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Abstract: This study aimed to theoretically identify and analyze the factors influencing the flow characteristics within adiabatic capil-
laries using R290 refrigerant in a refrigeration system, and based on this, propose a correlation equation for predicting capillary length.
The main results can be summarized as follows. At the same refrigerant flow rate, the required capillary length tended to increase as
the condensation temperature increased. On the other hand, under conditions where the condensation temperature was maintained
constant, the required capillary length gradually increased as the refrigerant flow rate decreased. Furthermore, under the same refrig-
erant flow rate conditions, the total required capillary length tended to increase as the degree of subcooling increased. Under conditions
where the degree of subcooling was maintained constant, it was confirmed that the required capillary length increased as the refrigerant
mass flow rate decreased. When the refrigerant mass flow rate was constant, the required capillary length increased as the inner diameter
of the capillary increased. Additionally, under the same pipe diameter conditions, the capillary length tended to increase as the refrig-
erant mass flow rate decreased. In this study, a predictive correlation equation capable of calculating the total length of the capillary
tube from conditions such as refrigerant flow rate, condensation temperature, evaporation temperature, inlet subcooling, and capillary
tube diameter was proposed as basic design data for an adiabatic capillary tube in a refrigeration system for R290.
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Nomenclature P : Density, [kg/m?]
A : Area, [m?] € : Roughness, [m]
di : Inner diameter, [m] 0 : Angle, [* ]
dp : Pressure drop, [kPa]
f Friction factor Subscripts
G Mass flux, [kg/(m?s)] cap capillary tube
h Enthalpy, [kJ/kg] cr : critical point
L : Length of capillary tube, [m] f : friction
M Mass flowrate, [kg/s] g : vapor
P Pressure, [kPa] in : inlet
Re : Reynolds Number, [Gd/p] 1 : liquid
Te : Evaporation temperature, [°C] lo : liquid only
\% : Velocity, [m/s] re : refrigerant
v : Specific volume, [m*/kg] sp : single phase
X : Quality tp : two-phase
dz : Length of subsection, [m]

1. Introduction
Greek Symbols

n : Viscosity, [kg/(ms)]

The adiabatic capillary tube is one of the most widely used
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expansion devices in refrigeration systems because it regulates
the refrigerant mass flow rate by utilizing the pressure difference
between the condenser and the evaporator. The geometric dimen-
sions of the capillary tube directly affect the refrigerant flow
characteristics and consequently influence the cooling capacity,
energy efficiency, and overall performance of the refrigeration
system. In particular, because the natural refrigerant R290 pos-
sesses thermophysical properties that differ significantly from
those of conventional hydrofluorocarbon (HFC) refrigerants, the
capillary tube length and inner diameter must be properly de-
signed to achieve the desired refrigeration capacity. Accordingly,
considerable research has been conducted to investigate the flow
characteristics inside adiabatic capillary tubes and to develop re-
liable methods for predicting the optimum capillary tube length.

Early studies primarily focused on developing analytical mod-
els for predicting the pressure drop and refrigerant mass flow rate
in adiabatic capillary tubes. Pate and Rupasinghe [1] proposed a
one-dimensional steady-state analytical model for alternative re-
frigerants based on the Homogeneous Flow Model (HFM), in
which the refrigerant flow was analyzed using the conservation
equations of mass, momentum, and energy. Subsequently, Rupa-
singhe [2] developed an analytical model that simultaneously
considered frictional pressure loss and acceleration pressure loss
by treating the two-phase refrigerant flow as a homogeneous
mixture. Melo et al. [3] experimentally measured the pressure
distribution and refrigerant mass flow rate inside capillary tubes
for various refrigerants and validated the predictive capability of
the HFM-based analytical model. These studies established the
theoretical foundation for analyzing refrigerant flow in adiabatic
capillary tubes and continue to serve as the basis for capillary
tube design and performance analysis.

Since the early 2000s, increasing environmental regulations
have accelerated the application of natural refrigerants, leading
to extensive investigations of R290 refrigeration systems. Com-
pared with conventional R134a, R290 has lower viscosity, higher
latent heat of vaporization, and lower density. Consequently, dif-
ferent capillary tube dimensions are required to achieve the same
refrigeration capacity. Previous studies have reported that R290
generally requires a shorter capillary tube than R134a under iden-
tical operating conditions. Furthermore, the refrigerant under-
goes subcooled liquid flow followed by flashing inside the capil-
lary tube, eventually developing into a two-phase flow. Most of
the total pressure drop occurs in the two-phase flow region, mak-
ing its flow characteristics one of the most important factors gov-

erning the refrigerant mass flow rate and refrigeration system
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performance.

