makes it useful and switable for

detzrmining the shear stress distribution at the solid boundaries in two-phase stratified flow.

Results and Discussion

The Preston tubes were calibrated over a wide range of single-phase air flow rates by measuring
the air flow rate, the pressure drop along the test section (APy) and the pressure difference between the
Preston and static probes {APp). To examine the symmetry of the shear stress distribution, the preston tube
was rotated for measuring the pressure differences at- various circumferential locations around the pipe (8).

The experiment was performed for both sizes of pipe diameters (54 mm. and 29 mm.). From the
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momentum balance equation (eq.2) for single-phase air flow and substituting the measured pressure drop

along the test section (APL) and a { = (), the fully developed wall shear stress can be estimated,

Assuming the existence of a region near the surface in which conditions are functions only of the
skin friction, the relevant physical constants of the fluid and a suitable length, a universal non-dimensional
relationship between the total pressure recorded and the static pressure at the wall in terms of the skin

friction proposcd- by Preston {2}, namely

2 (AP )d?
T
Wt T (13)
4pv2 4p\.r2

will be used to form the correlation. On this assumption, this relationship is independent of the pressure
gradient. Assuming symmetry about the center of the circular pipe, the wall shear stress ferms along the

horizontal inner surfaces for each run were curve-fitted by the least squares method to a third degree

polynomial as follows
y* = 05947+ 0.3975% * — 0.0168(x*)’ +0.0071(x*)’ (14)

In the stratified two-phase flow study, the air flow rate was increased by small increments while the
water flow rate was kept constant. The smooth and two dimensional wavy flows were obtained in
accordance with results obtained from the study. At cach flow rate of air and water, the pressure difference
between Preston and static probes was recorded at various circumferential location. To do this, the test

section which was attached with Preston and static probes was rotated clockwise in small steps towards the
interface. Substituting the measured APy, into eq.(14), the gas-wall shear stresses were determined, The

measured wall shear stress distributions were found to be strongly influenced by the flow pattern which
exists. A rumber of graphs can be drawn from the experimental results but because of space limitation,
only typical results are shown. Figures 5 to 7 show typical wall shear stress distributions encountersd in
two-phase smooth stratified fiow. The measured wall shear stress decreases slightly with circumference
distance to a minimum point. As a result of a small wavy interface, it then increases sharply to a specific
shear stress value at the interface. Typical gas-wall shear stress distributions encountered i two
dimensional wavy flow are shown in Figures. 8 to 10. As a result of wavy interface, the gas-wall shear
stress increases slightly and approaches a specific value at the interface. Because the amplitude of the
water layer fluctuation increases slightly with the air flow rate, the gas-wall shear stress for higher air flow
rate is higher than for lower flow rate, The wall shear stress distributions obtained are the same for both
pipe sizes. The literature contains constderable data on wall shear in horizontal two-phase flow, but only
the works of Kowalski [9) and Newton et al. [11] were performed in circular pipes. The present

experimental results are also compared with those and some qualitative agreement is noted. Kowalski did
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not measure the shear stress at the region very close to the liquid-gas interface. However his existing data
show that some major variations occured close to the interface, The measured wall shear stress distribution
is different from those that were obtained by Davis [7] because of the difference in pipe configuration. The
average gas-wall friction factors were calculated from eq. (3) and were plotted against the gas Reynolds
number (Reg) obtained from eq.(5). It can be observed that the friction factor decreases slightly with
inereasing Reg. Figure 11 compares the experimental values of the gas-wall friction factor with theoretical
values for smooth pipe flow given by the Blasius and Taitel & Dukler equations. Concerning the gas flow
rates, the Blasius and Taitel et al. relationships overpredict the friction factor for Reg by less than 20,000.
The friction factor data obtained by Kowalski [9] and Newton et al. [11] are also compared with the
present results. Kowalski’s data points were taken .from a log scale, thus were a cause of some

uncertainties. The present measurements agree well with those from Newton et al. for D = 50 mm,

Coaclusion

This paper presents the results of the experimental work on the gas-wall shear stress for the co-
current air-water stratified flow in pipes. The measurement of wall shear stress by a calibrated Preston tube
appears to be accurate and convenient. Preston and static probes are installed on the dry walls of the
circular pipe and are calibrated by measuring the pressure drops along the test section and pressure
differences between the Preston and static probes for single-phase air flow over a wide range of flow rates.
The non-dimensional relationship between the Preston probe reading and wall shear stress is reported in a
practically more convenient form. The probes are used to measure the gas-wall shear stress distribution up
to positions close to the air-water interface. The gas-wall friction factor is determined and compared with
other reported models.
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Nomenclature

Ag.Ar crossectional area of gas and liquid phase, m* C constant

d external diameter of Preston tube, m D pipediameter, m

D¢, Dy hydraulic diameter of gas and liquid phase, m  fo,fi  gas-wall and liquid-wall friction factor
f interfacial friction factor g gravitational acceleration, m/s®

n constant _ P pressure, N/m?

APL  pressure drop along the test section, Pa S ‘perhnetcr, m
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APp  pressure difference between Preston and static tubes reading, Pa

Re Reynolds number U friction velocity, m/s
u velocity, m/s Vo average velocity of gas, m/s
Vi average velocity of liquid, m/s x* group of variables in eq.(12)
y vertical position measured from bottom, m y* group of variables in eq.{12)
Greek Symbols
B angle in eq. (7), radian « inclination angle from the honzontal, deg.
] circumferential location, degree  p density, kg/m’
v kinematic viscosity, m*/s 1 shear stress, N/m®
Subscripts
k gas or liquid G gas phase L liquid phase
i interface w wall
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ABSTRACT
This paper presents the results from a numerical study on the local pressure distribution of some
common traditional and alternative refrigerants flowing in adiabatic capillary tubes. The present model
developed from the basic conservation law of mass, energy and momentum includes various relevant
parameters. A homogeneous flow model is used in the two-phase flow region. Numerical results show
that the alternative refrigerants used as examples in the present study consistently give higher pressure
gradients than the traditional refrigerants. the present model can be used to simulate and compare the -
flow characteristics of the other refrigerants. It may be also an important tool for selecting the length of

the capillary tube used in household refrigerators and freezers for given operating conditions.

