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ABSTRACT 
 

Vortex control is a novel two-phase convergent-divergent nozzle restrictiveness control mechanism by adjustable 

nozzle inlet vortex. It requires no change to the physical dimensions of the nozzle geometry. The control range of 

inlet pressures and mass flow rates that can be achieved by vortex control appears to be large enough to be suitable 

for numerous technical applications. This novel mechanism can potentially provide flow control with less sacrifice 

of nozzle efficiency, which is important in applications such as ejector cycles. It is also less vulnerable to clogging 

since the flow control is achieved without changing the flow area. However, the underlying mechanism behind the 

vortex control is still unclear. In this study, 3D CFD simulation of vortex flashing flows in convergent-divergent 

nozzles has been conducted in order to understand the vortex control effect. The simulation results show increase of 

nozzle restrictiveness after the application of inlet vortex and the predicted mass flow rates agree well with the 

experimental results under the same inlet and outlet conditions. More vapor has been generated in the divergent part 

of the nozzle after the inlet vortex is applied. Due to the much lower density of vapor compared to the liquid, when 

vortex is applied vapor bubbles are driven towards the nozzle center. Sensible heat of the liquid closer to the nozzle 

center can now be more utilized for bubble growth. It is believed that due to the more available liquid sensible heat, 

after the introduction of inlet vortex, vapor generation in the nozzle divergent part has thus been increased and flow 

control can be achieved.    

  

1. INTRODUCTION 

 
Refrigerant flow control with expansion devices is beneficial to the performance and reliability of air conditioning 

and refrigeration systems under changing working conditions. The most widely used expansion devices that regulate 

the refrigerant flow into the evaporators are thermostatic expansion valves (TXV) and electronic expansion valves 

(EEV). In systems with subcritical heat rejection, they control the superheating level at the evaporator outlet which 

leads to the best use of evaporator under each condition and prevents unevaporated refrigerant liquid from reaching 

the compressor. The flow control is accomplished by varying the expansion valve opening.  

Zhu and Elbel (2016, 2017, 2018a) proposed to apply vortex at the nozzle inlet to control the nozzle restrictiveness 

on initially subcooled flashing flow expanded through convergent-divergent nozzles. This novel two-phase nozzle 

restrictiveness control mechanism by adjustable nozzle inlet vortex, called vortex control, requires no change to the 

physical dimensions of the nozzle geometry. A nozzle with inlet vortex was called vortex nozzle (or swirl nozzle). 

Zhu and Elbel’s experiments on vortex nozzle with initially subcooled R134a showed that the strength of the nozzle 

inlet vortex can change the restrictiveness of the two-phase convergent-divergent nozzle without the need of 

changing the nozzle geometry. The nozzle becomes more restrictive as the strength of the vortex increases. With 

vortex control, the mass flow rate can be reduced by 42% under the same inlet and outlet conditions (Zhu and Elbel, 

2018a). The control range of inlet pressures and mass flow rates that can be achieved by vortex control appears to be 

large enough to be suitable for numerous technical applications. This novel mechanism can potentially provide flow 

control with less sacrifice of nozzle efficiency, which is extremely important for ejector cooling cycle performance. 

It is also less vulnerable to clogging since the flow control is achieved without changing the flow area. A variety of 
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different expansion devices, in addition to ejectors, could potentially benefit from this new control mechanism, 

including actively controlled flow metering devices for superheat control in subcritical applications or high-side 

pressure control in transcritical systems. Furthermore, the new vortex control mechanism can possibly lead to 

alternative self-regulating expansion valve designs. 

Through the literature review, it was found that flashing flow of initially subcooled or saturated fluid was studied 

without vortex applied, and vortex flow was mostly studied without phase change or the focus of research was on 

the spray dynamics and atomization characteristics. Little knowledge is available regarding the underlying 

mechanism behind the control effect of vortex on the flashing flow rate. In this study, 3D CFD simulation of vortex 

flashing flows in convergent-divergent nozzles using ANSYS CFX has been conducted. The simulation results show 

increase of nozzle restrictiveness after the application of inlet vortex and the predicted mass flow rates agrees well 

with the experimental results under the same inlet and outlet conditions. The vortex control mechanism has also 

been explained with the insight provided by the CFD simulation.  