Numerous investigations have also examined the effects of op-
erating parameters on the flow characteristics of adiabatic capil-
lary tubes. It has generally been reported that increasing the con-
densation temperature increases the refrigerant mass flow rate,
whereas decreasing the evaporation temperature increases the
pressure difference across the capillary tube, thereby altering the
flow behavior. An increase in inlet subcooling delays the onset of
flashing, moving the flashing point toward the downstream end
of the capillary tube. In addition, increasing the tube diameter
decreases the pressure drop while increasing the refrigerant mass
flow rate. Conversely, increasing the capillary tube length in-
creases the frictional pressure loss, thereby reducing the refriger-
ant mass flow rate. These findings indicate that condensation
temperature, evaporation temperature, inlet subcooling, tube di-
ameter, and capillary tube length are the primary design parame-
ters governing the performance of adiabatic capillary tubes, with
tube diameter and tube length being particularly important.

To improve capillary tube design accuracy, several empirical
and semi-empirical correlations have been proposed to predict
the required capillary tube length. Choi et al. [4] developed a di-
mensionless correlation based on the Buckingham 7 theorem us-
ing experimental data for several refrigerants, including R22,
R290, and R407C. Their correlation achieved an average predic-
tion error of approximately 1% and has been widely adopted for
practical capillary tube design. Trisaksri and Wongwises [5] also
proposed a prediction correlation incorporating condensation
temperature, evaporation temperature, inlet subcooling, capillary
tube diameter, and refrigerant mass flow rate, thereby providing
a practical design tool for refrigeration systems.

Yang and Wang [6] subsequently developed a generalized cor-
relation based on the Homogeneous Flow Model that is applica-
ble to various refrigerants, including R12, R22, R134a, R290,
R600a, R404A, R407C, and R410A. Their correlation exhibited
an average deviation of approximately —0.8% and a standard de-
viation of about 9%, and it remains one of the representative pre-
dictive models for refrigerant mass flow rate. In Korea, Lim [7]
employed the Engineering Equation Solver (EES) [8] to predict
capillary tube lengths by iteratively solving the governing equa-
tions of mass, momentum, and energy conservation. The results
indicated that R290 requires a capillary tube approximately 20—
22% shorter than that required for R134a under the same refrig-
eration capacity because of its superior thermophysical proper-
ties.

Bose et al. [9] numerically simulated the expansion of R-290
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through a 1.2 mm diameter spiral capillary tube using a finite
volume-based mixing model. ANSYS Fluent software was used
for the numerical simulation. The effects of tube length, conden-
ser and evaporator pressures on mass transfer rate, evaporator in-
let temperature, mixture dryness at the evaporator inlet, and ef-
fective cooling effect were analyzed.

These previous studies have significantly contributed to the
understanding of refrigerant flow behavior in adiabatic capillary
tubes and have provided useful analytical models and design cor-
relations based on the Homogeneous Flow Model. They also
demonstrated that the capillary tube design for natural refriger-
ants such as R290 differs considerably from that for conventional
HFC refrigerants because of the differences in thermophysical
properties and flow characteristics.

Previous studies have already established the homogeneous flow
model as an effective engineering approach for capillary-tube analy-
sis. Although the HFM neglects slip and thermal non-equilibrium ef-
fects, it remains one of the most widely adopted design methods be-
cause of its simplicity and computational efficiency. Accordingly, the
present study focuses on developing a practical prediction correlation
based on the conventional HFM framework.

Although the HFM adopted in this study follows the conventional
analytical framework proposed in previous investigations, the objec-
tive of the present study is different. Rather than developing a new
two-phase flow model, this study establishes a practical regression
correlation for predicting the required capillary tube length of R290
over a wide operating range. The proposed correlation is intended to
provide engineering design data for practical refrigeration applica-

tions.

2. Mathematical Model

The governing equations and numerical solution procedure
adopted in the present study are based on the homogeneous flow
model proposed by Lim [7], with modifications for the operating
conditions  considered in  the present investigation.
The refrigerant flow through an adiabatic capillary tube can gen-
erally be divided into two distinct regions: a single-phase flow
region and a two-phase flow region. As illustrated in Figure 1
(a), the refrigerant enters the capillary tube as a subcooled liquid
and first passes through the single-phase flow region (State 1 —
State 2). As the refrigerant pressure continuously decreases along
the tube, flashing occurs at the saturation point, and the flow sub-
sequently changes into a two-phase mixture (State 2 — State 3).