Keywords: Two-phase flow, Local pressure distribution, Pressure gradient, Refrigerant, Capillary tube

INTRODUCTION

The small bore capillary tube 1s the most widely used as expansion device in small domestic vapor
compression air conditioners and refrigerators. The main concern in practical consideration is to determine

the appropriate tube diameter and length at a given operating condition. The investigation on the flow

.. . . . . 1—9
characteristics in the capillary tubes has received the most attention . Bansal et al.! developed a
homogeneous two-phase flow model, CAPIL, to study the performance of adiabatic capillary tubes. They

used the REFPROP data base to calculate the refrigerants’ thermodynamic and thermophysical propertics.



. 7 . C . . .
Samiet al. proposed a numerical model for predicting the capiliary tube performance of pure refrigerants

9
(R12, R22, R134a) and binary mixiures (R410A, R410B, R507, R32/R134a). Wong ct al. " developed a
homogeneous two-phase flow model to simulate the flow characteristics of R12 and R134a. The results

showed that the differences in flow characteristics are due to minor differences in refrigerant properties.

.10 . . . . . . . . o
Wongwises provided the results of simulations using an adiabatic capillary tube model. The investigation

was concerned about making comparisons of the pressure distributions between various alternative

mixtures of refrigerant. Jung et al. } modified the Stoecker’s model = to provide simple correlations for
sizing the capillary tubes used with R22, R134a, R407C and R410A. Effects of the sudden contraction at

capillary tube inlet, degree of subcooling, friction factors and various viscosity models were discussed.

Melo ’ investigated experimentally the effects of the condensing pressure, size of adiabatic capillary tube,
subcooling and the types of the refrigerant (R12, R134a and R600A) on the mass flow rates.

There is relatively little information in the open literature on comparisons of flow characteristics for
traditional and alternative refrigerants flowing in a capillary tube. To be a guide-line in the future for
selecting the appropriate refrigerants, in the present study, the main concern is to study on the pressure
distribution of various refrigerants alony the capillary tube and to compare the flow characteristics between

some pairs of refrigerants.

MATHEMATICAL MODEL

The flow of refrigerant in a capillary tube used as an expansion device in the refrigerating system is
divided into two regions; a single-phase sub-cooled liquid region and a two-phase vapour-liquid flow

region.

SINGLE- PHASE SUB-COOLED LIQUID REGION

The single-phase sub-cooled liquid region is the region from the capillary tube inlet to the position
where the saturation pressure corresponds to the temperature at the capillary inlet. For steady and fully-
developed incompressible flow, the integral form of the momentum equation at distance dz in a capillary

tube 18

A,dP +tyw{(nd)dz = 0 (1)

where Tw is the wall shear stress and defined as



Vv
- f—_L L~ )
where f is the Moody friction factor and can be determined from Colebrook’s correlation as follows;

1 e/d 251
— = - 3
05 2 108[ 37 T Re, fo.sJ @)

Substituting Eq. (2) into Eq. (1), the single phase length (Lsc) of the capillary tube is obtained :

v/ 1.2
LSC = i~ Psat f;Ld_ (4)

where the total mass flux (G) is the total mass flow rate of fluid divided by total cross-sectional area of the
tube (A,) .

TWO-PHASE FLOW REGION

In the present study, the model used in the two-phase region is derived from the one dimensional

. . 9 .13
homogeneous two-phase flow assumption. The model 1s based on that of Wong et al.  and Wallis ~ . The
basic physical equations governing the capillary tube flow are the conservations of mass, energy and

momentum.

First, the specific enthalpy at a saturation state of a pure substance having a specific quality can be
determined by using the definition of quality (x) as follows;

h =h (I1-x)+ hgx ()

With no applied works and neglecting the elevation changes, the following form of energy equation for

refrigerant flow in a capillary tube is obtained :

2

d Vv
4| ¥he +1=0hy +—| = 0 (6)

where the quality of the mixture in a saturated condition (x) is the ratio of the vapour mass flow ratc

to total mass flow rate and the velocity of cach phase is equal (V = V,= V).
For a pure substance in the equilibrium homogeneous two-phase region, the enthalpics and densities
are functions of pressure (h = h(p), p = p(p})

Mass fluxes of vapour and liqf:id phase (G; and G,) are the mass flow rates of the vapour and liquid

divided by the cross-sectional area of the capillary tube, so
Gg = G = pV (7)



Void fraction (o) is a terminology in the two-phase flow study, it represents the time-averaged fraction
of the cross-sectional area or of the volume which is occupied by the vapour phase. The general equation

for determining the void fraction in the homogencous flow is

S S (8)
1+(1 xpGJ

X PuL

Actual average velocity of vapour and liquid phases (Vg and V) can be obtained from

o =

V=Gu-= G(XUG +(1—X)UL) {9)

After all above equations are rearranged, the following form of the total pressure gradient is obtained
dP _  dx{ AJ
= = 10
&%~ “@lB (10)
where A = hLG +G*vu
dh,, dh, dv do
B = x—9 +(1- x) L + Gy x—%
dp dp dp

. P . -
The total pressure gradient [—d—znj is often expressed as the sum of the three distinct components, so

P (dP dP dP
dz [H?Jf+(dz]a+[dz]g an

Three terms on the right hand side are represented the frictional, accelerational, and gravitational
components of the total pressure gradient, respectively.

