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Flow-induced noise is closely related to the flow characteristics through an 
adiabatic capillary tube and a transition pipe, most existing methods for 
suppressing flow-induced noise are passive. An aerating technique is proposed 
based on the pressure feedback in the transition pipe to actively suppress flow-
induced noise. The 3-D simulations of flashing are presented by performing the 
Schnerr-Sauer cavitation model coupling with the mixture model. For the 
turbulence model, the large eddy simulation approach is used. With the 
installation of aerating module, the pressure fluctuation in the transition pipe is 
weakened significantly, and the phenomenon of bubble collapse is suppressed. 
Numerical results illustrate that the transient pressure of the monitoring points 
downstream of the capillary outlet oscillates seriously due to the bubble bursting. 
The shedding process of the bubble group is observed according to the vapor-
liquid interface in the transition pipe. In addition, the oscillations of monitored 
transient pressure are suppressed with the application of aerating module. Then 
the noise source can be partially reduced actively in essence. This paper is 
devoted to understanding the two-phase flow characteristics of refrigerants in a 
transition pipe and presents a practical method to suppress noise near the 
capillary outlet. 
Key words: homogeneous assumption, Schnerr-Sauer cavitation model,  

two-phase flow, bubble number density, unsteady simulation 

Introduction 

Capillary tubes play the role of decreasing the pressure and temperature of the 
refrigerant and regulating its flow-rate in small-scale vapor compression refrigeration systems 
[1-3]. The balance of the flow-rate between the capillary tube and the compressor affects the 
evaporation temperature of the system directly, resulting in variations in the cooling capacity, 
input power, and performance coefficient of the refrigeration system. The matching of 
refrigerant charge and capillary size with the refrigeration system greatly influences the 
system performance. Improper matching will cause an unstable state during system operation, 
such as occasional sharp noise due to the unsteady two-phase flow [4] and unstable operation 
of the evaporator [5], which then affects system performance [6, 7]. The traditional method 
for capillary matching is to consult the compiled capillary selection chart and empirical 
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formulas, which requires a large amount of experimental data and consumes time and labor. 
However, the results are very inaccurate and the available refrigerants are limited. 
Consequently, to reduce the experimental work, it is of great significance to analyze the flow 
characteristics of refrigerants in capillary tubes and establish a fast calculation model with a 
relatively simple form and reliable accuracy for engineering applications.  

Previous studies focused on the effect of refrigerant type on the induced noise in the 
capillary tube, and also indicating the relationship between the noise and the flow patterns [8]. 
Tatsumi [9] confirmed the flow-induced noise level is proportional to the pressure pulsation 
level, which was caused by the expansion of the gas at the end of the capillary tube, resulting 
in sudden variations in the sectional area. Han et al. [10] and Kim et al. [11] pointed out that 
in addition to the flow-induced noise inside the throttling device, random noise usually 
appears in the evaporator inlet pipe. Tannert and Hesse [12] showed that the main factor for 
noise excitation was variation in the flow pattern through the capillary outlet. Xia et al. [13] 
significantly suppressed flow-induced noise at the outlet of a capillary and reduced the peak 
sound pressure level by improving the structure of the transition pipe. In the transition pipe, 
flow features are highly correlated with noise sound pressure levels. 

Despite the simple structure of the capillary tube, the flow characteristics are quite 
complicated, including turbulence, phase transition, and non-equilibrium phenomena under 
typical operating conditions, due to the flashing process. It is difficult to accurately predict the 
mass flow-rate and pressure drop of refrigerants through the capillary tubes, as a result of 
these factors. Numerical researches focus on the establishment of reasonable mathematical 
models, such as the homogeneous flow model [14, 15], the separated flow model [16-18], and 
the drift flow model [19, 20]. Generally, the homogeneous model has been widely used in 
simulations of adiabatic capillary tubes due to its simplicity. For small-diameter capillary 
tubes, the velocity slip effect between the two phases can usually be ignored [21]. For most of 
the simulation studies of adiabatic capillary tubes, a 1-D hypothesis was adopted, and the 
accuracy of the simulation performance depended on the empirical correlations. However, it 
is difficult for numerical methods with the 1-D hypothesis to describe the complex flow 
characteristics in capillary tubes, and the variations in refrigerant flow properties across the 
cross-section of the capillary tube can not be ignored.  