Therefore, the total length of the capillary tube,L4p, can be
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Figure 1: Flow regions inside the adiabatic capillary tube and the

corresponding pressure-enthalpy (P-h) diagram

expressed as the sum of the lengths of the single-phase flow re-
gion, Lgp, and the two-phase flow region, L.

Figure 1 (b) presents the pressure-enthalpy (P-h) diagram cor-
responding to the expansion process inside the adiabatic capillary
tube. The thermodynamic state of the refrigerant during the throt-
tling process can be clearly identified from the P-h diagram.

® In the present study, the Engineering Equation Solver

was employed to calculate the thermophysical properties
of R290 and to perform the numerical analysis of refrig-
erant flow through the adiabatic capillary tube. To sim-
plify the mathematical formulation, the following as-
sumptions were adopted.

®  The capillary tube is assumed to be a straight horizontal

tube with a constant inner diameter and uniform surface
roughness.

® The refrigerant flow is assumed to be one-dimensional,

steady-state, and homogeneous throughout the capillary
tube.

® The expansion process inside the capillary tube is as-

sumed to be an adiabatic throttling process with constant
total enthalpy, neglecting both heat transfer to the sur-
roundings and shaft work.

® The working fluid is assumed to be pure R290 without

any dissolved lubricating oil.

®  The refrigerant flow inside the capillary tube is assumed
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to remain fully developed and turbulent over the entire
flow path.

®  Minor pressure losses at the capillary tube inlet are ne-

glected.

Based on the above assumptions, the flow characteristics of
R290 inside the adiabatic capillary tube were analyzed using the
conservation equations of mass, momentum, and energy. The re-
frigerant flow was modeled using the Homogeneous Flow Model
(HFM), in which the liquid and vapor phases are assumed to be
in thermodynamic equilibrium and to travel at the same velocity.
This assumption is considered appropriate for R290 because its
relatively high latent heat of vaporization results in a smaller re-
frigerant charge than that required for conventional HFC refrig-
erants under the same refrigeration capacity. Consequently, the
velocity difference between the liquid and vapor phases is rela-
tively small, allowing the homogeneous flow model to reasona-
bly represent the actual two-phase flow behavior under the oper-

ating conditions considered in this study [4][5][10][11][12][13].

2.1 Single Phase Flow Region
Assuming steady-state flow through an infinitesimal control
volume inside the capillary tube, the conservation of mass yields

the following relationship:
AV
d($) =0 (1)

Using Equation (1), the refrigerant velocity can be expressed

as
V:%—U:GU @

Since the capillary tube is installed horizontally, the change in
potential energy can be neglected (dz=0). Furthermore, assuming
an adiabatic steady-flow process with no heat transfer to the sur-
roundings and no shaft work, the energy conservation equation

can be combined with Equation (2) to give
G2
dh + Y dv? =0 3)

The momentum change of the refrigerant flowing through the
capillary tube is analyzed using the momentum conservation
equation. Because the capillary tube is horizontal, the body force
associated with elevation changes is negligible (sin ®). Conse-
quently, only the pressure gradient and the wall friction force are

considered, and the momentum equation can be written as
azv
—dP — f d—i;G = GdV “

Rearranging Equation (4) with respect to the capillary tube
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length yields

_2if_ (P (&
dz = fop { (GZ) dp (V )} ®)
For the single-phase flow region, the friction factor was cal-
culated using the Churchill [10] correlation recommended by W.

T. Lim [7], which is applicable over a wide range of Reynolds

numbers and relative roughness. The friction factor is given by

foo =8 [(%)12 + (A1 + B16)73/2 " ©
where

A= 2.4571nm

B= 37::0’ Re = GTdi @

2.2 Two-Phase Flow Region

For the two-phase flow region, the same assumptions adopted
for the single-phase flow region were applied. Since the capillary
tube is installed horizontally, the change in potential energy was
neglected, and the refrigerant expansion process was assumed to
be a steady-state adiabatic flow without external work. Under
these assumptions, the energy conservation equation for the two-

phase flow region can be expressed as
GZ
dh + 5 dv? =0 ®)
The specific enthalpy and specific volume of the two-phase
refrigerant mixture are defined as
h=h(1—-x)+hgx,v=1v,(1-x)+vyx O]

By combining Equations (8) and (9), the length of the capil-

lary tube in the two-phase flow region can be expressed as

=%{%"—§dp} (10)