Frictional term in Eq.(11) can be obtained from

[d—PJ _ —fthz(qu+(l—x)UL) 12
dz/¢ 2d

Accelerational term in Eq.(11) can not be measured directly. However, it can be caiculated from the
momentum flux as follows;

dpP
(—) s P dUL]—quLG{‘,—" (13
iz ), z z

Gravitational term in Eq.(11) can be negligible because the flow is horizontal

Substituting Egs. (12) and (13) into Eq. (11), gives

(jP) dp
_C__.
dx Mdz/y Tz

(14
dz D )




where

xdv (1—x)dv
2 G+ L

dpP dpP

@]
I

D = quLG
The two-phase friction factor (f tp) can be calculated from Colebrook’s equation with the Reynolds

number being defined as:

Re = G4 (15)
p‘tp

. .14 .
The following Dukler ’s equation = is used to determine Hip'

XUl H(-x)0 g
Xvg + (I-x)v,

(16)

Hyp =

where W, and [g are absolute viscosity of liquid and gas, respectively.

SOLUTION METHODOLOGY

In the present study, the following pairs of refrigerants whose properties are very similar are chosen as
examples and used in the present simulation;
R12 vs R134a,
R12 vs R409A (R22/124/142b; 60/25/15)
R12 vs R409B (R22/124/142b; 65/25/10)
- R501 (R22/12; 75/25) vs R402A (R125/290/22; 60/2/38)
R501 (R22/12; 75/25) vs R402B (R125/290/22; 38/2/60)

All thermodynamic and transport properties of refrigerants are taken from REFPROP12 and are
developed as a function of pressure. The calculation is divided into two steps; sub-cooled single-phase
region and two-phase vapour liquid region. Initial conditions required in the calculation are tcmperaturc
and pressure of refrigerant at capillary tute inlet, roughness and diameter of the capillary tube and mass
flow rate of refrigerant. In the single-phase flow region, after substituting the friction factor calculated from
Colebrook equation and the saturagion pressure at the capillary inlet temperature into Eq.(4), the single-
phase region length is obtained. The end condition of the single phase flow region is used to be an inlet
condition of the two-phase flow region. The Runge-Kutta method is used to solve Egs. (10) and (14) in the
two-phase flow region. The calculation in two-phase flow region is terminated when the flow is at the

critical flow condition. Total capillary tube length is the sum of the single and two-phase length.



RESULTS AND DISCUSSION

The refrigerant mass flow rate, temperature and pressure at the inlet of the capillary tube, diameter
and relative roughness of the tube were each varied in tum to investigate the effect on the total length of
capillary tube. The results from the simulation are properties at cach position along the‘ capillary tubes.
Figures 1,2,3 and 6 show the variation of the local pressure of all refrigerants with position along the
capillary tube. In the sub-cooled liquid region, due to friction, the pressure of refrigerant drops lincarly.
After the position of the inception of vaporization due to both friction and acceleration, the pressure of
refrigerant drops rapidly and more rapidly as flow approaches the critical flow condition. However, in real
situation, the actual point of inception of vaporization may not occur at the end of the sub-cooled liquid

region because of the delay of vaporization. In order to validate the present model, comparisons are made

with limited available measured data of Li et al.4which were obtained from 10 pressure transducers

installed along the capillary tube. Figures 1 and 2 also compare the simulation results obtained from the

present model with the R12 data measured by Li et al. 4 The model is shown to fit the data quite well.

Comparison on the pressure distributions of R12 and R134a (Figures 1 and 2), in general, the flow of
R12 in the capillary tube gives a lower pressure gradient than that of R134a. In the other word, the total
tube length for R134a is shorter. Comparisons on thé pressure drop characteristics for the rest of each pair
of refrigerant (R12 vs R409A and R409B; R301 vs R402A and R402B) show that for all cases in the
single-phase region, the traditional refrigerant gives a slightly lower pressure gradient than the alternative
refrigerants. In the two-phase flow region, the traditional refrigerant gives a momentous lower pressure
gradient than the alternative refrigerant.

Figures 4 and 7 show the quality distributions along the capillary tube. For all cases, the quality in the
single phase region is zero till the flash point at which the two-phase region begins and then increases more
rapidly in a non-linear fashion as the critical flow condition is approached. It is also shown that in general,
traditional refrigerants vaporize later than their corresponding alterﬁatiVe refrigerants. Figures 5 and 8
show the distributions of temperaturc along the capillary tube for cach pair of refrigerant type. In all cascs,
in the single phase region, because the flow is incompressible, the refrigerant temperature along the
capillary tube remains constant. After the position of the inception of vaporization, the temperature drops
rapidly as the flow approaches the E:.x.-itial flow condition. In general, the traditional refrigerants give longer

total capillary tube length.