Thanks to the rapid development of computer technology, CFD has become a 
reliable method that commonly used in cavitation research, to acquire a comprehensive 
understanding of the characteristics of cavitation. The cavitation models based on Navier-
Stokes control equations have been rapidly developed, and existing cavitation models are 
divided into two categories [22]: the interface tracking method based on single phase model, 
and the multi-phase model with an embedded cavitation interface. For computational 
robustness and efficiency consideration, most of the research work on cavitation adopts the 
latter method, among which, the homogeneous cavitation model is an effective tool to study 
cavitation flow in CFD simulations [23, 24]. The Singhal model [25], Schnerr-Sauer model 
[26], and Zwart model [27] are widely used and developed in the simulations for valve 
cavitation [28], cryogenic cavitation [29], and tip-leakage vortex cavitation [30].  

In addition, the cavitation flow is combined with strong turbulence, and the 
turbulence calculation has a great influence on the simulation results. For transient cavitation 
flows, the commonly used turbulence models include the corrected RNG k-ε model, the 
corrected k-ω model [31], detached eddy simulation [32], and large eddy simulation (LES). In 
recent years, LES model has attracted more and more attention and is expected to predict the 
flow field with vorticity more accurately. Long et al. [31] adopted LES combined with Zwart 
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cavitation model to conduct numerical research on unsteady turbulent cavitation flow of 
twisted hydrofoil. By comparing with the experimental data, it is verified that the numerical 
method can give a better prediction on the complex cavitation flow around twisted hydrofoil. 
Considering thermodynamic effects, Wang et al. [23] studied the hydrofoil cavitation with 
LES, and revealed the relationship between cavitation and vorticity.  

Refrigerant flashing is caused by the frictional pressure drop in the capillary tubes, 
excessive pressure drop caused by throttling can easily lead to cavitation and bubble collapse. 
Due to the existence of jet, it is easier to generate discrete vortex cavitation in jet shear layer. 
However, little has been reported on the unsteady numerical analysis of the refrigerant flow 
characteristics in the capillary tube and transition pipe. In the present research, a practical 
method to suppress flow-induced noise at the capillary outlet is proposed, as a result of 
pressure distribution and flow-induced noise being closely related. A branch tube is mounted 
in the transition pipe to guide fluid to the capillary outlet, from the downstream side. In the 
frame of homogeneous assumption, based on the mixture model and combined with the 
Schnerr-Sauer cavitation model, 3-D unsteady simulations are studied with the commercial 
software ANSYS FLUENT 2020R1 [33]. Emphasis is focused on the two-phase flow 
characteristics in the transition pipe, and numerical simulations confirm the feasibility of the 
aerating module from the perspective of reducing bubbles collapse behavior. The results of 
this study help researchers comprehend the complex theory of the phase transformation in a 
capillary tube and transition pipe and additionally, a practical approach will be provided to 
reduce flow-induced noise in refrigeration units. 

Numerical methods 

Physical model and assumptions 

A homogeneous assumption is used in the present study, which assumes local 
equilibrium on a short spatial scale and considers the mixture of two phases as a pseudofluid. 
The major phase is the liquid phase, and the second phase is the vapor phase. This model 
solves the conservation equations, a mass, momentum, and energy equation for the mixture, 
and a volume fraction equation for the secondary phase. Assumptions are adopted as follows:  
– The 3-D flow is considered, with no-slip adiabatic wall boundary conditions.
– It is a viscous and incompressible Newtonian fluid for the refrigerant in the liquid region.
– The saturated vapor pressure of the refrigerant is related to temperature.
– In the two-phase flow region, there is no slip velocity between the liquid phase and vapor

phase.
– On the basis of the inlet mass flow-rate and the relevant velocity, turbulent flow is

considered.
For unsteady calculations, since the LES 

approach requires a high grid scale, especially the 
first layer height near the wall is quite small, which 
will greatly increase the computational cost. To 
save the calculation resource, only the transition 
pipe is selected as the calculation domain for 
unsteady simulations, as shown in fig. 1. The inlet 
boundary conditions for the calculation domain in fig. 1 are obtained from the quasi-steady 
state simulation results for the whole capillary tube. Three points are specified on the axis of 
the transition pipe, to monitor the transient static pressure, as shown in fig. 1. 