The friction factor for the two-phase flow region was evalu-
ated using the Churchill correlation, which was also employed
for the single-phase flow analysis. Accordingly, the friction fac-

tor is given by
— 2 v
fio = Phofio (2) an

where the dimensionless parameters used in the Churchill cor-
relation are defined as
_3/p71/12
IE [(8/Rexy)" + (atg + BE) ™" ]
v { 8(8/Re,)'? + (AL¢ + BLo) /2|72 j
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X [1+x(';—’;—1)] (12)

The viscosity of the two-phase refrigerant under homogeneous
flow conditions was evaluated using the McAdams viscosity
model, which has been recommended by Bittle and Pate [1] be-
cause of its computational efficiency and satisfactory prediction

accuracy. The corresponding relationship is expressed as

1 x 1-x
[ ) 13
Hep Ug + 122 ( )

2.3 Numerical Procedure

The numerical procedure follows the solution method proposed
by Lim [7]. The present study employs the same solution framework
while generating a new numerical database covering wider operating
conditions for regression analysis. The calculation started from the
condenser pressure at the capillary tube inlet (P1) and proceeded
iteratively until the evaporator pressure at the tube outlet (P3) was
reached.

For the numerical calculation, the capillary tube was discre-
tized into a series of control volumes with an axial length of 1
mm. The pressure and temperature at the outlet of each control
volume were successively calculated from those at the inlet. The
thermophysical properties of R290, including density, specific
volume, and dynamic viscosity, were evaluated using the average
pressure and temperature of each control volume. These proper-
ties were subsequently employed as the input conditions for the
following computational step. This numerical procedure was re-
peated along the entire capillary tube until the prescribed outlet

pressure was satisfied.

2.4 Operating Conditions

The operating conditions adopted in the present numerical
analysis are summarized in Table 1. The calculation conditions
were selected based on the typical operating range of an R290

refrigeration system.

Table 1: Range of operating conditions used for the performance

analysis of the R290 adiabatic capillary tube

Refrigerant R290(propane)
T, [C] 30 ~ 60
d;, [mm] 0.5~1.0
T..[C] 20 ~10
Mcap, [kg/s] 0.0005 ~ 0.0009
Toup» [C] 5~20
€[] 0.15x10™*

Using the operating conditions listed in Table 1, the governing
equations together with the thermophysical properties of R290
were solved numerically to investigate the flow behavior and per-
formance characteristics of the adiabatic capillary tube. The ef-
fects of condensation temperature, evaporation temperature, inlet
subcooling, and capillary tube diameter on the internal flow char-
acteristics were systematically analyzed. Furthermore, the influ-
ences of these parameters on the pressure drop, refrigerant mass
flow rate, and optimum capillary tube length were quantitatively

evaluated and discussed.

3. Results and Discussion

3.1 Effect of Evaporation Temperature

The influence of evaporation temperature on the required
length of the R290 adiabatic capillary tube was investigated un-
der various operating conditions. During the analysis, the capil-
lary tube diameter, condensation temperature, inlet subcooling,
and tube roughness were maintained constant, while the evapo-
ration temperature was varied within the prescribed operating
range.

Figure 2 illustrates the variation in capillary tube length with
evaporation temperature. For a constant refrigerant mass flow
rate, the required capillary tube length remained almost un-
changed as the evaporation temperature increased. This indicates
that the evaporation temperature has a relatively small influence
on the overall capillary tube length under the investigated oper-
ating conditions.

The reason for this behavior is that the pressure difference be-

tween the condenser and evaporator decreases with increasing

d;=0.8 mm —— 0.0005 kg/s
_ 0.0006 kg/s
s T=3° | 0.0007 kg/s
P —qpe —.—.—. 0.0008 kgfs
Tow=10°C — — —— 00009 kgfs
—
£
IS
3
2 st
S
S T T T
20 15 10 5 0 5 10
T, [c]

Figure 2: Effect of evaporation temperature on the length of the

R290 adiabatic capillary tube
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evaporation temperature, whereas the density difference between
the liquid and vapor phases simultaneously increases because of
the reduction in vapor quality at the capillary tube outlet. These
two opposing effects compensate each other, resulting in only a
minor variation in the total capillary tube length.

On the other hand, when the evaporation temperature was
fixed, the required capillary tube length increased as the refriger-
ant mass flow rate decreased. This tendency is attributed to the
reduced pressure loss associated with lower refrigerant velocity,
requiring a longer capillary tube to achieve the desired pressure

drop.