 

2. MODELS 

 
2.1 Two-Fluid Model 
The governing set of equations is the Eulerian two-fluid model at steady state with phase change, which comprises 

of mass, momentum and energy balances for each phase. The model assumes continuous liquid phase containing 

spherical particles of dispersed vapor phase.  

The continuity equation for each phase is 

𝛻 ∙ (𝛼𝑘𝜌𝑘𝒗𝑘) = Γ𝑘     (1) 

with the interfacial mass transfer condition 

∑ Γ𝑘
2
𝑘=1 = 0      (2) 

Γk represents the rate of production of kth-phase mass from the phase changes at the interfaces per unit volume. The 

momentum equation for each phase is 

𝛻 ∙ (𝛼𝑘𝜌𝑘𝒗𝑘𝒗𝑘) = −𝛼𝑘𝛻𝑃 + 𝛻 ∙ (𝛼𝑘𝜀𝑘) + Γk𝒗𝑖 + 𝑭𝑘    (3) 

where 𝜺𝑘 is the viscous stress. The balance of energy can be written as 

𝛻 ∙ [𝛼𝑘𝜌𝑘𝐻𝑡𝑜𝑡𝑎𝑙,𝑘𝒗𝑘] = 𝛻 ∙ (𝛼𝑘𝝀𝛻𝑻𝑘) + Γk𝐻𝑡𝑜𝑡𝑎𝑙,𝑖 + 𝐸𝑘   (4) 

where αk, 𝜌𝑘 , 𝒗𝑘, 𝐻𝑡𝑜𝑡𝑎𝑙,𝑘, 𝑇𝑘 are volume fraction, density, velocity vector, total enthalpy and temperature of the two 

phases. Γk, Fk, and Ek are the interphase transfer of mass, momentum and energy, respectively. Γk𝒗𝑖 and Γ𝑘𝐻𝑡𝑜𝑡𝑎𝑙,𝑖 

are the secondary momentum and energy sources (or sinks) related to mass transfer rate. 𝒗𝑖 and 𝐻𝑡𝑜𝑡𝑎𝑙,𝑖 represent the 

quantities of the outgoing phase. For example, if vapor is generated, 𝒗𝑖 represents the velocity of liquid. Pressure 

jump at the interface is ignored. 

The problem is set up and solved using CFX 18.2 by ANSYS. The working fluid is R134a. Liquid properties are 

assumed to be constant, which equals the inlet subcooled liquid properties. Redlich-Kwong real gas equation of state 

for R134a vapor has been used.  

 

2.2 Nucleation Model 
Because the degree of superheat in flashing cases is low, the contribution of homogeneous nucleation is ignored and 

the only contribution is assumed to be heterogeneous nucleation occurring on the walls. 

Shin and Jones (1993) proposed an expression for departure radius of a bubble by balancing drag and surface 

tension forces: 

Rd = 0.5787𝐾
5

7 [
𝜇𝑙

0.4

τw
0.7 √

σRc

ρl
0.4]

5/7

      (5) 

where K accounts for the fraction of the surface tension forces acting in opposition to the drag, μl is the liquid 

viscosity, τw is the wall shear stress, σ is the surface tension, Rc is the critical cavity radius, ρl is the liquid density. 

K was taken as unity in Shin and Jones (1993), which was also followed in the current study. Nucleation frequency 

was given as: 
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f = 104[𝑠−1𝐾−3](Tl − Tsat)3     (6) 

where Tl − Tsat is the liquid superheat. 

Riznic and Ishii (1989) proposed that the non-dimensional active nucleation site density which is defined as 

Nns
∗ = 𝑁𝑛𝑠𝐷𝑑

2 can be correlated for flashing flow as: 

Nns
∗ = {

2σTsat
2(Tl−Tsat)ρvHlv

Dd
2

}

−4.4

f(ρ∗)     (7) 

f(ρ∗) = Csurface (
∆ρ

ρv
)

−3.12

(1 + 0.0049
∆ρ

ρv
)

4.13

    (8) 

where ∆ρ = ρl − ρv and Csurface is a constant dependent on the surface nucleation property. Active nucleation site 

density increases as liquid superheat increases. 