Figure 1. Schematic of the computational
domain for unsteady simulations
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Mathematical model 

In this paper, the governing equations including the mass, momentum, energy 
conservation equations of the mixture phase, and the equation of the vapor phase volume 
fraction are solved. 

Turbulence model 

The LES model is adopted in transient simulations. Since the simulation results are 
greatly influenced by the choice of turbulence model, with the application of cavitation 
model. The LES model can simulate eddy flow well, and it has been paid enough attention in 
cavitation research [34]. Favre-spatial-filtering operations on the governing equations are 
required, and the filtered momentum equation is: 
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where the over-bars denote filtered quantities, and τij is the sub-grid scale stress, it could be 
defined and calculated by eqs. (2) and (3): 
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The subgrid-scale model is wall adapting local eddy-viscosity (WALE), and the 
formula for μt and ijS  are shown in eqs. (4) and (5). 
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Mass transfer model 

The transport equation for vapor phase is presented in eqs. (6), and (7) can be used 
to describe the net mass transfer rate: 
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According to the Schnerr-Sauer model [24], a definition formula for the vapor phase 
volume fraction α and bubble number density nB is: 
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The surface tension term, second-order derivative term, and viscosity term are 
ignored, and vapor-liquid and liquid-vapor mass transfer rates could be determined in eqs. (9) 
and (10): 
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Consequently, a proportional relationship exists between mass transfer rate and 
α(1 – α). Generally, the bubble radius is usually quite small (for example, 5×10–6 m in this 
paper). Rewrite α(1 – α) into the form as shown in eq. (11), as the nB increases, the mass 
transfer rate increases as well: 
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Normally, the cavitation phenomenon inside the liquid is assumed to be isothermal. 
However, this assumption is no longer valid for simulating refrigerant flashing. According to 
Zhu et al. [27] and Zhang et al. [33] research, the thermal effect is considerable and must be 
considered for cryogenic liquid (including liquid N2 and liquid H2). Empirical calibration of 
the nB in the Schnerr-Sauer model is essential to minimize the difference between the 
simulations and experimental data.  

Boundary conditions and simulation approaches 

Structured grids were adopted and performed by the software ICEM. To reduce the 
amount of calculation, a symmetric model is adopted, and local refinement near the tube wall 
is performed using a C-type grid, as shown in fig. 2. To ensure the calculation accuracy, the 
mesh is locally refined near the jet boundary-layer with a large velocity gradient due to the 
complex flow characteristics there. Five sets of mesh resolutions were designed to verify the 
solutions independence of the mesh for quasi-steady state simulations. The differences 
between the five sets of mesh are the value of the first layer height and a total number of 
grids. As tab. 1 listed, the grid will have little effect on the mass flow-rate, once the total cell 
number increase up to 1.18×106. For unsteady simulations, the Mesh 5 are adopted (total 
number of cells is 7.35×107), to meet the requirement of y+ smaller than 5. 

Figure 2. Mesh distribution from the view isometric (a) and right (b) 
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Table 1. Results of the mesh-independence simulations 

The first layer height [m] Total number of grids Mass flow-rate [kgs–1] 

Mesh 1 5.5×10-6 3.1×105 8.77×10-5 

Mesh 2 3×10-6 7.1×105 8.43×10-5 

Mesh 3 2.25×10-6 1.18×106 8.36×10-5 

Mesh 4 2.1×10-6 1.31×106 8.32×10-5 

Mesh 5 9×10-7 7.35×106 8.35×10-5 

To ensure the accuracy of the LES simulations adopted in this paper, we checked the 
Qc values of Mesh 5, according to the suggested criterions as proposed by Benard et al [34]. 
The definition of Qc is shown in eqs. (12) and (13), and the value of Qc is expected to be less 
than 0.2, as suggestd by Benard et al. [34] and proved to be effective in [35] . 
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where C = 100 is recommended. The calculation results of Qc with Mesh 5 are shown in 
fig. 3, and the maximum Qc occurs near the capillary outlet, and its value is about 0.194, 
which satisfies the requirement of below 0.2. 