3.2 Effect of Condensation Temperature

The effect of condensation temperature on the required capil-
lary tube length is presented in Figure 3. The tube diameter,
evaporation temperature, inlet subcooling, and tube roughness
were maintained constant during the analysis.

For a constant refrigerant mass flow rate, the capillary tube
length increased continuously as the condensation temperature
increased. Since a higher condensation temperature produces a
higher condensation pressure, the pressure difference across the
capillary tube becomes larger. Consequently, a longer capillary
tube is required to generate the increased pressure drop under
identical operating conditions.

In contrast, when the condensation temperature remained con-
stant, the capillary tube length increased as the refrigerant mass
flow rate decreased. This phenomenon is consistent with the
pressure drop characteristics of capillary tubes and has also been
reported by Bansal and Rupasinghe [2]. Overall, condensation
temperature was found to be one of the most influential parame-

ters affecting the required capillary tube length.

d;=0.8mm | —— —— 0.0005kg/s
0.0006 kg/s
1wl T=10 °C | ————__ 0.0007 kg/s
Lo —-—-—- 0.0008 kg/s
Tw=5"C | _ _ _ _ 00009 kg's
N [ —
— - - -
E ~
E ~
2 Or -
[ ~
g —
- .
4L = - T T T T T
2 -7 S e T T T
0 : y ‘ ‘ :
0 35 20 45 50 55 60
T, [l

Figure 3: Effect of condensation temperature on the length of the

R290 adiabatic capillary tube

3.3 Effect of Inlet Subcooling

Figure 4 presents the influence of inlet subcooling on the ca-
pillary tube length.

For a fixed refrigerant mass flow rate, the capillary tube length
increased with increasing inlet subcooling. Increasing the inlet
subcooling decreases the refrigerant temperature at the capillary
tube entrance and delays the onset of flashing inside the tube. As
a result, the single-phase liquid flow region becomes longer,
whereas the two-phase flow region becomes shorter. Since the
increase in the single-phase region is larger than the decrease in
the two-phase region, the overall capillary tube length increases.

When the inlet subcooling remained constant, decreasing the
refrigerant mass flow rate again resulted in a longer capillary tube
because a larger tube length was required to obtain the prescribed

pressure reduction.

di =0.7 mm 0.0005 kg/s
ol ~apo 0.0006 kg/s
T=-10°C | ______ 0.0007 kg/s
T= ° —_—— 0.0008 kg/s
=30°C —-—-—-— 0.0009 kg/s

Lo [M]
~

5 10 15 20
T [l

Figure 4: Effect of inlet subcooling on the length of the R290
adiabatic capillary tube

- 0
T=10°C 0.0005 kg/s
T =30°C 0.0006 kg/s
10F Tem 20 ¥ 0.0007 kg/s
T,,=5°C —-—-—- 0.0008 kg/s
—.—— — 0.0009 kg/s
8 |-
E -
— b
- 6L s
o Ve
3 s
) e b
i -
4 d -
// - —~
T - -
- — —
2+ e -
EEET T . .
06 07 08 0.9 1.0
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Figure 5: Effect of tube diameter on the length of the R290 adi-
abatic capillary tube
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3.4 Effect of Capillary Tube Diameter

Figure 5 shows the effect of capillary tube diameter on the
required capillary tube length.

As expected, increasing the tube diameter resulted in a signif-
icant increase in the required tube length. A larger tube diameter
reduces the refrigerant velocity and decreases the frictional pres-
sure drop per unit length. Consequently, a longer capillary tube
is necessary to obtain the required pressure reduction.

For each tube diameter, decreasing the refrigerant mass flow
rate also increased the required capillary tube length because of
the corresponding reduction in flow resistance.

Among all investigated parameters, tube diameter exhibited
the greatest influence on the capillary tube length, indicating that
accurate selection of the tube diameter is essential during refrig-

eration system design.

3.5 Development of the Regression Correlation

Although numerical analysis based on the homogeneous flow
model provides accurate predictions of capillary tube perfor-
mance, it requires repeated iterative calculations. Therefore, a
simple regression equation was developed to facilitate rapid esti-
mation of the required capillary tube length.