 

2.3 Interphase Transfer 
It is assumed that phase change is induced only by interphase heat transfer due to thermal non-equilibrium between 

phases, which is called thermal phase change model in ANSYS CFX: 

Γ𝑙 = −Γ𝑣 =
Q̇l

𝐻𝑡𝑜𝑡𝑎𝑙,𝑣−𝐻𝑡𝑜𝑡𝑎𝑙,𝑙
      (9) 

The heat transfer rate is calculated using Newton’s law of cooling 

Q̇l = hl(Tsat − Tl)Aint      (10) 

where hl  is the overall heat transfer coefficient and Aint  is the interfacial area density. In the current study, 

Hughmark’s (1967) model is used for the estimation of interphase heat transfer coefficient. Vapor temperature is 

assumed to be equal to local saturation temperature. Therefore, there is no heat transfer between the vapor phase and 

the vapor-liquid interface. The interfacial area density is calculated by assuming that all the bubbles are spherical. 

Aint = (6αv)
2

3(πNb)
1

3      (11) 

where Nb is the bubble number density. The mean bubble diameter can be calculated as: 

Dm = (
6αv

πNb
)

1

3
       (12) 

The local bubble number density equation can be expressed as: 

∇(Nbvb) = ϕso − ϕsi      (13) 

where ϕso, ϕsi, and vb are the bubble source term due to nucleation, the bubble sink term due to bubble collapse or 

coalescence and the local bubble velocity, respectively (Riznic and Ishii, 1989). In the current study, bubble 

nucleation is assumed to take place only at the nozzle wall. Bulk nucleation is neglected. Bubble collapse or 

coalescence are also neglected. The local bubble velocity is equal to the local vapor velocity. Interphase momentum 

transfer between the phases takes place due to the interfacial forces. In this study, drag, lift, and turbulent dispersion 

forces are considered. Schiller and Naumann’s (1933) drag model, Saffman-Mei lift force model (1994), and Favre 

averaged drag model for turbulent dispersion (Burns et al., 2004) have been used. 

 

2.4 Turbulence Modeling 
The RNG (Re-Normalisation Group) k-ϵ turbulence model with the standard wall-function has been used for liquid. 

The major differences between the standard k- ϵ turbulence model and the RNG model are the calculation of the 

turbulent viscosity in the case of the RNG model from the solution of an ordinary differential equation, which 

includes the effects of rotation and the presence of an additional term in the dissipation rate transport equation. 

Escue and Cui’s (2010) work shows that RNG k-ϵ turbulence model gives good agreement with experimental results 

for swirling flow. Dispersed phase zero equation model is used for the estimation of the vapor eddy viscosity.  
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3. TEST CASES 

 
The above model setup is tested with the conditions of experimental results published by Zhu and Elbel (2018a). 

The vortex nozzle tested by Zhu and Elbel (2018a) is composed of three components: a T-shaped part made of brass, 

a sleeve and a nozzle, both made of an optically clear resin and manufactured with a Stereo Lithography Apparatus 

(SLA), as shown in Figure 1. The tee-shaped part serves as the vortex generator. The tangential inlet on the tee 

allows flow to be injected tangentially and mix with the axial flow, thus creating a vortex. The tee and the nozzle are 

joined by a conical thread and sealed by epoxy adhesive. The geometric parameters of the vortex nozzle considered 

in the following simulation are presented in Table 1.  

 
Figure 1: Vortex nozzle composed of tee, sleeve and convergent-divergent nozzle 

 

Table 1: Vortex nozzle geometric parameters 

(a) Nozzle inlet diameter (mm) 15.0 

(b) Nozzle throat diameter (mm) 1.03 

(c) Nozzle outlet diameter (mm) 1.07 

(d) Nozzle convergent part length (mm) 9.9 

(e) Nozzle divergent part length (mm) 2.1 

(f) Tangential inlet inner diameter (mm) 2.0 

(g) Vortex decay distance (mm) 168.0 

 

The flow is steady state, compressible, and turbulent. The simulation is considered as converged when the maximal 

residual of all equations is below 10
-5

 and the maximum global imbalance is below 0.1%. 

 

4. COMPUTATIONAL MESHES AND MESH STUDIES 

 
In order to save computational costs, the fluid domain has been separated into two parts. The first part is mainly the 

vortex generator part. This part has two inlets, which are the axial and tangential inlets of the vortex nozzle, and one 

outlet, which is actually the inlet of the convergent-divergent nozzle. In this part the pressure is always above 

saturation pressure and therefore the fluid is single-phase liquid only. 