A pressure inlet boundary condition is 
adopted for the inlet of the computational 
domain, and a pressure outlet boundary condition 
is used at the outlet. The second-order upwind 
scheme is adopted for the momentum equation. 
Divergence methods for pressure and volume 
fraction are PRESTO! and QUICK, respectively. 
Coupled scheme is adopted for pressure-velocity 
coupling. The time step size is set to 1×10−5 
seconds, less than the calculated reference values 

as suggested by Coutier-Delgosha et al. [36]. The thermodynamic and transport properties of 
the refrigerant are obtained from REFPROP [37]. 

Model validation 

Comparative analysis of the numerical results in the present model is conducted with 
numerical results in [38], to verify the reliability of the present model. In this study, the nB is 
modified and further determined for refrigerants by comparing the numerical results for 
pressure and temperature with experimental data in the literature. Simulations are carried out 
with different nB values, and the results are shown in fig. 3. As can be seen, once the nB 
decreases to 107, the simulated values of pressure are consistent with those of Knabben et al 
[38]. The relationship between the nB and the mass transfer rate is positive relativity, when the 
nB is too high (for example, 109), the mass transfer source term is overestimated in the two-
phase region, especially at the location near the flash point, resulting in the collapse of the 

Figure 3. Distributions of Qc on z = 0 plane 
with Mesh 5 
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pressure distribution curve in the two-phase region. Figure 4(a) also illustrates the mass 
transfer rate along the axis of the capillary tube, as can be seen, in the two-phase region, there 
should generate a large amount of vapor phase. While the mass transfer rates are wrong 
estimated and even large negative values appear, when the value of nB is too high.  

In fig. 4(b), the value of nB is fixed at 107 in the simulations. As shown, there is little 
difference in the pressure profiles between the present model and Knabben et al. [38] 
numerical data. The flash points in Knabben et al. [38] data are located at xi = 0.78 m and 
0.67 m for 15 K and 10 K subcooling temperatures, respectively. In the present model, the 
flash points are located at 0.806 m and 0.715 m, and the relative deviations are approximately 
3.3% and 6.7%, respectively. These results show that for R600a, it is reasonable to choose the 
value of nB at 107. This is slightly different with Zhu et al. [22] conclusions, that it is more 
accurate for cryogenic fluids including liquid N2 and liquid H2, that nB equals 108.  

Figure 4. Simulated pressure profiles and flash points compared with the numerical data of Knabben 
et al. [38] for R600a; (a) for various values of nB and (b) nB is fixed at 107 

Consequently, in the Schnerr-Sauer cavitation model, nB is suggested at 107 for 
R600a in this study. Moreover, the present model can be extended to a variety of refrigerants, 
by modifying nB, in the case of comparison with experimental data. 

Results and discussions 

Flow characteristics 

The working conditions are consistent with Knabben et al. [38], in the following 
simulations. Figure 5 indicates the profiles of pressure, mass transfer rate, and velocity at the 
axis of the transition pipe. The pressure gradient is very high near the capillary outlet 
(xi = 1~1.015 m), and the flashing process still occurs in the capillary. Near the region of xi from 
1.015 m to 1.02 m, when the refrigerant sprays out from the capillary outlet, the flow section 
areas suddenly expand, and the pressure gradient increases distinctly because of partial flow 
resistance. However, due to the force of inertia of the fluid, a relatively high velocity is 
maintained for some distance. Then, the viscous force of the fluid gradually dominates, and the 
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velocity decreases rapidly when subjected to shear forces. The kinetic energy is converted into 
potential energy, after which the pressure begins to recover. In the region of xi from 1.02 m to 
1.05 m, at the initial stage of pressure recovery, the pressure gradient is about 6.84×105 Pa/m. 
However, as the pressure recovers, some of the bubbles collapse and condense back into the 
liquid phase. As the volume occupied by the bubbles fills with liquid phase, the pressure then 
drops slightly. When it drops below the saturated vapor pressure again, there will be a transfer 
from liquid phase to vapor-phase again. Generally, in this original model, the pressure 
downstream of the capillary outlet fluctuated and recovered gradually, and the corresponding 
mass transfer rate also oscillated. This indicated that the bubbles experience a complex process 
of growth, collapse, re-growth, and re-collapse the downstream of capillary outlet, accompanied 
by a large amount of energy loss and sharp noise radiation. 