CONCLUSIONS

A homogencous two-phase flow model is modified to study the flow characteristics of some
refrigerants flowing in adiabatic capillary tubes. The basic governing equations are based on the
conservations of mass, energy and momentum. The differential equations obtained are solved
simultaneously by the Runge-Kutta method, It 1s found that even the differences in properties of each pairs
of the refrigerants is small, the differcnces on the overall system performance may be meaningful. By
varying various input parameters, it is found that the traditional refrigerants consistently give lower

pressure gradients and give longer total length of the capillary tube.
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NOMENCLATURE

A, cross-sectional area of tube, m’ d  diameter of the capillary tube, m
¢  roughness, m f  fnction factor

mass flux, kg/s m? h  specific enthalpy, kJ/kg

mass flow rate, kg/s P pressure, MPa
Re Reynolds aumber T  Temperature, °C
VvV velocity, m/s x quality
z  axial; direction or length, m o void fraction
K absolute viscosity, Pa s v specific volume, m3/kg.
p  density, kg/m’ T shear stress, N/m®
Subscripts
a  accelerational f  frictional
g  gravitational B G vapour
i capillary tube inlet L liquid
sat saturation SC single-phase sub-cooled
tp two-phase w  wall
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ABSTRACT
In this paper, the local pressure,” temperature and quality of some common (raditional and
environmentally acceptable alternative refrigerants flowing through adiabatic capillary tubes are
numerically determined. The mathematical model is developed from the basic law of mass, energy and
momentum conservations. Homogeneous flow is assumed for the two-phase liquid-vapor flow region.
Numerical results reveal that, in general for both single-and two-phase regions, the alternative
refrigerants used in this study consistently give higher pressure drops per unit length than the fraditional

refrigerants.

INTRODUCTICN

The capillary tube is a kind of expansion devices used in small vapour-compression refrigerating and
air conditioning systems. In practical consideration, the main concern is to determine the appropriate length
and diameter of the tube at a given refrigeration capacity. The design and analysis of capillary tubes have
been received the most attention, both analytically and experimentally [1-12]. Bansal et al.[1] presented a
homogencous two-phase flow model to study the performance of adiabatic capillary tubes The REFPROP
data base [14] which is based on the Carnahan-Starling-DeSantis equation of state was used to determine
the refrigerant’s propertics. Sami ct al.[10] presented a numerical- model for predicting capillary tube
performance using new alternative refrigerants, both pure and binary mixtures. Wong et al [11] developed
a homogeneous two-phasc flow model te simulate and compare the flow characteristics of CFC12 and
HFCl134a. The results showed that even with minor differences in thermophysical properties of both
refrigerants, the difference in pressure, temperature, mixture velocity and quality distributions in capillary
tube may be significant. More re“(:en-tly, Jung et al.[4] modified the Stoecker’s basic model [13] and
provided simple correlations for sizing the capillary tubes for practicing zngincers. Various effects duc to
subcooling, area contraction, different equations for viscosity and friction factor were considered. Mclo [8]

studied the effects of diameter and length of capillary tube, refrigerant subcooling, condensing pressurc and



type of the refrigerant on the mass flow rates in adiabatic capillary tubes. The experiments were performed
with R12, R134a and R600a. Wongwises et al. [12] provided the results of simulation using a developed
adiabatic capillary tube model. The 'investigation was concerned about making comparisons between
various alternative mixtures of refrigerant. Although some information is currently available on flow
characteristics in adiabatic capillary tubes, there still remains room to discuss. The present study is

concerned with making comparisons between some pairs of traditional refrigerants with alternative ternary

refrigerant mixtures.

MATHEMATICAL MODEIL

The flow of refrigerant through a capillary tube can be divided into two distinet regions as shown in
Fig.1; a singlc-phase sub-cooled liquid region and a two-phase liquid-vapor region. In Fig.1, point |
represents the capillary tube inlet at the conderser side, point 2 represents the capillary tube inlet at the
capillary tube side, point 3 is the end of the single- phasc subcooled liquid (saturation point) or the
beginning of the two-phase region, point 4 is the capillary tube exit at the capillary tube side and point 5
represents the capillary tube exit at the evaporator side. The typical pressure-enthalpy relationship from

point 1-5 is shown in Fig.2

The mathematical model developed is based on the assumptions as follows;

- one-dimensional flow,

- adiabatic and homogeneous two-phasc flow,

- straight horizontal and constant inner diameter and roughbness capillary tube,
- thermodynamic equilibrium through the capillary tube

- no metastable liquid region

SUB-COOLED LIQUID REGION
The sub-cooled liquid region is the region from the inlet of the capillary tube to the position where the
saturation pressure corresponds to the inlet temperature. For stcady fully-developed incompressible flow,

the integral form of the momentum cquation at distance dz in a capillary tube is

L ALdP + 1y (nd)dz = 0 (N

where tw 1s the wall shear stress and defined as

v
Tw — f‘~——*!‘ L (2)



where £ is the Moody friction factor and can be determined from Colcbrook’s correlation as follows;,

I e/d 251
—a = =21 3
R Og[ 37 " Re, fU-S] ©

Substituting Eq. (2) into Eq. (1), the single phase subcooled liquid length,Lsc, of the capillary tube can be

obtained

)

2p, d

L = A

where the total mass flux,G, is the total mass flow rate divided by total cross-sectional area of channel A,

TWO-PHASE FLOW REGION

In the two-phase flow region, the model is derived from the one dimensional homogencous two-phase
flow assumption. The model is based on that of Wong et al.[11] and Wallis [15]. In the modeling, the basic
physical equations governing the capillary tube flow are the continuity and conservations of energy and
momentum.

The specific enthalpy of a substance at a saturation state having a given quality can be calculated by
utilizing the definition of qualty, x,

h = xhg +({1-x)h ' (5)

where the quality is the ratio of the mass flow rate of vapour to total mass flow ratc when a substance is in
a saturation state.