The second part is the convergent-divergent nozzle part. The inlet and outlet of this part are basically the inlet and 

outlet of the nozzle. At the inlet, there is only single-phase liquid entering the domain. As the fluid goes through the 

nozzle, pressure drops below the saturation pressure and thus vapor is generated. This is where all the above-

mentioned two-phase flow models have been applied. The outlet velocity profile of the vortex generator part for 

certain inlet mass flow rates combination is used as the inlet velocity profile of the nozzle part. 

3D computational meshes are generated separately for the vortex generator part and the convergent-divergent nozzle 

part, as shown in Figure 2. 
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     (a)           (b) 

Figure 2: Mesh of (a) vortex generator part and (b) convergent-divergent nozzle part 

In order to get mesh-independent results, mesh studies have been performed. For the vortex generator part, four 

meshes with different radial and axial resolution are investigated. The radial azimuthal velocity profiles at the vortex 

generator outlet for the four meshes with different numbers of nodes are presented in Figure 3. The tangential and 

axial inlet mass flow rates are 15.5 g/s and 0 g/s, respectively. The results achieved using the mesh with 362367 

nodes can be considered as mesh-independent. In all the following simulations, this mesh is used for the vortex 

generator part. For the nozzle part, similarly four meshes with different radial and axial resolution have been 

generated and investigated. All the inlet conditions except for the inlet pressure as well as the outlet pressure are 

fixed. Table 2 shows the dependence of nozzle inlet pressure on the mesh resolution. Mesh 3 is considered as mesh-

independent and is used for the nozzle part in the following simulation.  

 
Figure 3: Radial azimuthal velocity profile at the vortex generator outlet for different numbers of nodes in the 

vortex generator part 

Table 2: Results of mesh studies for the convergent-divergent nozzle part 

 
Mesh no. 1 2 3 4 

Total number of nodes 153367 242187 287413 491185 

Nozzle inlet pressure (kPa) 962 909 897 896 

 

5. PRELIMINARY SIMULATION RESULTS 

 
Simulation has been run for the case with no inlet vortex and with maximum inlet vortex (all inlet mass flow going 

through the tangential inlet) under the conditions Pin=920 kPa, Tin=36.0 °C, as shown in Figure 4. No vapor is 

present at the nozzle inlet. Csurface was set to 2.2E-5 and turbulent dispersion coefficient of Favre averaged drag 

model for turbulent dispersion was set to 10 such that the mass flow rate errors between simulation and experimental 

results for the case with maximum inlet vortex are within 1.5% and that of the case with no inlet vortex are within 
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7%. According to the simulation, at the same nozzle inlet conditions and outlet pressure Pout =490 kPa, the total 

mass flow rate through the nozzle has been reduced from 20.3 g/s with no inlet vortex to 17.5 g/s with maximum 

inlet vortex. This suggests that nozzle restrictiveness is increased after the application of inlet vortex, which shows 

good agreement with the experimental results. 

 

Figure 4: Comparison of experimental and simulation results without and with maximum inlet vortex at Pin=920 

kPa, Tin=36.0 °C  

Figure 5 shows the vapor volume fraction contour at the nozzle center plane generated by the simulation and the 

flow visualization by the experiment under similar conditions. In both cases, it can be observed that the flashing is 

started near the nozzle throat. The simulation result displays that there is negligible vapor content in the upstream of 

the throat even though the pressure is dropped below saturation pressure.   

 
(a)      (b) 

Figure 5: (a) Vapor volume fraction contour at the nozzle center plane by the simulation with 𝐏𝐢𝐧 = 920 kPa, 𝐓𝐢𝐧 = 

36.0 ºC, 𝐏𝐨𝐮𝐭 = 568 kPa  (b) flow visualization by experiment with 𝐏𝐢𝐧 = 915 kPa, 𝐓𝐢𝐧 = 35.9 °C, 𝐏𝐨𝐮𝐭 = 568 kPa   
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Figure 6 compares the vapor volume fraction distribution at the nozzle outlet without and with maximum inlet 

vortex under similar conditions. It can be observed that vapor volume fraction is more concentrated near the wall 

when no vortex is applied. Due to the much lower density of vapor compared to the liquid, when vortex is applied 

vapor bubbles are driven towards the nozzle center. Therefore, after the application of inlet vortex, flow area at the 

nozzle outlet with vapor volume fraction larger than 0.1 is approximately two times that of the case without inlet 

vortex. The distribution of vapor volume fraction becomes less concentrated at the wall after the vortex is applied.  