Figure 5. Distribution of flow characteristic parameters of R600a along 
the transition pipe 

Unsteady state flow characteristics 

Actually, the refrigerant flashing process inside a capillary tube is unsteady. When 
the RANS method is used to calculate the quasi-steady state process, the turbulent viscosity 
may be overpredicted by the k-ε model and the development of eddy flow will be inhibited. 
Therefore, the bubble-shedding process in the phase transition region cannot be accurately 
simulated, and only the time-averaged values can be presented. Therefore, unsteady flow 
analysis is carried out in this study, by the LES approach. Three monitoring points were set 
downstream, about 10 mm (P1), 13 mm (P2), and 20 mm (P3) away from the capillary outlet, 
as fig. 1 presented. Figure 6 illustrates the variation of monitored transient pressure through 
flow time. As can be seen, the pressure oscillated periodically, and the oscillation amplitude at 
P2 is quite large, which may be caused by the bubble bursting. Figure 7 shows the spectrum 
analysis of monitoring pressure after FFT transformation. 1×10–5 seconds is the sampling 
interval, and sampling time is 25 ms with 2500 sampling points. Consequently, the resolution 
of the FFT analysis is 40 Hz. The frequency of pressure oscillation in these three monitoring 
points is consistent, at about 193 Hz. 
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Figure 6. Transient pressure of the monitored 
three points in the transition pipe 

Figure 7. The FFT analysis of the transient 
pressure 

 

To analyze the unsteady shedding process 
of the bubble group in detail, the iso-surface of 
the vapor volume fraction at 12 flow time are 
illustrated in fig. 8, and the time interval 
between every two images is 0.5 ms. The vapor 
volume fraction is set to 0.97, to demonstrate 
the interface between the vapor phase and 
liquid phase. As shown, the size of the vapor 
volume fraction iso-surface in one cycle 
increases first and then decreases, and the 
bubble group continuously formed from the 
inside of the mainstream zone and flowed out of 
the tail of the mainstream zone, and then 
gradually collapsed downstream. Time t1 is the 
beginning of a cycle, and during the flow time 
t1 to t6, the refrigerant bubble group is in the growth stage. From time t5, the bubbles at the 
leading edge begin to fall off and flow downstream with the main stream. Once the pressure 
gradually increase, the volume of these bubbles slowly shrink and these bubbles finally 
collapse. At t7-t11, the refrigerant bubble group begins to shrink. After t12, the growth and 
contraction process of the bubble group begins a next cycle.  

Aerating techniques 

A negative pressure region occurs around the transition pipe wall near the capillary 
outlet, due to the high spraying velocity of the mainstream, which means that the static 
pressure downstream the transition pipe is slightly higher than that in the negative pressure 
region due to the vortex. Consequently, an aerating technique based on pressure feedback can 
be considered. If the bubble collapse phenomenon in the transition pipe is effectively reduced, 
then it will be benefit to suppress flow-induced noise near the capillary outlet (or the inlet of 
the evaporator). Recently, Zhang et al. [39] reported experimental results that confirmed the 
feasibility of applying aerating techniques to suppress flow-induced noise near the capillary 
outlet, and 2 dB decrease on average in the noise sound pressure level (SPL) was achieved. In 
this paper, numerical calculations are conducted to present the flow features in the transition 

Figure 8. Iso-surface of vapor volume fraction
equals 0.97 
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pipe, which can provide a theoretical analysis 
of the working principle of the aerating 
techniques. Figure 9 illustrates the schematic of 
the aerating module in the transition pipe, a 
branch tube is adopted to introduce refrigerant 
to the capillary outlet, from downstream side. 

Figure 10 presents two distribution curves 
of mass transfer rate and pressure along the 
transition pipe, for models with or without 
aerating techniques. After installing the aerating 
module, the pressure recovers more slowly, and 
the pressure gradient is about 3.63×104 Pa/m at 
the initial stage of pressure recovery, which is 
about one order magnitude lower than that of 
without aerating techniques. The pressure 
fluctuation phenomenon almost disappeared, 
therefore, the mass transfer rate fluctuates 
slightly around zero. This indicates that the 
phenomenon of bubble growth and collapse has 
been suppressed by aerating techniques. 