For homogeneous flow, the velocity of each phase can be expressed as

V= V.=V (6)

Also, for refrigerant flow in a capillary tube with no externally appiied works and ncglecting the
elevation changes, the following forn of encrgy cquation is obtained
2
d

YV .
d_z XhG +(1_X)h]‘+7 = 0 (7)

In the homogeneous two-phase region for a pure substance in equilibrium, the enthalpies (and also

densitics) may be arranged in the function of pressure,

h = h(p), p = pp) (8)

Vapour mass flux,Gg, and liquid miass flux,G;, are the vapour and liquid mass flow rates divided by

total cross-scctional arca of channel, so

GG s GL = pV (9)



In liquid-vapour flows, void fraction,a, usually represents the time-averaged fraction of the cross-
sectional area (or the volume) which is occupied by the vapour phase. The homogencous flow model takes

into account the fact that the two phasecs physically flow with same velocities. This general correlation is

then
o= — L (10)
1+L1 XPGJ
X P
= a(x,p) (11)

Actual average velocity of vapour and liquid can be determined from
V=Gvuv = G(xug +{1-x)v;) (12)
Eventually, after rearrangement using above corrclations, an expression for the total pressure gradient

1s obtained as follows;

dp dx (A]
dz = T &Z\B {13
where A= hLG-i—GzUULG
dl dv du
B= x—C +(1Hx) L4 GPolx—O L
dr dp dP

The momentum equation is often rewritten as an explicit equation for the pressure gradient. The total

: dP) . .
pressure gradient (Hm is, therefore, expressed as the sum of the three different components, so
z

@ e, (@, (& a9
z z/f z z/y
The three terms on the right hand side are regarded as frictional, accelerational, and gravitational
components of the total pressurc gradient. Gravitational term in Eq.(14) is negligible because the flow is

horizontal. Accelerational pressure gradient can not be measured direetly. FHowever. it can be calculated

from momentum flux as follows;

apy o _m dv) :
(dz]a_ A, dz (13)
dp dU dx

Frictional pressure gradient carn be obtained from

(16)

[92) - G?(xv, +(1-x)v,)
dz/¢ 2d

Substituting Eqs. (15) and (16) into Eq. (14), gives



— T )

where

2| xdvg J_(1 —x) dv;
Ll

C =1+G
dP dp

2
D = G'ug
The friction factor for the homogeneous two-phase flow, ftp , can be determined from Colebrook’s

equation with the Reynolds number being defined as:

Re = _le__ (18)
Htp

Dukler ’s equation [16] is used to calculate Hip as follows:

XU~ U, +(l=x)u, W
_ GHG LFL
Hip = xvg + (I=x)v; (19)

wherc 11 and g are dynamic viscosity of liquid and gas, respectively.
RESULTS AND DISCUSSION

The calculation is divided into two parts; sub-cooled single-phase region and two-phase vapour-hquid
rcgion. The thermodynamic and transport properties of all refrigerants are taken from REFPROP [14]. All
propertics are developed as a function of pressure, Initial conditions required in the calculation arc pressure
and temperature of refrigerant at capillary tube inlet (or condition at outlet of condenser), mass flow rate of
retrigerant, roughness and diameter of *he capillary tube. In the single-phase flow region, afier substituting

the friction factor calculated from Colebrook equation (eq.(3)) and the saturation pressurc of refrigerant at
the temperature at the capillary tubz inlet, Py, into eq.(4), the single-phase region length is obtained. The

exit condition of the single phase flow region is used to be an initial condition of the two-phasc flow region.
In the two-phase flow region, the Runge-Kutta method is used to solve equations (13} and (17). The

calculation in two-phase flow region’is terminated when the flow is at the choked flow condition (dP/dz —

@),



In the present study, the comparisons are concerned between the following pairs of refrigerants;
‘R12 vs R134a,
R12 vs R414B (R22/R124/R.600a/R142b; 50/39/1.5/9.5)
R12 vs R411A (R1270/R22/R152a; 1.5/87.5/11.0)
R12 vs R411B (R1270/R22/R152a; 3/94/3)
R22 vs R407A (R32/R125/R134a; 20/40/40)
R22 vs R407B (R32/R125/R134a; 10/70/20)
R22 vs R407D (R32/R125/R[34a; 15/15/70)
R500 (R12/R152a; 73.8/26.2) vs R40] A (R22/R152a/R124; 53/13/34)
R500 (R12/R152a; 73.8/26.2) vs R401B (R22/R152a/R124; 61/11/28)
R500 (R12/R152a; 73.8/26.2) vs R401C (R22/R152a/R124; 33/15/52)

1

Figures 3-5 show the relationship between the pressure and temperature at the saturated conditions for
each group of the refrigerant. As shown in the figures, the saturated conditions of refrigerant in each group
are similar. However even with the small differences in property in each group, it is not necessary that
performances of the system are similar and this issue will be investigated in the present study. The mass
flow rate, pressure and temperature at the capillary tube inlet, diameter and relative roughness of tube were
cach varicd in turn to investigate their effect on the total length of capillary tube. The results from the
calculation by the present model developed are pressure, temperature and quality at each position along the
capillary tubes. In order to validate the present model, comparisons are made with limited available
measured data of Li et al. [7].

Figures 6-8 compare the simulation results of the present model with the R12 mcasured data obtained
by Liet al.{7] . The experimental conditions used by Li et al. [7] are given in Table 1. The present model is

shown to agree with the measured data,

Table I  Experimental conditions of Li et al. [7]

Case T. (°C) P. (bar) m (g/s) d (mm) e/d
1 30.00 8.85 435 1.17 0.003
2 31.40 9.67 1.13 0.66 0.003

3 23.40 7.17 0.844 0.66 0.003




Figures 6-8, 9, 11, 13 and 15 show variation of local pressure of all refrigerants with position afong
the capillary tube. In the subcooled liquid région, due to frictional effects in fully developed flow in a
constant-area tube, the pressure of reftigerant drops linearly along the capillary tube. After the position of
the inception of vaporization, due to frictional and accelerational effects, the pressure of refrigerant
decreases relatively fast and, more and more rapidly as the flow approaches the critical flow condition. But
in fact, due to the delay of vaporization, from a single-phase subcooled liquid to a two-phase mixture, the
actual starting point of vaporization may not occur at the end of the single-phase liquid region or at the
saturated liquid condition.