More vapor has been generated after the inlet vortex is applied. Vapor mass flow rate at the nozzle outlet has been 

increased from 0.19 g/s with no vortex to 0.34 g/s with maximum inlet vortex. The vapor quality at the outlet has 

been significantly increased from 0.9% to 1.9% after the application of inlet vortex. These results agree with the 

findings in Zhu and Elbel (2018b) that inlet vortex increases vapor generation in the divergent part of the nozzle. 

 
    (a)          (b) 

Figure 6: Vapor volume fraction at the nozzle outlet (a) with no inlet vortex at Pout =490 kPa (b) with maximum 

inlet vortex at Pout=480 kPa 

 

Figure 7 displays the liquid temperature at different radial locations of the nozzle outlet without and with maximum 

inlet vortex. The region where noticeable decrease in liquid temperature can be observed (that is, liquid temperature 

is at least 0.1 K lower than the inlet liquid temperature 309.2 K (36.0 °C)) with maximum inlet vortex is much larger 

than that without inlet vortex. For the case with maximum inlet vortex, region with noticeable liquid temperature 

decrease at the nozzle outlet ranges from radial coordinate of 0.10 mm to the nozzle wall (radial coordinate of 0.54 

mm), while that of the case with no vortex only ranges from radial coordinate of 0.40 mm to the nozzle wall. The 

decrease in liquid temperature represents the consumption of liquid sensible heat. The sensible heat of the liquid 

supplies the latent heat required by evaporator for bubble growth. Since the majority of the bubbles are near the wall 

when there is no vortex applied, the sensible heat of liquid near the wall is almost all depleted by the phase change. 

As vapor bubbles are driven towards the nozzle center due to the much lower density compared to liquid after the 

application of vortex, sensible heat of the liquid closer to the nozzle center can now be more utilized for bubble 

growth. Due to the more available liquid sensible heat, after the introduction of inlet vortex, vapor generation in the 

nozzle divergent part has thus been increased and flow control can be achieved.     
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Figure 7: Nozzle outlet liquid temperature at different radial locations without and with maximum inlet vortex 

 

6. CONCLUSIONS 

 
In this paper, 3D CFD simulation of initially subcooled vortex flashing flows in convergent-divergent nozzles has 

been conducted. The simulation results show increase of nozzle restrictiveness after the application of inlet vortex, 

which agrees with the experimental results. The flashing is started near the nozzle throat. The simulation result 

displays that there is negligible vapor content in the upstream of the throat even though the pressure is dropped 

below saturation pressure. More vapor has been generated in the divergent part of the nozzle after the inlet vortex is 

applied. This is why the nozzle restrictiveness has been increased by the vortex. Due to the much lower density of 

vapor compared to the liquid, when vortex is applied vapor bubbles are driven towards the nozzle center. Sensible 

heat of the liquid closer to the nozzle center can now be more utilized for bubble growth. Due to the more available 

liquid sensible heat, after the introduction of inlet vortex, vapor generation in the nozzle divergent part has thus been 

increased and flow control can be achieved.     
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NOMENCLATURE 
 

A area density (m
-1

)  

D diameter (m) 

E interphase energy transfer (W m
-3

) 

f nucleation frequency (Hz) 

F interphase forces (N m
-3

) 

h heat transfer coefficient (W m
-2

 K
-1

) 

H enthalpy (J kg
-1

) 

P pressure (Pa) 

Q̇ heat transfer rate (W m
-3

) 

T temperature (°C) 

v velocity (m s
-1

) 

 

Greek Symbols 

 

𝛼 volume fraction (-) 

Γ mass transfer rate (kg m
-3

 s
-1

) 

λ thermal conductivity (W m
-1

 K
-1

) 

μ dynamic viscosity (Pa s) 

ϕ source term (m
-3 

s
-1

) 

ρ density (kg m
-3

) 

τ shear stress (Pa) 

σ surface tension (N m
-1

) 

 

Subscript 

 

b bubble 

i outgoing phase 

in inlet 

int interfacial 

l liquid 

m mean  

ns nucleation site 

out outlet 

sat saturation 

v vapor 

w wall 
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