Similarly, the transient pressure are also 
be monitored and analyzed in unsteady simulations with aerating module, and the relative 
positions of these three monitoring points are consistent with that in fig. 1. Results are shown 
in figs. 11 and 12, as demonstrated, the transient pressure shows regular and periodic 
variation, while only slight oscillations are monitored. The amplitude of the pressure 
oscillation at the location of 13 mm downstream away from the outlet of the capillary, 
decreases from 5 kPa to almost zero after the application of aerating module. According to the 
research results from Tatsumi [9], the flow-induced noise level is proportional to the pressure 
pulsation level. Once the pressure oscillation magnitude has been suppressed, the flow-
induced noise level will be suppressed accordingly. Besides, the FFT analysis indicates the 
frequency of pressure oscillation in these three monitoring points is about 170 Hz. This also 
indicates that the frequency of bubble group shedding decreases after adopting the aerating 
techniques, which is beneficial for suppressing the noise generated by bubble bursting. 

Figure 9. Schematic of the aerating model in a 
transition pipe 

Figure 10. Distribution of pressure and mass 
transfer rate of R600a along the transition pipe  

Figure 11. Transient pressure of the monitored 
three points in the transition pipe with aerating 

Figure 12. The FFT analysis of the transient 
pressure with aerating 
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The bubble collapsing phenomena was effectively suppressed in a transition pipe, by 
installation an aerating module. In the future, CFD/CAE (computer-aided engineering) 
analysis will be carried out on the effects of aerating techniques on flow and sound 
characteristics in the transition pipe to analyze the generation, propagation, and attenuation of 
two-phase flow-induced noise near the capillary outlet, providing a more theoretical basis for 
the noise suppression. 

Conclusions 

This paper presents an effective method to suppress flow-induced noise near the 
capillary outlet. The reliability of the calculation method is verified by comparing its results 
with the numerical data in the literature. The following conclusions have been put forward: 
• The bubble number density, nB, has a significant impact on flow characteristics during

refrigerant flashing; nB = 107 is more accurate than other values for refrigerant R600a,
according to the experimental results.

• The fluctuated pressure and bubble-collapsing phenomenon were suppressed in a
transition pipe, when the aerating module has been installed.

• With the application of aerating module, the oscillations of transient pressure are
suppressed and the frequency of bubble group shedding also decreases.

The refrigeration system will not be affected by the installation of aerating module 
(such as COP), and the aerating module is easy to be quick installed, which benefits to 
suppress the flow-induced noise, particularly in tranquil surroundings. Furthermore, unsteady 
flow and noise simulations will be carried out to reveal more transient flow characteristics in 
the capillary tubes and the transition pipes and illustrate the noise generation and suppression 
mechanism, in the future. 
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Nomenclature 
C – constant 
Esgs – subgrid-scale turbulent kinetic energy, [m2s–2] 
nB – bubble number per unit volume of liquid  
pv – vaporization pressure, [Pa] 
Ṙ – net mass transfer rate  
Sij – mean rate-of-strain tensor  
u – velocity, [ms–1] 
ER – resolved turbulent kinetic energy: 
   1 2( ),R i iE u u′ ′=  [m2s–2] 
LS – mixing length for subgrid scales, [m] 
p – pressure, [Pa] 
Qc – a criterion to ensure enough explicit resolution 

of turbulent scales motions 
RB – bubble radius, [m] 
t – time, [s] 

Greek symbols 

α – volume fractions of vapor 
Δ – local grid scale, [m] 
mt – subgrid-scale turbulent viscosity, [Nsm–2] 
ρ – density, [kgm–3] 
τij – sub-grid scale stress, [N] 
m – dynamic viscosity, [Nsm–2] 
νsgs – sub-grid kinematic viscosity, [m2s–1] 
τ – Reynolds stress, [N] 
τkk – isotropic part of the subgrid-scale stresses, [N] 
Subscripts 

l – liquid 
t – turbulent 
m – mixture 
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