It should be noted that comparing the local pressure distribution of R12 and of R134a as shown in
Figure 9, the flow of R12 through the capillary tube gives a lower pressure drop per unit length than that of
R134a. In the other word, at the same total pressure drop, the total tube length by using R134a is shorter.
Except Figs. 15-16, comparisons of the pressure drop characteristics for the rest of each pair of refrigerant
type show ihat for all cases in the single-phase region, the elder traditional refrigerants flowing through the
capillary tube give longer single-phase region and give a slightly lower pressure drop per unit length than
the newer altemative refrigerants. In the two-phase flow region, the traditional refrigerants give a
meaningfully lower pressure drop than the alternative refrigerant which results in a longer total tube length.
In Fig.15, R500 gives lower pressure drop than R401A and R401B but gives higher pressure drop than
R401C. This may be due to the difference in the composition of each refrigerant. R401A and R401B
compose of the similar component composition. While, amount of R22 and R124 in R401A and R401B is
quite difference from those in R401C. It is also interesting to note that the comparison between the pressure
drop characteristics for R22 and R407D in Fig.13, R407D gives a little bit longer single phase region and
slightly shorter two-phase flow region. The result shows that although both refrigerants have a difference in
composition, the pressure distributions along the capillary tube are alimost the same.

Figures 10, 12 and 14 show the distributions of the temperature along the capillary tube for each
pair of refrigerant type. In all cases, in the single phase region, the refrigerant temperature remains constant
along the capillary tube. After the position of the inception of vaporization, the temperature drops rapidly
as the flow approaches the critial condition. In general, the traditional refrigerants show a slightly lower
temperature drop along the capillary tube, which corresponds to the lower pressure drop. Figure 16 shows
the quality distribution along the capillary tube. In the single phase region, the quality is zero til the flash
point which the two-phase region begins and then increases more rapidly as the choked flow condition is
approached. It is also shown that, inugencral, traditional refrigerants vaporize later than their corresponding

alternative refrigerants.



CONCLUSIONS

A homogenecous flow model has been applied to determine the characteristics of refrigerants flowing
through adiabatic capillary tubes. The basic physical governing equations arc established from the
conservations of mass, energy and momentum. The differential equations derived are solved by using the
Runge-Kutta method. By varying the model input parameters, in general, it has been found that the
traditional refrigerants consistently give lower pressure drops per unit length for both singie-phase and two-
phase regions. The present model includes the various relevant parameters and is a tool for sizing the
capillary tubes used in household refrigerators and freezers, especially to sclect the capillary tube length for

given operating conditions.
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NOMENCLATURE
A, cross-sectional arca of tube, m® d tube diameter, m
¢ roughness, m f  friction factor
G mass flux, kg/s m* i specific enthalpy, kl/kg
m  mass flow rate, kg/s P pressure, MPa
Re Reynolds number T  Temperature, °C
V  velocity, m/s x  quality
z  axial; direction or length, m o void fraction
i dynamic viscosity, Pa s v specific volume, m*/kg
p  density, kg/m® ©  shear stress, N/m*
Subscripts
a  accelerational f  frictional
g  gravitational - G vapour
i capillary tube inlet : L lLquid .
sat saturation SC sub-cooled

tp  two-phase w  wall
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Abstract: A homogeneous flow model is applied to study the flow
characteristics of refrigerants in adiabatic capillary tubes. The basic
physical equations governing the flow are established from the
conservation of mass, energy and momentum. The obtained differential
equations are solved simultaneously by the Runge-Kutta method. The
model input parameters are pressure and temperature at capillary tube
inlet, mass flow rate of refrigerant, roughness and diameter of the
capillary. The simulation can be used to determine the appropriate size
of the capillary tubes used in houszhold air conditioners and
refrigerators, especially to select the capillary tube length for given

operating conditions.
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Introduction

The capillary tube is the most widely used as expansion device
in small domestic vapor compression air conditioners and refrigerators.
It is made from a small-bore hollow copper tube (in the order of 0.5 X
10 to 1.5 X 107 m. diameter) of about 2 to 5m.in iength [1]. It is used
as an automatic flow rate controller for the refrigerant when varying
load conditions and varying condenser and evaporator temperatures
are to be encountered. Its simplicity, low initial cost and low starting
torque of compressors are compelling reasons for its use.The capillary
tube’s physical configuration is very simple, the design and analysis
of flow and heat transfer characteristics inside the tube are however
complex ones. The design of capillary tubes has been studied both
analytically and experimentally, mostly for pure refrigerants. Bansal
etal. [1] presented a homogeneous two-phase flow model, CAPIL to
study the performance and design aspects of adiabatic capillary tubes.
The REFPROP data buse which is based on the Carnahan-Starling-
DeSantis equation of state was used to determine the thermodynamics
and transport properties of the refrigerants. Melo [5] investigated
experimentally the eftects of diameter and length of adiabatic capillary
tube, refrigerant subcooling, condensing pressure and the type of the
refrigerant (R12, R134a, R600A) on the mass flow rates. Sami et al.
[7] presented a numerical model for predicting capillary tube
performance using new altemnative refrigerants, both pure refrigerants
(R12, R22, R1344a) and binary mixtures (R410A, R410B, R507, R32/
R134a). Numerical results revealed that the proposed model fairly
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simulated their experimental data and those of other researchers. Wong
et al. [8] used a homogeneous two-phase flow model to simulate and
compare the flow characteristics of R12 with those obtained from the
separated flow moedel. The results showed that the separated flow model
using Lin’s pressure gradient correlations [4] and the Miropolskiy’s
slip ratio [6], gave better prediction. Jung et al.{2] modified the
Stoecker’s model [10] to provide simple correlations for sizing the
capillary tubes used with R22, R134a, R407C and R410A. Various
effects due to the degree of subcooling, sudden contraction at capillary
tube inlet, various viscosity models and friction factors were considered.
Wongwises et al.[9] provided the results of numerical simulation for
R12, R22, R134a, R502, R404A, R407B, R407C, R410A, R410B,
R507A. An example of capillary tube selection chart developed from
the simulation is shown.