A total of 85 numerical were used for the regression analysis.
These cases were obtained by combining the four single-variable
parametric sweeps used in the sensitivity analyses of Section 3.1-
3.4 (Figures 2-5), in which the capillary tube diameter, evapora-
tion temperature, inlet subcooling, and condensation temperature
were each varied over several discrete levels while the remaining
variables were held constant, combined with five levels of refrig-
erant mass flow rate (0.0005-0.0009 kg/s) applied as parametric
curves in each sweep. Because this procedure does not constitute
a full factorial design over all five variables, it does not provide
balanced coverage of all interaction effects; this is discussed fur-
ther as a limitation of the regression model.

The dependent variable was the required capillary tube length.
The regression equation can be expressed as a mean-centered
log-quadratic regression model that exhibits superior predictive

performance.

Leap = 1.02252exp[0.90669 — 2.24084In(M,,/0.000685347)
—0.02759(T, — 1.76471) + 0.02397(T. — 33.52941)
—0.02147(Ty,, — 7.94118) + 5.24016In(d;/0.771603)
—0.001572(T, — 1.76471)% + 0.006012(Ty,, — 7.94118)?]

(14

where

Legp : capillary tube length [m]

Table 2: Statistical performance metrics of the proposed regres-

sion model for Equation (14)

Item Values
Number of regression data point 85

Log-scale model R? 0.9261

Adjusted R? of the log-scale model 0.9193
Original-scale R? Wlthti]zrlllan’s smearing correc- 0.8981
Original-scale RMSE [m] (training data) 0.8009
Original-scale MAE [m] (training data) 0.4889
Original-scale MAPE [%)] (training data) 17.4849
LOOCV R? 0.8783

LOOCV RMSE [m] 0.8754

LOOCV MAE [m] 0.5361

LOOCV MAPE [%] 19.2391

M : refrigerant mass flow rate [kg/s]
T, : evaporation temperature [°C]
T, : condensation temperature [°C]
Tsyup : inlet subcooling [°C]

d; : capillary tube diameter [mm)]

3.6 Validation of the Regression Equation

The predictive capability of the proposed correlation was evalu-
ated using several statistical performance indices, as summarized in
Table 2. The training dataset yielded a MAPE of 17.48%, while the
leave-one-out cross-validation (LOOCYV) produced a slightly higher
MAPE of 19.24%, indicating a modest, expected increase in predic-
tion error when each data point is excluded from training. It should
be noted that this validation was conducted solely on the numerical
dataset generated from the homogeneous flow model, without inde-
pendent experimental data; therefore, the predictive accuracy re-
ported here should be interpreted as an internal consistency check
rather than a fully validated result against physical measurements.
Within this scope, the proposed regression equation provides a rea-

sonably consistent prediction over the investigated operating range.

4. Conclusion

The flow characteristics of an adiabatic capillary tube for an R290
refrigeration system were numerically investigated using the homo-
geneous flow model (HFM). Furthermore, a multiple regression
analysis was performed to develop a practical prediction equation for
estimating the required capillary tube length. The major conclusions
obtained from this study are summarized as follows.

The required capillary tube length was only slightly influenced by

the evaporation temperature within the investigated operating range
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because the reduction in pressure difference was compensated by the
increase in the liquid-vapor density difference.

The capillary tube length increased with increasing condensation
temperature. A higher condensation temperature increased the pres-
sure difference between the condenser and evaporator, thereby re-
quiring a longer capillary tube to achieve the desired pressure reduc-
tion.

Increasing the inlet subcooling resulted in a longer capillary tube
because the single-phase liquid flow region became longer before the
onset of flashing. Conversely, the capillary tube length increased as
the refrigerant mass flow rate decreased under all investigated oper-
ating conditions.

The tube diameter was found to be the most influential design pa-
rameter affecting the required capillary tube length. Larger tube di-
ameters produced lower frictional pressure losses per unit length and
therefore required significantly longer capillary tubes.

A multiple regression equation was successfully developed using
the numerical database generated by the homogeneous flow model.
The proposed correlation showed a log-scale coefficient of determi-
nation (R?) of 0.926 and an original-scale coefficient of determina-
tion of 0.898, with a training MAPE of 17.48% and a LOOCV MAPE
of 19.24%. These results indicate a reasonably consistent internal
predictive performance; however, as the validation was based only
on the numerical dataset and LOOCV, without independent experi-
mental data, further experimental verification is required before the
correlation can be considered fully validated for general application.

The proposed regression equation enables rapid estimation of the re-
quired capillary tube length without repeated iterative numerical calcula-
tions. Therefore, it can serve as a practical design tool for refrigeration
systems employing R290 and may contribute to improving the design

efficiency of environmentally friendly refrigeration equipment.
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