Although some information is currently available on flow
characteristics of refrigerant in a capillary tube, there still remains room
to discuss. In the present study, the main concem is to develop the
flow model and study the flow charactenistics of some pure refrigerants
(R12,R22, R134a) and refrigerant mixtures (R407E (R32/R125/R134a
; 25/15/60 %), R410B (R32/R125;45/35 %), R502 (R22/R115 ; 48.8/
51.2), R408BA (R125/R143a/R22 ; 7/46'47 %)).

Mathematical Modelling

As shown in Fig. 1, the flow of refrigerant through a capillary
tube can be divided into two different regions; a sub-cooled liquid
region (the region from the inlet of the capillary tube to the position
where the saturation pressure corresponds to the capiliary nlet

temperature) and a liquid-vapor two-phase region.

Asian 1. Energy Environ, Vol .2 Issuc 1 (2001) 71



'A
.

S. Wongwises, N. Lokathada, P. Kritsadathikarm and T. Sengnetichaovalit

The following assumptions are used to formulate the model:
» adiabatic flow

* one-dimensional flow

¢ homogeneous two-phase flow

thermodynamic equilibrium

straight horizontal, constant inner diameter and roughness

capillary tube
+ 1o metastable effects

Sub-cooled Liquid Region

For steady fully-developed incompressible flow in a capillary

tube, the integral form of the momentum equation at differential distance

dz is
TW(m’)dz + A dP = 0 e (1)
where the shear stress at wall,T,,, can be determined from
(p V)
A R S e— (2)
8
where f is the friction factor determined from Colebrook’s equation as
follows;
|l éld 251
05 = TSN 3T T Re 05| e (3)
L

Substituting Eq. (2) into Eq. (1) and rearranging, the sub-cooled liquid

length,L__, is obtained as follows;

sC?
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G2
T2pd

L = (p- psaf)/

where the mass flux, G, is the total mass flow rate divided by cross-

sectional area of tube.

Two-phase Flow Region

The one dimensional homogeneous two-phase flow model
based on that of Wong et al. [8] and Wallis [12] is used in the present
study. In the model, the basic physical equations governing the flow
are the continuity and conservations of energy and momentum.

As the refrigerant flows along the capillary tube, its pressure
gradually drops and the liquid flashes into vapour arising purely from
the reduced pressure, So at any point

h = xhg+(I=x)y  —roeemremmmmemmonees (5)
where the quality, X, is the ratio of the mass flow rate of vapour to total
mass flow rate when a substance is in a saturation state.

For homogeneous flow, the velocity of each phase 1s equal, so

- LA
Vs Vo= Ve (6)

For flow in a capillary tube with no applied works and
neglecting the elevation changes, the following form of energy equation

is obtained

H
<
—~~
~J
R

-~

dh; dy’ ( dh dx ] [ dv ]
th. — |+l (- = [+l V—| =0 _.___
or (x N I [{_J \( x) - L 7 (8)

-~ -~

d v?
—(}—7— xh + (1= x)h; T—é— ______________
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For a pure substance in equilibrium, the enthalpies and densities
at saturation state can be arranged in the function of pressure.

From elementary calculas we know thatifhisa differentiable
function of P, and P is a differentiable function of z, then

dh dh _d_P

dz  dP dz

- ~(9)

On rearranging, we get

PN s . E’ﬂj( ff’ﬁ}[i‘{}:
[a’zj{x <P +(1--x) 2P +| fy % + Vd:-, 0-—-(10)

Average velocity of refrigerant flowing along the capillary tube
1S
Vo = V.= V=00 e (1)
where mass flux, G, is the mass flow rate of mixture divided
by the cross-sectional area of tube and specific volume of the
mixture, p, is determined from

U = qu+(1-x)vL ...................... (12)

Determining the differential term of Eq.(11), we get

dv

dz

du,

= G(x——‘——+(l—x) —:(‘UG-‘UL)gj .......... (13)

7
< -~ ~

Substituting Eq. (13) into Eq.(10) and rearranging gives

P _ _ﬁ(i} ........................... (14)

F dz
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where A = b +G20v
LG LG

x—E 4 (l-0)—%=+ G x—& +(1-x)—L
dP dP d

dP
The momentum equation is often rewritten as an explicit

: dP
equation for the pressure gradient. The total pressure gradient {Zj

B

dh dh { dv dv }

can be expressed as follows

IR
dz  \dzJa dz /g dzjf 7T (15)

The different three components are regarded as accelerational,
gravitational and frictional terms of the total pressure gradient.
Accelerational pressure gradient cannot be measured directly.

[t can be, however, obtained from the momentum flux as follows

/2’5\ _ _ﬂl_d(V) _____________________ (16)
Ld: Ja A, dz
dv dv dv /P
and,so = ~—G2 ULG—E'F[(]—I) Ly G]L—W
: dz dP dP ) dz }

Gravitational pressure gradient is negligible in this case because

the flow is horizontal.
Frictional pressure gradient can be calculated from

2 .
[d})) _ —f[pG ((1_")UL+XUG) o ([7)
f

d: 2d

Substituting Eqs. (16) and (17) into Eq. (15), gives
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() e
de dz f dz

dz D

where

2
D = Gv G
Eq. (3) used for the single-phase will be modified to calculate the two-

phase friction factor, ftp, with the Reynolds number being defined as:

The two-phase viscosity, Hyp, is calculated from Dukler ’s equation

[13] as follows:

vauG +(1 —x)vL,uL

va+ (I-»x)UL

L, =

where p-and i, are dynamic viscosity of gas and liquid, respectively.

Solution Method

The properties of refrigerent are taken from REFPROP [11]
and are developed as a function of pressure. The calculating the friction
factor by Eq.(3) and substituting P_ into Eq.(4) with the saturation
pressure. of refrigerant at the inlet temperature of the capillary tube,
the length of the single-phase region is obtained. The exit condition of
the single phase flow region is used to be an inception of vaporization
of the two-phase flow region. In the two-phase flow region, the Runge-
Kutta method is used to solve Egs. (14) and (18) and the calculation is
terminated when the flow is at the choked flow condition.
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Results and Discussion

Figures 2 and 3 show the relation between saturation pressure
and saturation temperature for each pairs of the refrigerants. It can be
seen that the differences of the pressure-temperature profiles for each
pairs are small. The results from the simulation obtained by using the
mathematical model are properties along the capillary tubes. The effect
of mass flow rate, pressure and temperature at the capillary tube inlet,
diameter and relative roughness, on the total length of capillary tube
were investigated. The present model is validated by comparing with
the R12 data measured by Li et al. {3]. Figures 4 and 5 show the
comparison of the simulation results with the R12 data of Li et al for
inlet temperatures 0f 23.4 °C and 31 4 °C respectively. The experimental
data agree quite well with the model.

Figures 4 and 5 also show how pressure varies with position
along the capillary tube. In the single-phase region, due to frictional
effects in fully developed flow in a constant-area tube, the pressure of
refrigerant decreases linearly along the capillary tube. After the position
of the inception of vaporization, due to frictional and accelerational
effects, the pressure of refrigerant drops relatively fast and more rapidly
as the flow approaches the choked flow condition. However, in real
situation, due to the delay of vaporization, the onset of vaporization
may not occur at the end of the single-phase region.

The comparison of the local pressure distribution of R12 and
of R134a is shown in Figure 6, the flow of R12 through the capillary
tube gives a lower pressure drop per unit length (dP/dz) than that of
R134a. In the other word, at the same pressure drop, R134a needs
shorter capillary tube length. Figures 7 and 11 show the temperature
distributions along the capillary tube for R12, R134a and R502, R408A
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respectively. In the single phase region, the temperature of refrigerant
along the capillary tube remains constant as expected. Once the
inception of vaporization has taken place, the temperature drop will be
accelerated as the flow approaches the choked condition.
Comparisons on the pressure drop characteristics for the rest
of each pair of refrigerant (R22 vs R407E and R410B; R502 vs R408A)
show that for all cases the traditional refrigerant flowing through a
capillary tube gives a slightly lower pressure drop per unit length in
the single-phase region and gives a sinificantly lower pressure drop
per unit length in the two-phase region than the alternative refrigerants.
The traditional refrigerants also give longer single-phase region which
resulted in a longer total tube length. Figure 9 shows the distribution
of quality along the capillary tube. For all cases, the quality in the
single phase region is zero up to the flash point and then increases in a
non-linear fashion, rising more rapidly as the choked flow condition is
approached. It is also shown that in general, traditional refrigerants

vaporize later than their corresponding alternative refrigerants.

Conclusions

The distributiuns of local pressure, temperature and quality of
some common traditional and alternative refrigerants flowing through
adiabatic capillary tubes are numerically investigated. The mathematical
model is developed from the basic law cf mass, energy and momentum
conservations. Homogeneous flow is assumed for the two-phase liquid-
vapor flow region. Numerical results reveal that, it i1s possible to use
the present calculation to predict the tlow characteristics in capillary
tubes. The model includes various relevant parameters and can be used

18 Asian J. Encrgy Environ, Vol.2 Issuc } {(2001)
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to determine the size of the capillary tubes used in household

refrigerators and freezers.
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Nomenclature
A cross-sectional area of tube, m: d tube diameter, m
e roughness, m f friction factor
G mass flux, kg/s m* h  specific enthalpy, kJ/kg
m mass flow rate, ka/s P pressure, MPa
Re Reynolds number T  Temperature, °C
V  velocity, m/s X quality
z  axial; direction or length, m ¢ void fraction
p  dynamic viscosity, Pa s v specific volume, mYkg
p density, kg/ni’ T shear stress, N/m*
Subscripts
a accelerational t frictional
g gravitational G vapour
1 capillary tube inlet L liqud
sat saturation ) SC sub-cooled
tp two-phase i w wall
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Figure 1. Schematic diagram of an adiabatic capillary tube.
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Figure 2. Saturation pressure and temperature for R12 and R134a.
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Figure 3. Saturation pressure and temperature for R502 and R408A.
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Figure 4. Compariscn of pressure distributions along the capillary tube.
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Present model
»  Aeasured R12 data of Li et al.
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o T L L] ¥ L L

]
0.00 0.2% 0.50 075 1.00 1.2% 1.50 1.75 2.00

Distance from the Capillary Tube Inlet (m)

Figure 5. Pressure distributions along the capillary tube.
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Figure 6. Comparison of pressure distributions along the capillary tube
for R12 and R134a.
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Figure 7. Comparison of temperature distributions along the"capillary
tube for R12 and R134a.
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Figure 8. Comparison of pressure distributicns along the capillary tube
for R22, R407E and R410B.
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Figure 9. Comparison of quality distributions along the capillary tube
for R22, R407E and R410B.
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Figure 10. Comparison of pressure distributions along the capillary
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Figure 11. Comparison of temperature distributions along the capillary
tube for R502 and R408A.
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